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TASK 1. Analysis of Intrinsic Bioremediation of Contaminated Ground Water 
Using the TAN Site, Idaho National Engineering and Environmental 
Laboratory, as an Example 

Task 1 Overview 

Task 1 pertains to assessing intrinsic bioremediation of the organic contaminants within 
the TAN contaminant plume. Characterization of the ground water contaminant plume 
must include examination of plume microbiology, contaminant fate, and site geochemistry. 

The general objective of the proposed research effort is to determine the extent to which 
intrinsic bioremediation occurs within a contaminant plume such as the TAN plume and 
the potential for complete remediation of such a plume via this method and/or enhanced 
in-situ bioremediation. There are three integrated portion of this task: 1) hydrogeologic 
analysis, 2) microgial ecology and transport analysis and 3) intrinsic remediation analysis. 

1.  

2 

3. 

Hydrogeologic analysis - Review and analyze all of the existing geologic, 
hydrogeologic, water quality and subsurface microbial and waste disposal 
information for the TAN site and incorporate this information into conceptual 
models. 

Microbial ecology and transport analysis - Design and conduct a field testing 
program to document the geologic, hydrogeologic, water quality and subsurface 
microbial conditions at a specific site within the contaminant plume. 

Combine the result from all aspect of the project to focus on full characterization 
of the site including analysis of intrinsic bioremediation and the potential for 
enhanced in-situ bioremediation. 

1A. HYDROGEOLOGIC ANALYSIS 
1A. 1 

1 A.2 

1A.3 

Obtain data from geologic investigation portion of INEEL north of the 
TAN site-Task 2.  
Hydrogeologic and geochemical investigation of selected portions of the 
TCE plume. 
Hydrogeologic and geochemical investigations in the paired well setting at 

Geostatistical property definition. 
TAN-343 5 .  

1 A.4 

1 B. 
1B. 1 

MICROGIAL ECOLOGY AND TRANSPORT ANALYSIS 
Investigation of the relationship between particle size and surface 
chemistry in relation to transport in basalt subsurface environments found 
at TAN and UIGRS. 
Determination of the preferred natural organic substrates for 
microorganisms in basalt aquifers. 

1B.2 
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1B.3 

1B.4 

1B.5 

Determine the full suite of organic pollutants besides TCE and DCE at 
TAV 
Determine if there is any mutagenic or toxic compound that limits 
biological degradation of pollutants at TAN. 
Determine the biotransformation kinetics of all organic pollutants at Tan in 
the presence of naturally preferred organic substrates. 

le. INTWSSIC BELWDIATION AEALYSIS 
IC. 1 
1C.2 
1C.3 

Analyze the potential for natural attenuation within the TAX plume. 
Paalyze the potential for enhanced in situ bioremediation. 
Characterize the microbes with TCE exposure. 

Due to regulatory delays impacting major components of the Hydrogeological studies 
outlined in Task 1 and subsequent modeling studies in Task 3, the Grantor (DOE) 
convened a project meeting on December 7, 1998 to determine the implications of these 
delays. In addition to the DOE project and finance personnel, meeting participants 
included the Director of the Idaho Water Resources Research Institute, the Associate 
Project Manager, Task leaders, and principal investigators. A status report was given on 
each task by milestone andor deliverable. Tasks requiring time extensions were identified 
as well as other activities that would benefit from a time extension. Work scopes, 
resource requirements, and revised schedules developed for each of the respective tasks 
were submitted to the Grantor for consideration of a grant modification for a no-cost time 
extension. Consequently, two (2) no cost time extensions were approved. The first from 
March 9, 1339 to September 8, 1933, and the second from September 3, 1999 to June 30, 
2000. 

During the early part of 1999 Task 1 researchers focused on resolving the regulatory 
issues at the INEEL TAP4 site and the implementation of modified work scope for 
molecular diffusion experiments approved in the grant extension. In May 1999, the 
University of Idaho, Idaho Universities Consortium Health and Safety Plan was revised 
and approved by DOE and LMITCO personnel. On June 23, 1999, the Generator 
Treatment Plan for Test Area North Wells 34 and 35 Purge Water (OPE-EP&SDA-108- 
99) was approved and transmitted from David Wessman, DOE Idaho to Mi-. Brian 
Monson of the Hazardous Waste Permitting Bureau at the Idaho Division of 
Environmental quality. The approval for a “No Longer Contained in Determination” for 
listed constituents (TCE) in TAN purge water was received on October 22, 1999. This 
ruling allows for the storage, treatment, and discharge or purge water (that demonstrates 
compliance with 40 CFR 268.7(a)(5)) into the TSF percolation pond. This was a major 
accomplishment in that this issue was a significant contributor toward the two and half 
pear delay on this task. 

Pending resolution of these regulatory issues, a revised work scope was implemented to 
drill two wells on University of Idaho property in Idaho Falls. These paired wells Will 
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provide an alternative field site for molecular di&sion experiments cancelled as a result of 
the TAN regulatory delays. A land use agreement with the University of Idaho was 
approved for the location and placement of two research wells at the Idaho Falls Center 
for Higher Education. After the molecular diffision experiments are completed these 
wells will remain an active research site for other UniversityDNEEL hydrogeochemical 
studies. A solicitation for the drilling of these wells was issued and a contract awarded to 
a drilling firm out of L4berdeen, Idaho. Drilling was completed at 300 feet on the first of 
the paired wells in June I999 and the second well was completed in July 1999. 

Researchers on other subtasks spent the majority of their time analyzing data and 
presenting findings at scientific seminars and techcal  conferences. During the latter part 
of 1999 and the first six months of 2000 researchers concentrated their efforts in preparing 
final reports or peer reviewed papers for publication in a special edition on the Eastern 
Snake River Plain published by the Geological Society of America. See Task 1 - 
Addendum 1, Appendix 11, and ,4ppendix 111. Some of these papers are listed below: 

Owens, Katherine J., Rodger Jensen, and Allan Wylie, “Integrated Characterization of a 
TCE Contaminated Aquifer at the INEEL,” Rocky Mountain Section of the Geological 
Society of America Spring conference, Pocatello, Idaho, April 1999 (Appendix 11). 

Kauffman, Mary E., William K. Keener, and Mary E. Watwood, “Activity-Dependent 
Enzymatic Labeling of Bacteria Capable of Cometabolizing Trichloroethylene,” Rocky 
Mountain Section of the Geological Society of America Spring Conference, Pocatello, 
Idaho, April 1999 (Appendix 11). 

Watwood, Mary E., and William A. Smith, “Metabolic and Physiological Characterization 
of Microbial Isolates from Test Area North Aquifer with Emphasis on Enzymatic 
Pathways for Toluene Oxidation,” Rocky Mountain Section of the Geological Society of 
America Spring Conference, Pocatello, Idaho, April 1999 (Appendix II). 

Mobarry, Bruce, and Ronald Crawford, Evan C .  Griffiths, and Roger L. Ely, “Diversity of 
Bacteria in the TAW34 Well and TCE-Oxidizing cultures Enriched from TAN-34,” 
Rocky Mountain Section of the Geological Society of America Spring Conference, 
Pocatello, Idaho, April 1999 (Appendix 11). 

Griffiths, Evan, Bruce h4obarry, Ronald Crawford, and Roger Ely, “Anaerobic Bacteria 
Capable of Reductive Dechlorination of TCE Obtained form the INEEL-TAN,” Rocky 
Mountain Section of the Geological Society of America Spring Conference, Pocatello, 
Idaho, April 1999 (Appendix 11). 

Pyle, Travis, Bruce Mobany, Roger Ely, and Ronald Crawford, “Characterization of 
Aerobic, TCE-Cometabolizing Bacteria from INEEL-TAN,” Rocky Mountain Section of 
the Geological Society of America Spring Conference, Pocatello, Idaho, April 1999 
(Appendix 11). 



Geist, Dennis, Elisa Sims and Rachel Ellisor, “Subsurface Volcanology at TAN and 
Controls on Groundwater Flow,” Rocky Mountain Section of the Geological Society of 
America Spring Conference, Pocatello, Idaho, April 1999 (Appendix 11). 

Wylie, Allan, Rodger Jensen, and Gary Johnson, “Laboratory Determination of Porosity, 
Hydraulic Conductivity, and Diasivity for Basalt Cores,” Rocky Mountain Section of the 
Geological Society of America Spring Conference, Pocatello, Idaho, April 1999 
(Appendix IT). 

Nimmer, Robin, and Dale Ralston, “Tracer Studies in a Fractured Basalt Aquifer,” Rocky 
Mountain Section of the Geological Society of America Spring Conference, Pocatello, 
Idaho, April 1999 (Appendix 11). 

Wylie, A,, D. Ralston, G. Johnson, B. Twining, and R. Jensen. Bioremediation of a 
Contaminated Basalt Aquifer. Accepted for In Situ and On-Site Bioremediation, 5* 
International Symposium, April 19-22, 1999, San Diego, CA, (Task 1 - Addendum 1). 

Mink, Leland and Katherine J. Owens, “INEEL Remediation Technologies - Integrated 
Characterization of a TCE Contaminated Aquifer”, DOE 1 l* TIE Workshop, Las Vegas, 
Nevada, October 1999 (Task 1 - Addendum 1). 

“Owens, Katherine J., Edith Gego, and Allan Wylie, “Integrated Characterization of a 
Trichloroethene Contaminant Plume in a Fractured Rock Aquifer” International 
Conference on Groundwater Research, Copenhagen, Denmark, June 2000 (Task 1 - 
Addendum 1). 

* Wylie, Allan and Rodger Jensen, “Laboratory Determination of Porosity, Hydraulic 
Conductivity, and Diffusivity for Basalt Cores,” International Conference on Groundwater 
Research, Copenhagen, Denmark, June 2000 (Task 1 - Addendum 1). 

“Gego, Edith, Katherine Owens, and Gary Johnson, “Challenges in Evaluation of the 
Extent of Contamination in the Highly Heterogeneous Snake River Plain Aquifer,” 
International Conference on Groundwater Research, Copenhagen, Denmark, June 2000 
(Task 1 - Addendum 1). 

Mink, Leland, Katherine Owens, and Kent Sorenson, “INEEL Remediation Technologies 
- Natural Attenuation and Enhanced In Situ Bioremediation,” WEiRC/NM Environmental 
Health Conference, Albuquerque, New Mexico, October 2000 (Task 1 - Addendum 1). 

Owens, Katherine J . ,  and Leland Mink, “A Multi-disciplinary Approach to Innovative 
Technology Development and Deployment - The INEEL TAN Project,” DOE 12* TIE 
Workshop, Augusta, Georgia, November 2000 (Task 1 - Addendum 1). 

*Published abstracts of these presentations were included in Groundwater 2000, Eds. P. 
L. Bjerg, P. Engesgaard, and T. D. Krom, Balkema Publisher, June 2000. 
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Wylie, Allan, Dale Ralston, and Gary Johnson, “The Trade-off Between Model 
Complexity and Prediction Accuracy,” Journal of Hydrology, In Review. (See Task 1 - 
Addendum 2). 

Technical Progress 

1A. HYDROGEOLOGIC ANALYSIS 

IA. I Obtain data_from geologc investigation portion of INEEL north of the 
TAN site 

Status: Complete. See Task 1 - Addendum 3 .  Report title, “Geophysical 
investigations in southern Birch Creek Valley and implications for ground water 
flow from an extensional basin to the eastern Snake River Plain,” by Lee Liberty, 
Warren Barrash, Michael Knoll, and R. D. Bolger of the Center for Geophysical 
Investigation of the Shallow Subsurface at Boise State University. 

IA. 2 Hydrogeologic and geochemical investigation of selected portions of the 
TCE plume. 

Status: Complete. A straddle packer system was used to test aquifer properties 
and collect samples from discrete intervals (zones) within the aquifer. The packer 
system consists of two inflatable sliding head packers separated by a pump and 
pump shroud. After conducting the tests, ground water samples were collected 
from the isolated zone. Packer tests revealed stratification of both aquifer 
properties and contaminants. PCE concentrations are much lower in the upper, 
more permeable portion of the aquifer suggesting it may be degraded within an 
anaerobic zone near the injection well. M e r  pumping three well volumes (about 
284L) purge parameters, including temperature, pH, specific conductance, and 
dissolved oxygen (DO) were allowed to stabilize and then samples were collected. 

I‘4.3 Hydrogeologic and geochemical investigations in the paired well setting at TAN 
34/35. 

Push Pzdl Tests at TAN-34/TAN-35 

Status: Complete. Staging of the TAN site was completed in June 1999 and the 
first tracer tests were conducted on July 12* and July 29*. The purpose of these 
tests is to determine the rate of dispersion of a contaminant &er the contaminant 
is introduced into the aquifer. These preliminary tests shall determine the duration 
for a prescribed amount of contaminant to be dispersed into the aquifer. Follow 
on tests will attempt to determine the rate at which the contaminant plume travels 
through the aquifer. Sodium bromide was used as the tracer and was left in place 
for one (1)  hour. Tracer recovery was at 99%. The second test lasted four (4) 
hours wherein 75% of the tracer was recovered. Sodium benzoate and phenol 



were used as the tracers in the third tests conducted August 30*. Due to a 
malfunction of some laboratory equipment the quality of the samples may have 
been compromised. The faulty equipment was replaced and the tracer tests were 
repeated in September 1999. 

Data analysis from the first series of tracer tests at TAN 34 was completed. Data 
comparisons with model projections support the hypothesis that diffision of 
contaminants within the basalt matrix is occurring. Analysis of the samples taken 
from the second series of tracer tests was not completed. The lab researcher at the 
University of Idaho in Moscow was not notified that the samples had been 
received. As a result the viability of the samples was compromised and no 
analyses were performed. 

Analytical studies and modeling scenarios have incorporated new data collected 
from the push pull tests at TAN 34 and TAN 35. This work is focused on the 
development of an alternative stochastic representation of aquifer permeability 
based on direct simulation of borehole scale data. See Task 3. Subtask 1. 

Temperature Deviation and Production of Logs of TAN-34 and TAN-35 

Status: Complete. Thermal Push Pull tests at the UIGRS in Moscow were 
unsuccessful. The thermal effects of the pump used in the tests overwhelmed the 
thermal effects of the basalts. No hrther tests are planned. 

Borehole Radar Investigations at TAN 

The focus of activities during the early part of 1999 was on processing and 
inverting the borehole radar sinl;le hole reflection data that we collected last fall. 
The processing was completed in January 1999. The processed data were used to 
develop a preliminary model of sub-vertical fractures and fissures near TAN 34  
and TAN 35. This model is presently being updated using information from the 
acoustic televiewer logging performed in TAN 34  and TAN 35. 

During the summer of 1999 the borehole radar tomography studies on TAN Wells 
34  and 35 were enhanced to develop a new zonal tomography method for 
inverting the crosshole data. This enhancement is expected to yield higher 
resolution images than unconstrained tomography. Dr. David Hyndman of 
Michigan State University pioneered this new state-of-the-art tomography method. 
Dr. Hyndman was subcontracted to work with Dr. Michael Knoll of Boise State 
University on these studies. 

The data analysis for the cross hole tomography studies was not completed in time 
for inclusion in the GSA special publication. A status on this research follows: 



The cross hole radar experiments that we performed at TAN show that radar 
enerp  can propagate significant distances (tens of meters) through both dry and 
saturated basalt, including TCE contaminated basalt. Adequate penetration is a 
pre-requisite for using borehole radar methods for characterization and monitoring. 

We performed two types of surveys: cross hole tomography and single-hoe 
directional reflection. The cross hole tomography was used to image sub- 
horizontal features such basalt stratification and rubble zones with meter scale 
resolution. The single-hole reflection surveys were used to locate and map sub- 
vertical features such as fissures and zones of columnar jointing near but not 
necessarily intersecting the wells; the resolution of these date is not known at 
present, but we think that we may be detecting water-filled fractures/fissures with 
apertures as small as several centimeters. Obviously, the ability to image both 
interflow zones and fractures is significant because these are the zones that support 
most of the flow @e., preferential flow problem). 

By comparing radar data attributes with core, well log information, and hydraulic 
information, we were able to establish correlations between different types of 
parameters, as well as indicators for different hydrogeologic units and properties. 
In the saturated zone: high radar slowness values, and high radar attenuation 
values, are strongly correlated with porous, permeable zones. Six such zones, 
greater than lm in thickness, were identified in the aquifer between TAN 34 and 
TAN 35 (60-120 m depth). The zone between 94 and 98 m depth is thickest one 
and the one that we think has the greatest effect on flow and transport; core 
samples from this zone are weathered rubble, which confirms our radar 
stratigraphic interpretation. 

In the vadose zone, high radar slowness values, and high radar attenuation values, 
correspond to high water content and electrical conductivity values, respectively. 
This was demonstrated in a short experiment at the Jefferson County (Mud Lake) 
Vadose Zone test site in September 1999. 

The slowness and attenuation tomograms provide detailed information about the 
geometry and continuity of basaldsediment stratigraphy, and inferred permeable 
zones, between the wells. A petrophysical transform was developed to estimate 
porosity values (meter scale) directly from the cross hole radar tomography data; 
values at TAN 34/35 ranged from -4 percent to -20 percent porosity. Analysis of 
the frequency dependence (dispersion) of radar velocity and attenuation values 
suggests that certain characteristics of these frequency responses may be related to 
changes in the specific surface area of the material, which in turn may be a first 
step towards deriving quantitative permeability estimates form the radar data; 
however more ground truth is needed to test this hypothesis. 

The radar data collected as part of the TAN project are also being used to develop 
and demonstrate promising new tomographic inversion methods, such as the 
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multiple-population zonal inversion method proposed by Hyndman et al. The data 
could also be combined with seismic tomography and/or tracer data if these data 
are ever collected in the same wells, the goal being to improve the accuracy and 
resolution of hydrogeolosic parameter estimates; I suggest this as a possible topic 
for future research. 

As a natural out-growth of the TAN project, researchers from ISU, UI, and Boise 
State and the Idaho Geological Survey developed a proposal to investigate 
preferential flow through fractured basalt in the Thousand Springs reach of the 
Snake River Canyon. The proposal was submitted to the DOE-EPSCOR program 
late 1999. The proposal includes a component to hrther develop and apply cross 
hole tomography, and a single hole reflection, radar and seismic methods for 
aquifer characterization and monitoring. Included are a series of tracer tests 
combined with time-lapse geophysical monitoring. 

Little cross hole geophysical work has been conducted at the INEEL to date. The 
work that we did at TAN suggests that borehole radar methods have significant 
promise for characterization of basalt hydrostratigraphy, and estimation of 
hydraulic parameters at different scales. Additional work is needed to assess the 
value of crosshole methods for characterizing heterogeneity, improving the design 
of remediation systems, and monitoring their efficacy in both the saturated zone 
and the vadose zone. 

IA.  4 Geochemical proper& definition. 

Status: Complete. The model of magmatic evolution in TAN and potential 
influence of volcanic constructs was presented and published earlier (Hughes et al., 
1997). A refined model is presented by Geist et al, in the Task 2 report. Final major 
and trace element analyses of surface and subsurface basalt samples from the TAN 
region are presented in the digital database in Excel 97 format attached to this 
report. Draft manuscripts by Hughes et al, and Casper et al are included with this 
report to summarize the geochemical database and its use in basalt flow group 
correlation and magmatic evolution at TAN. Also, a draft manuscript by Casper et 
a1 is included with this report to evaluate the volcanic evolution of surface samples, 
namely Circular Butte. A draft manuscript describing preliminary results of basalt 
geochemistry work is attached (see Task 2 - Addendum 3). 

1B. MICROBIAL ECOLOGY AND TRANSPORT ANALYSIS 

IB. I Investigation of the relationship between particle size and surface 
chemistry in relation to transport in basalt subsurface environments found 
at TAN and UIGRS. 



Subsurface Aquifer Analyses 

Status: Complete. During this quarter breakthrough occurred on core fiom 247 ft 
below land surface. Cores fiom 276 developed a biofilm that inhibited difision. 
These cores were rerun using a potassium permanganate as an inhibitor. 
Potassium permanganate was selected as an inhibitor because it is a strong 
oxidizer, it is not classified as hazardous waste, and it does not interfere with our 
chloride analysis. Early results indicate that large volumes of contaminants can 
ditlkse into the more-dense portion of basalt flows where it will be difficult to 
retrieve. The stored contaminants will slowly difise out during remediation 
efforts, greatly prolonging the effort. A paper on this research titled, “Laboratory 
Determination of Porosity, Hydraulic Conductivity. and Difisivity for Basalt 
Cores was presented at the Spring Conference of the Rocky Mountain Section of 
the Geological Society of America Spring Conference, Pocatello, Idaho, April 
1999. (See Appendix 11). 

13.2 Determination of the preferred natural organic substrates for 
microorganisms in basalt aquifers. 

Status: Complete. Results for the following research activities were presented at 
The Spring Conference of the Rocky Mountain Section of the Geological Society 
of America, Pocatello, Idaho, April 1999. (See Appendix 11). 

The original research plan for this project focuses on the analysis of 
microbial communities within the TAN contaminant plume. The general 
goal of the project is to examine the influence of trichloroethylene 
(TCE) on microbial communities and the role of TCE degraders within the 
plume. We are particularly interested in the hnction of cometabolic 
TCE degrading enzyme systems present in TAN bacterial isolates. Of 
particular interest is the application of fluorescent, enzyme activity-dependent, 
chemical probes which are being designed and refined in this laboratory. 

We have identified a fluorescent probe that is indicative of sMM0 activity. This 
screening is ongoing at the INEEL Research Center; Ms. Amber Miller, the 
graduate student involved, is being co-advised by Dr. Frank Roberto. Using 
standard methanotrophic cultures, we have shown that probe reaction is specifically 
due to activity of the soluble form of the enzyme and does not occur under 
conditions of available copper, when the particulate form of the enzyme 
is favored. We are currently correlating probe response with enzyme 
activity and population density under batch conditions. We are also 
continuing to isolate and characterize TAN isolates for morphology, 
growth under various conditions, and probe reaction. 
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Anaerobic Enrichments from TAN-34 Cores 

Status: 
Culture from a Contaminated Basalt Aquifer Capable of Reductive Dechlorination of 
Trichloroethylene,” by Bruce Mobarry, Roger Ely, and Ron Crawford, University of 
Idaho, included in Task 1- Addendum 4. 

Complete. Results are presented in the paper titled, “A Stable Anaerobic Co- 

1C. UVTRINSIC REMEDIATION ANALYSIS 

To assist evaluations of intrinsic bioremediation and the potential for enhanced 
bioremediation in a trichloroethylene (TCE) contaminated aquifer at the Idaho 
National Engineering and Environmental Laboratory (INEEL)- Test Area 
North (TAN), the Idaho Water Resources Research Institute drilled two wells 
(aseptically coring one of them). Specific objectives included (1) obtaining a 
representative profile with aquifer depth of in situ bacterial types known to 
degrade TCE cometabolically; (2) isolating species from enrichment cultures 
and comparing them to the in situ profile; (3) screening isolates for TCE 
cometabolism activity; and (4) evaluating the kinetics of TCE cometabolism by 
selected isolates. Samples used in developing the in situ bacterial profile and 
enrichment cultures included the center region of recovered cores (pared 
cores) and rubble zones (basalt flow interbeds), at representative depths 
ranging from 200 to 400 feet below ground surface, and circulatioddrilling 
water. 

Efforts focused on seven types of bacteria with aerobic TCE cometabolism 
potential: methane, propane, butane, hydrogen, toluene, phenol, and ammonia 
oxidizers. Enrichments were grown in 25 ml of appropriate nutrient media, 
then preliminarily isolated on the basis of colony morphology on streak plates 
(with the exception of the ammonia oxidizing enrichments, which were isolated 
by serial dilution). Isolates were fbrther characterized and confirmed by Gram 
staining, microscopic examination using DAPI staining, the Biolog Bacteria 
Identification System, and 16s rRNA typing. Comparisons between isolates 
and the in situ bacterial profile were done using 16s rRNA typing, after 
amplifling in situ samples using PCR. Ability to transform TCE was screened 
my measuring TCE disappearance using GC-ECD. Several isolates were 
obtained from each type of enrichment, with basalt interbeds and water 
samples having the most diverse and active microbial populations. Results of 
bacterial characterizations and TCE transformation experiments were 
presented at the Spring meeting of the Rocky Mountain Section of the 
Geological Society of America, Pocatello, Idaho, April 1999. 

IC. I Analyze the potential for natural attenuation within the TANplurne. 

Status: Complete (see above) 



I .  C. 2 Analyze the potential for enhanced in situ bioremediation. 

Status: Complete. (see above) 

1. C. 3 Characterize the microbes with TCE exposure 

Status: Complete. (See ahove) 
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TASK 2. Geologic, Geochemical and Hydrological Characterization of the 
TAN Subregion and Additional Selected Areas, Idaho National 
Engineering Laboratory 

Task 2 Overview 

The following is an outline of Task 2 research efforts: 

2A. 
2A. 1 

2A.2 

2B. 

2B. 1 
2B.2 
2B.3 

2c .  

2C. 1 
2c.2 

GEOLOGIC DATA SYNTHESIS FOR TAN REGION 
Three-dimensional geological and hydrostratigraphic characterization of 
the TAN region in database and graphic formats. 
Updated reference data base of literature (published, unpublished public, 
LITCO USGS) (Appendix I). 

GEOLOGICAL CHARACTERIZATION OF THE SUBSURFACE 
IN TAN AREA 
Studies of subsurface basaltic rocks 
Studies of subsurface sedimentary interbeds 
Geophysical Studies 

GEOLOGICAL CHARACTERIZATION OF SURFACE 
DEPOSITS IN TAN A P A  
Studies of surface basalt rocks 
Studies of surface sedimentary pnits 

Summary 

Task 2 research efforts during this time period focused primarily on completion of 
analyses and incorporation of results into the final reports. Dr. Paul Link, Chairman, 
Idaho State University Geology Department, led a special task to incorporate peer 
reviewed papers from this project into a Geological Society of America special publication 
titled, “Geology, Hydrogeology and Environmental Remediation, Idaho National 
Engineering and Environmental Laboratory, Eastern Snake River Plain, Idaho” (see 
Appendix III). Paul Karl Link and Leland L. Mink, Director, Idaho Water Resources 
Research Institute, University of Idaho edit this publication. The publication contains 19 
research papers representative of the three tasks of this project and is the first peer- 
reviewed comprehensive volume dealing with research into all the geoscience and 
remediation aspects of a U.S. Department of Energy facility. Bob Creed and Triqh St. 
Clair, U. S. Department of Energy, Idaho Operations wrote the introduction. 
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Technical Progress 

2.A. I Compile three-dimensional geological and hydrostratipaphic 
characterization of the TAN region and northern INEEL in database and 
graphic formats 

Status: Complete, see TAN-3D document (Task 2 - Addendum 1) that exglains 
how to use the HTML files and their included diagrams. 

2.A. 2 Compile listing of pertinent geological literature 

Status: A complete bibliography has been compiled and is attached (see 
Appencfix I). 

2B. Geological Characterization of the Subsurface in TAN area 

2.8.  I Studies of subsurface basaltic rocks 

2B. 1. I Prepare summary manuscript on the basalt alteration of the INE;EL. 

Status: Complete. See Task 2 - Addendum 2 that is part of a master’s 
thesis in progress by Lee Morse to be published by the Idaho State 
University Department of Geology. In addition, a summary of this report 
will be presented at the Geological Society of America Rocky Mouptain 
Sectional Meeting in April, 1999 and will be published in the GSA 
Programs with Abstracts tentatively scheduled for publication in Septejnber 
of 1999. 

Title of addendum report: Alteration and Authigenic Mineralization Near 
the Effective Base of the Eastern Snake River Plain Aquifer at the Idaho 
National Engineering and Environmental Laboratory 

Year 2 ~ 3rd Quarter Milestone: Produce up-to-date geochemical database of basalts 
porn the INEEL (mrface and subsurjace samples). 

Status: Complete. Analyses of these samples were completed May, 1999. See 
Task 2 - Addendum 3 dr& manuscript by Hughes et al. for full explanatior) and 
data tables of results. 
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Summary of chemical analyses performed on core and surface samples from the 
INEEL. Data represent analyses by ICP-AES, INAA, and XRF by ISU and UI 
laboratories. 

# Majjor Trace 
Tattle' 
Location Samples Etements Elements 
Number 

Corehole TCH-1 23 X X 

Corehole TCH-2 25 X X 

Corehole GTN-5 19 X X 

Corehole GIN-6 8 X X 

TAN 

2 

3 

4 

5 
Corehole TCH-34 

6 

Areas Near TAN 

7 
Corehole 2-2A 

Coreholes near Mud Lake 

Surface (mostly Circular Butte) 
Corehole 126-A 

(ML-1, CB-21, CB-21, CB-23) 

16 

77 

15 

45 
35 

Other INEEL* 
Corehole ICPP COR-A-023 31 
Corehole USGS-80 9 
Corehole TRA-5 11 

Corehole CH- 1 23 

Corehole BG-77-1 (PWC3) 18 

Corehole STF-PIE-AQ-0 1 (PWD3) 16 
Corehole WO-2 5 *Fe.Na 

Corehole USGS-118 (PWA3) 20 

Corehole Argonne-1 10 

Corehole C-1A (PW3) 21 X 

X 

X 

X 

X 
in progress 

X 

X 

X 

X 

X 
X 
X 
X 
X 
X 
*Fe, Na 
X 
*Fe, Na X 

X 

X 
X 
X 
X 
X 
Sr, Ba, Zr 
X 

TOTAL 427 
NOTES: 

Indicates basalt geochemistry data table number provided in Addendum Report 3. Although only 
basalt geochemistry is reported in tables, additional data are provided in digital spreadsheet format. 

Although not a deliverable for this project, other INEEL corehole samples were analyzed for 
major and trace elements and included in the digital database. 

PW-series samples collected and analyzed during thesis research by Paul H. Wetmore. 

1 

2 

3 
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Year 2 -- 4th Quarter Milestone: Construct geologic and statistical model of 
geochemical correlation of basalt flow groups using all available analyses and other 
information. 

Status: Complete. Hughes et al. (Task 2-Addendum 3) develops models in the 
manuscripts and Bestland (Task 2-Addendum 4) included with this report. Title 
of addendum report: Physical Volcanology and Geochemistry of Basalts in the TAN 
Region: Northern INEEL 

Year 3 - 2nd Quarter Milestone: Finish bulk rock Nd-, Sr-, Pb-isotope analyses of 
samples from wells in the TAN region used for correlation of units. Produce data base of 
results. 

Status: Complete. The data is presented below: 

Wells 2-2A, CH1 and TCH2 isotope data for bulk basalt samples 
Sample 
Number 
2-2A-54 
2-2A-298 
2 -2A-3 93 
2-2A-422 
2 -2 A-4 82 
2-2A-586 
2-2A-7 17 
2-2A-82 1 
2-2A-909 
2-2A-1269 
2 -2 A- 1 92 7 
2-2A-2023 
2-2A-2327 
2-2A-2349 
CH 1- 1493.3 
CH1- 1 727.2 
CHI -1 902.3 
TCH2-58 
TCH2-99 
TCH2- 15 1 
TCH2-197 
TCH2-252 
TCH2-465 

Depth below 
land surface (ft) 

54 
298 
393 
422 
482 
586 
717 
82 1 
909 
1269 
1927 
2023 
2327 
2349 
1493 
1727 
1902 
58 
99 
15 1 
197 
252 
465 

Measured* 
''%d/'@Nd 
0.5 12468 
0.512385 
0.5 12394 
0.5 12399 
0.5 12370 
0.5 12357 
0.5 12350 
0.5 12472 
0.512415 
0.5 12390 
0.5 12407 
0.512151 
0.5 12402 
0.512403 
0.5 12398 
0.5 12392 
0.5 12399 
0.5 12398 
0.5 12384 
0.512384 
0.5 12400 
0.5 12356 
0.5 12326 

&Nd** 

-3.3 
-4.9 
-4.8 
-4.7 
-5.2 
-5.5 
-5.6 
-3.2 
-4.3 
-4.8 
-4.5 
-9.5 
-4.6 
-4.6 

- -4.6** 
- -4.6** 
- -4.6** 

-4.7 
-4.9 
-5.0 
-4.6 
-5.5 
-6.1 

Measured* 
8 7 ~ r ~ 8 6 ~ r  
0.705926 
0.706673 
0.707409 
0.706934 
0.706973 
0.706860 
0.707235 
0.705994 
0.706520 
0.707647 
0.707362 
0.710173 
0.707356 
0.7070 12 
0.707172 
0.706854 
0.706679 
0.707022 
0.706930 
0.7069 13 
0.706889 
0.706935 

Initial** 
8 7 ~ r / 8 6 ~ r  
0.70592 
0.70667 
0.70741 
0.70693 
0.70697 

***0.70686 
0.70723 

***0.705993 
0.70652 
0.70765 
0.70736 
0.71017 
0.70736 
0.70701 
0.70717 
0.70685 
0.70668 

***0.70702 
0,70693 
0.70691 
0.70689 
0.70693 

* The last figure is significant to within +5 

*** Rb assumed to be 10 ppm 
** Estimated 
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Year 3 - 2nd Quarter Milestone: Characterize deep basin brines recoveredporn well 
INEL# 1 using major and trace element analysis. Completion is contingent upon 
obtaining samplesfi.om the U. S. Geological Survey. 

Status: Complete. The results are presented below: 

Well INEL-1 water chemistry 
Sample* 15 1 1-25 18 

Major solutes, ppm cations 
K 
Na 
Mg 
Ca 
si02 
Major solutes, ppm anions 
HC03- 
S04- 42 
C1' 14.5 
F- 1.65 
Trace elements, ppb 
Sr 78.0 
Ba 24.8 
A1 4.0 
As 23 
Zn <1 
Fe <1 
Mn <1 
Zn <1 
Trace elements below detection limit, ppb 
Ag <2 
Cd <2 
c o  <2 
Cr <3 
cu <2 
Hg <10 
Ni <5 
P < O S  
Pb <20 
V <3 
s c  <2 
Se <20 
Ti <2 
Y <2 
Other measurements, 
S.C. (mS/cm) 430 

3/24/1979* 
10.3 
99.7 
1.9 
7.7 
61 

3559-3713 3559-4878 

41811 979* 411 5/1979* 
8.8 6.9 
369 381 
1 .o 1.1 
2.1 2.1 
34 41 

94 ** 
14.5 
13.5 

110 
17.4 
9.0 
27 
2.3 
157 
2.0 
2.3 

1305 

114 ** 
11.9 
14.2 

129 
16.3 
11.0 
89 
2.7 
509 
1 .o 
2.7 

1382 

42 10-6266 
6796- 10365 
1/20/ 1 98 1 * 

7.0 
3 92 
0.8 
2.3 
52 

90 ** 
13.9 
15.6 

120 
41.0 
31.0 
124 
3.4 
168 
2.0 
3.4 

1415 

16 



* Samples listed by depth range over which well was open when sample was collected, depths in 
feet 
** Samples were diluted 2: 1 with ultra-pure water because concentrations were greater than the 
maximum range of the meter. 
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Year 3 - 3rd Quarter Milestone: Complete microprobe analysis of altered and unaltered 
basalt samples from deep wells at INEEL and selected wells in the TAN area and 
produce data base of mineral chemistry. 

Status: Complete. Evaluation of new bulk chemical analyses on some of the 
basalt samples lead to a reinterpretation of basalt stratigraphy. This in turn 
prompted a shiR in our sampling strategy. The samples have been obtained and 
microprobe analyses continued into May, 1999. An extension was requested in 
writing January 25, 1999. 

Year 2- 3rd Quarter Milestone: Analyze basalt samples pfrom coreholes TAN-34, 126-A, 
and CB and ML series wells east of TAN. 

Status: Complete pending the results from corehole 126-A. The data was added to 
the database the end of June, 1999. An extension was requested in writing January 
25, 1999. See manuscript by Hughes et al. (Addendum Report 3) for explanation 
of analytical results. 

2B. 2 Subsurface Sedimentary Research: 

2B. 2. I Complete geologic cross sections and fence diagram for the northern INEEL in 
digital format. 

Status: Complete, see TAN3D document (Task 2 - Addendum 1) explains how to 
use the HTML files and their included diagrams. 

2B. 2.2 C’ompkte summry manuscript on the sedimentary geology of the northern INEEL 
and vicinity. 

Status: Complete, see Task 2 - Addendum 4 by Bestland which is a draft of the 
manuscript that will be included in the GSA Special Publication due to be 
published at the completion of this grant (scheduled for 9/29/99). 

2B. 2.2 Studies of subsurface sedimentary interbeds in the Mud Lake sub-basin: 

Year 2 - 4th Quarter Milestone: Prepare regional correlation of sedimentary units on the 
northern INEEL and the Mud Lake sub-basin of Quaternay Lake Terreton. 

Status: Complete. See Task 2 - Addendum 5 by Gianniny and Thackray. 

Year 2 - 4th Quarter Milestone: Report on the temporal recharge variability 
based upon ostracode species composition in cores from both sub-basins of 
Quaternary Lake Terreton with implications for planning remediation of TAN and 
INEEL. 
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Status: Complete, see Task 2 - Addendum 5 which is a draft of the 
manuscript by Gianniny and Thackray that will be included in the GSA 
Special Publication due to be published at the completion of this grant 
(scheduled for 9/29/99). 

2C. Geological Characterization of the Surticial Deposits in TAN area 

2. C I Studies of surface volcanic units 

2. C. I .  2 Provide detailedpetrographic, geochemical (major and trace element), 
isotopic (Si-Nd), geochronologic and paleomagnetic data on sur$cial basust flow 
units and eruptive centers near TAN that will compliment and constrain the 
subsurfme petrographic and geochemical characterization of basalt flow units in 
Task 2.2. I .  2 and 2. C. 2. I .  3. These data will also elucidate regional eruptive 
centers and test correlations of Anderson and Bowers (1995). 

Status: Complete, see Task 2 - Addendum 6 part of a master’s thesis by 
Jason Casper which will be published by the Idaho State Geology 
Department and will be revised and submitted for publication in the GSA 
Special Paper edited by Paul Link. A copy of the complete thesis will be 
on file in the Geology Department. An abstract of this report was 
presented at the Geological Society of America Regional Rocky Mountain 
Sectional Meeting in April of 1999 and was published in the GSA 
Abstracts with Programs in cunjunction with the meeting. 

2. C. 2 Studies of surface sedimentary units 

2. C 2. I Hydrologic characterization of sedimentav facies in the Test Area North 
region, Idaho National Engineering and Environmental Laboratory, eastern 
Iclaho. 

Status: Complete. See 2.C.2.1.1 

2. C. 2. I .  I Complete report describing the variation in saturated hydraulic 
conductivity in sedimentary facies in the northern INEEL and implications for 
groundwater .flow. 

Status: Complete, see Task 2 - Addendum 7 part of a master’s thesis 
prepared by Linda Mark which will be published by the Idaho State 
Geology Department. A copy of the amplete thesis will be on file in the 
Geology Department. A summary version of this report was presented at 
the Geological Society of America Regional Rocky Mountain Sectional 
Meeting in April of 1999 and was published in the GSA Programs with 
Abstracts in September of 1999. 

19 



TASK 3. Spatial Correlation Analysis of Aquifer Lithology and Permeability 
and Development of a Stochastic Ground Water Model 

Task 3 Overview 

This task area was to provide an evaluation of the feasibility of describing aquifer 
heterogeneity and resulting ground water mass transport in a stochastic context. 
Specifically the geometry and spatial distribution of highly permeable interflow zones in 
the basalt stratigraphy, and to identi@ and develop appropriate stochastic simulation 
methods to model heterogeneous aquifer permeability and ground water flow in the Snake 
River Plain aquifer beneath the Test Area North (TAN) facility. During the past eighteen 
months work has continued on stochastic modeling of ground water mass transport using 
indicator simulation methods to represent lithologic heterogeneity, while focusing on 
developing an alternative stochastic representation of aquifer permeability based on direct 
simulation of borehole-scale permeability data. 

Technical Progress 

3A. SUBSURFACE SPATIAL CORRELATION AND SIMULATION 

Status: Complete. The spatial arrangement of interflow zones within a 
stratigraphic sequence of basalt lava flows can be simulated stochastically 
from available borehole data on lithologic variations within boreholes. 
These methods are being used to generate simulations of lithologic 
heterogeneity fiom which hydraulic heterogeneity can be inferred by 
assigning appropriate permeabilities to the different lithologic classes 
simulated, An alternative approach for stochastically simulating aquifer 
heterogeneity has been developed in the past eighteen months that permits 
direct simulation of borehole hydraulic conductivity, conditioned to 
borehole-scale slug-test data, while also honoring available borehole 
lithologic data and simulated heterogeneity. The approach is based on a 
relationship between borehole permeability and number of interflow zones 
within a well-test interval which can be exploited to merge the different 
scales of relevant data (fine-scale borehole lithologic variability and 
simulated lithologic heterogeneity, and well-scale permeability data 
available from field testing on wells open over relatively large intervals). 

GIs Database and Kuntz Geologic Map 

The Kuntz 1:50,000 geologic map of TAN has been completed and has 
been published by the Idaho Geological Survey Digital Mapping 
Laboratory. This map coverage and associated database have been 
included in the final site-wide GIs database. The central GIs data 
repository on INEEL and TAN is available for Rp download to project 



participants. Project participants should contact Tim Funderberg (236- 
4550; hndtim@isu.edu) for access instructions and file download 
information. 

Analysis and Quantijication of Fracture Networks 

A model to generate synthetic lava flows has been developed and has been 
modified to incorporate quantitative constraints on flow geometry, 
statistics, etc. This model will constitute part of an algorithm to create 
geologically realistic simulated stratigraphic packages of lava flows, 
interflow zones, and interbeds which will be used to create simulations for 
evaluating the impact of fissure network-hosted permeable zones. 

Complete Manuscripts for Refereed Journals 

Four manuscripts were completed. One was presented as an abstract at 
two conferences: 1) the Toronto National GSA meeting in October, 1998, 
and 2) Rocky Mountain Section of GSA meeting in April 1999, and was 
submitted to Groundwater Journal (See Task 3 - Addendum 1). This 
paper, along with two other papers are being published in a GSA Special 
Publication on the Eastern Snake River Plain (Appendix I11 - No. 9, 15, & 
16). A fourth manuscript titled, “An evaluation of methodologies for the 
generation of stochastic hydraulic conductivity fields in highly 
heterogeneous aquifers,” (Gego, Johnson and Hankins), was published in 
Stochastic Environmental Research and Risk Assessment, Vol. 15, No. 1, 
Article 60, pp 47-64,2001 (See Task 3 - Addendum 2). 

Completion of All Nau Mapping and Graphic Output 

This work was completed for the Rocky Mountain GSA Sectional 
meeting, and will also incorporate the TAN 1:50,000 Kuntz geologic Map. 

Complete Final Report on Results 

The manuscripts published in the GSA special publication on the Eastern 
Snake River Plain serve as the final report for this project. Publication 
tentatively scheduled for Fall 2000 or Spring 200 1. 

3B. STOCHASTIC GROUND WATER MODELING 

Status: Complete. The focus of work for this reporting period has been on 
the development of an alternative stochastic representation of aquifer 
permeability based on direct simulation of bore-hole scale data. We 
utilized borehole-scale permeability data from slug tests at TAN 34 and 
TAN 35 to simulate permeability directly at a scale that is coarser than the 
scale used to simulate individual permeable zones. This has been 
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accomplished by exploiting a relationship between well test permeability 
and the number of inter-flow zones communicating the push-pull test 
permeability and its dependence on interflow zones has been completed 
and forms the justification for this approach. 

Unlike simulations of lithologic heterogeneity which have been conducted 
on a 20 X 20 X 20 foot (x,y,z) grid, well-scale permeability is simulated on 
a 20 foot vertical resolution grid. The spatial distribution of interflow 
zones observed in boreholes and derived from lithologic simulations is 
“upscaled” to the 20-foot grid scale by simply counting the number of 
interflow zones within 20-foot blocks. Because of the direct correlation 
observed between borehole-scale permeability in well tests and the number 
of interflow zones intersected by a well, the count of simulated interflow 
zones can be used as a conditioning constraint in simulations of 
permeability at the borehole scale. These results were presented at the 
Spring meeting of the Rocky Mountain Section of the Geological Society 
of America, Pocatello, Idaho, April 1999. (See abstract titled, 
“Permeability of Preferential Ground Water Flow Zones in Basalt and 
Implications for Stochastic Ground Water Modeling,” Appendix 11). 

Recent analytical studies and modeling scenarios have incorporated new 
data collected from recent push pull tests at TAN 34 and TAN 35 (see 
Task 3 - Addendum 2). 
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Appendix I. Compiled bibliography for subtask 2A.2. 

Appendix 11. Abstracts of papers presented by IWRRI-TAN Tasks 1-3 
researchers at the 1999 Rocky Mountain Section Meeting of the Geological 
Society of America held in Pocatello, April 8-1 0, 1999. 

Appendix IU. Table of Contents. Geological Society of America Special Paper, 
“Geology, Hydrology, and Environmental Remediation, Idaho National 
Engineering and Environmental Laboratory, Eastern Snake River Plain, Idaho. 
Edited by Paul Karl Link and Leland L. Mink. 

Appendix IV. Bibliography of abstracts, papers, publications, and poster sessions 
on the TAN Project covering the period March 8, 1996 through June 30, 1999. 
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APPENDIX 11 

Abstracts of papers presented by IWRRI-TAN Tasks 1-3 researchers at the 1999 
Rocky Mountain Section Meeting of the Geological Society of America held in 
Pocatello, April 8- 10, 1999. 



ABSTRACTS 
FOR 

HYDROLOGIC, GEOLOGIC, AND BIOLOGICAL CONSTRAINTS AND 
WASTE REMEDIATION TECHNOLOGIES AT THE IDAHO NATIONAL 

ENGINEERING AND ENVIRONMENTAL LABORATORY 

An Oral and Poster Symposium, 8 am to 5 pm 

Presenting Results of the Idaho Universities Consortium 
Research Project Dealing with the TAN Facility 

Roy Mink, 
Idaho Water Resources Research Institute, Principal Investigator 

Rocky Mountain Section, Geological Society of America Meeting 

Cavanaughs Pocatello Hotel 
Friday, April 9, 1999 

Sponsored by Idaho State University, Department of Geology 

Oral Session 1 8:OO am to 12:OO noon--Bannock Room--Geologic constraints and 
stochastic modelling. 

Oral Session 2 1:20 pm to 3:OO pm--Bannock Room---Hydrogeology and 
Bioremediation 

Poster Session 3 to 4:30 pm--Atrium. 

Discussion and Concluding Remarks 5 to 530 pm. Teton South Room. 

Oral abstracts are presented in thls packet in the order of talks 

Poster abstracts are presented by poster number. 



Oral Session 1 8:OO am to 12:OO noon--Bannock Room--Geologic constraints and 
stochastic modelling. 



In Geological Society of America 
Abstracts with Programs 
Volume 31, Number 4 ,  Page A-13 
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SEDIMENTATION IN THE BIG LOST TROUGH, AN ARID UNDERFILLED BASIN ON 
THE EASTERN SNAKE RIVER PLAIN, IDAHO 

GESLIN, Jeffrey K., Exxon Production Research Company, P.O. Box 21 89, 
Houston, TX 77252 (jeff rey.k.geslin @ exxon.sprint.com); LINK, Paul Karl, 
Department of Geology, Idaho State University, Pocatello, ID 83209, and 
FANNING, C. Mark, Research School of Earth Sciences, Australian National 

, Canberra, ACT 2601 , Australia 
The Big Lost UniversiX troug is an upper Pliocene to Holocene, volcanically silled, underfilled 
sedimentary basin in the northeastern Snake River Plain (SRP), Idaho. The generally arid 
climate of the SRP results in the Big Lost trough fluctuating between shallow, ephemeral 
lacustrine sedimentation (Pleistocene Lake Terreton) during relatively wetter climates and 
eolian, fluvial and playa sedimentation during drier climates. Temporal cyclicity in the 
lacustrine vs. fluvial/eolian/pla a systems in the Big Lost trough is observed in >70m of 
sediments collected in core (ho Y e 2-2A) from the middle of the Idaho National Engineering 
and Environmental Laboratory. Sedimentation in the Big Lost trough was evaluated further 
by determining sediment dispersal patterns for sand-rich fluvial and eolian systems using 
provenance analysis, and characterizing compositional variations in playa and lacustrine 
sediments. 

The Big Lost trough receives fluvial sands primarily from Basin and Range streams 
that include the Big Lost River, Little Lost River, and Birch Creek. Sedimentation in the 
middle of the present day Bi Lost trou h is dominated by the Big Lost River and eolian 

margin. The source areas for fluvial and eolian sands can differentiated by using both 
UPb a 

deposited by the Bi Lost River, with oca1 reworking by the eolian system. This 

grained sediments suggests that modem playas are infiltrative, dominated by deposition 
of days including kaolinite and illite, whereas ancient playa deposits contain abundant 
gypsum, indicating they were evaporative. 

Et3 
systems, with the Little Lost Fl iver and 8 irch Creek buildin small fans along the basin 

subsu 19" ace sands indicate that the Bi Lost trough was supplied with sand primarily 

sug sts a record o B numerous Pleistocene dry climate cycles where sedimentation was 
simi 9" ar to the present day. However, semiquantitative x-ray diffraction analysis of fine- 

spectra from detrital-zircon populations and petrography. Provenance data from 

3 
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BASIN ARCHITECTURE OF THE PLEISTOCENE BIG LOST TROUGH, EASTERN 
SNAKE RIVER PLAIN. IDAHO 

LINK', Paul Karl, (linkpaul@isu.edu), BESTLAND', Erick. A., GESLIN2, 
Jeffrey K., THACKRAY', Glenn T., GIANNINY', Gary L. 
1 Department of Geology, Idaho State University, Pocatello ID 83209 
2. Exxon Production Research Company, P.O. Box 2189, Houston, TX 77252 
3. Department of Geology, Bucknell University, Lewisburg PA 17837 

The Big Lost Trough, a sub-basin of the eastern Snake River Plain, is bounded by basin-and- 
range mountains and half-graben to the northwest and by low-relief Pleistocene basaltic 
accumulations to the southeast (axial volcanic zone). Stratigraphic data from numerous wells, 
cores, and surface exposures on and near the INEEL (Idaho National Engineering and 
Environmental Laboratory) allow assessment of the volcanic and sedimentary history. 
Paleomagnetic data from lava flows and sediments along with Ar/Ar and WAr age 
determinations constrain the upper 600 m, -3 Ma of record. 

The basin has been underfilled through middle and late Pleistocene time since 
sediment supply plus volume of basalt lava have not filled accommodation space, itself 
produced by silling of the basin behind early Pleistocene volcanic vent areas. Basin-fill is 
dominated by basalt flows erupted from local vents, with subordinate fluvial, lacustrine, and 
aeolian sediment. Sediment dispersal patterns were driven more by the topography of the 
volcanic constructs than by basin subsidence. A particularly thick middle Pleistocene package 
(200 m), composed of half sediment and half lava, in the middle of the present-day trough, 
onlaps > 730ka basalt vent complexes to the northeast in the TAN area and interfingers and 
overlies -200-400 ka vent complexes of the axial volcanic zone on the southwest. 

Dynamics of subsidence involved crustal loading and thermal detumescence of the 
Snake River Plain in conjunction with Basin and Range uplift of nearby mountains. Detrital 
zircon provenance data indicates sedimentation has been dominated by the Big Lost River 
system. Significant volumes of debris eroding from the actively uplifting Lemhi and 
Beaverhead Ranges to the north have not reached the trough. Drainage divides in these 
northern valleys have been migrating northward through the last several million years, as the 
Snake River Plain subsides and captures drainages that formerly flowed to the Salmon. 
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SUBSURFACE VOLCANOLOGY AT TAN AND CONTROLS ON GROUNDWATER 
FLOW 

GEIST, Dennis, SIMS, Elisa, and ELLISOR, Rachel, Dept. of Geology and 
Geological Engineering, University of Idaho, Moscow, ID 83844, 
dgeist @ uidaho.edu 

We have applied our experience in lava flow emplacement, detailed core logging, 
paleomagnetic measurements, and an internally-consistent geochemical database to 
develop a picture of the subsurface geology above the QR interbed at TAN in the 
northern part of the Snake River Plain. Our measurements of paleomagnetic inclination 
match perfectly those of Lanphere et al. (1994) on CH-1 and CH-2, indicating that the 
120 m sequence erupted in a short time interval (~1000 years) over the entire area. As 
previously noted by others, the flows are inflated pahoehoe sheets, and their brecciated 
flow tops provide preferential flow paths that dominate groundwater flow. The vesicle 
distribution in the flows indicate that none is of proximal facies. The compositional 
evolution of the basalts is markedly consistent and relatively large, and internal 
differentiation of individual cooling units is only locally important. Thus careful logging 
coupled with chemical analysis is the ideal correlation tool. Our cross sections are 
substantially different from those previously constructed because we can demonstrate 
that most of the flows are much smaller than previously supposed and disprove certain 
correlations. At least nine flow groups are identifiable, and only two lava flows extend 
across the area. Several of the flows have widths 400 m in the line of section. Two of 
the most important contacts for groundwater flow have a strong component of apparent 
dip to the ESE, the direction that the contaminant plume is oriented. Anisotropy of 
magnetic susceptibility measurements were made to permit estimates of flow directions. 
These data cluster about N70W and N25E, which we believe are the directions to two 
vents that erupted these lava flows. Our interpretation is that this terrain was much 
different than the currently exposed at the surface of the SRP, with many long, narrow 
flows emplaced on an irregular surface at a very rapid depositional rate. 

http://uidaho.edu


In Geological Society o f  America 
Abstracts with Programs 
Volume 31, Number 4 ,  Page A-21 

N? 1 3 9 7 9  
GEOPHYSICAL AND BOREHOLE MEASUREMENTS FROM SOUTHERN BIRCH 
CREEK VALLEY IN EASTERN IDAHO: IMPLICATIONS FOR GROUNDWATER FLOW 

LIBERTY, Lee M., BARRASH, Warren, KNOLL, Michael D., and BOLGER, R.D., 
CGISS, Boise State University, Boise, ID 83725, Iml Q cgiss.boisestate.edu. 

Birch Creek Valley (BCV) is a northwest-trending extensional basin in eastern 
Idaho, north of the Snake River Plain (SRP). Underflow from the valley’s alluvial aquifer 
can effect water levels and flow directions in the adjacent SRP aquifer. A series of seis- 
mic, gravity and magnetic geophysical surveys have been conducted to provide informa- 
tion about the structure, stratigraphy and hydrogeology of the valley. A 120 m deep well 
was drilled along the western edge of the valley in 1998 to provide control for one of the 
cross-valley geophysical surveys. The well is located 1600 m west of Birch Creek along 
Peterson Canyon Road. Drill cuttings suggest that the well intercepts a series of coarse 
alluvial fan deposits (gravels) separated by thin clay layers. A thicker clay-rich interval 
was encountered at 105-1 20 m depth. Seismic P-wave velocities derived from a vertical 
seismic profile (VSP) conducted in the well are less than 1450 m/s for all intervals, sug- 
gesting that the regional water table is deeper than 120 m at this location. Seismic refrac- 
tion data collected along thKee cross-valley transects show a series of discontinuous 
higher-velocity zones (1700-21 00 m/s) at relatively shallow depths; we interpret these to 
be shallow perched aquifers. The presence of shallow water-saturated sediments was 
confirmed at one location (between the well and Birch Creek along Peterson Canyon 
Road) by a shot hole dilled to 12 m depth. In some areas, a deeper refractor is also 
observed with a velocity that suggests that it is hard rock (>3200 d s ) .  Seismic reflection 
data also image this surface in some locations. Gravity and magnetic data, including 
three new cross-basin transects coincident with the seismic refraction transects, are con- 
sistent with the model of basalt extending north from Lava Ridge and along the eastern 
side of BCV and thinning towards the basin axis. The magnetic signature indicates that 
the depth to the basalts that parallel the valley margins increases with distance from the 
SRP. We are continuing our geophysical investigation to locate perched aquifer zones, 
the depth to the regional aquifer, and the nature of the hard rock interface. 

http://cgiss.boisestate.edu
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FEASlBILITY STUDY INTO THE CORRELATION OF ANALYTICAL DATA TO THE 
SPATIAL DEPICTION OF ASSOCIATED WELLS AT INEEL IN SOUTHEASTERN 
IDAHO 

FUNDERBURG, Timothy D., fundtirn@isu.edu, and KAUFFMAN, Mary E., Dept. 
of Geology, P.O. Box 8072, Idaho State Univ., Pocatello, ID 83209 

The Geographical Information System (GIS) laboratory at Idaho State University 
Geology Department has recently completed the digitization of a map of the northern 
portion of the Idaho National Engineering and Environmental Laboratory (INEEL), 
centering on the Test Area North (TAN) facility. The INEEL sits atop the Snake River 
Plain aquifer in southeastern Idaho. The aquifer is contaminated with trichloroethylene and 
low level radionuclides and is listed as an EPA Superfund site. Extensive research into the 
geology, hydrology, geochemistry, mineralogy, and microbiology of the aquifer has been 
done to lay a foundation for a remediation plan. Correlation of the research data to the 
spatial distribution of the sampling wells is essential in evaluating remediation strategies for 
this highly heterogeneous aquifer. 

spatial depiction of associated wells at the INEEL utilizing Arcview software. Using 
the computerized map as a foundation, analytical data from a variety of disciplines can be 
digitally linked to the sample well locations and imaged in different formats. 

planimetrics, mineralogy, geochemistry, and microbiology, in tabular and three-dimensional 
view. The analytical data presented is limited to the scope of this preliminary study, which 
is to demonstrate the possibility of integrating a wide range of research data into Arcview 
format. 

This is a pilot study to determine the feasibility of correlating analytical data to the 

This study incorporates three wells and their associated geology, topography, 

mailto:fundtirn@isu.edu
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LATE QUATERNARY HIGHSTANDS OF LAKE TERRETON, IDAHO 
GIANNINY, Gary L., apartment of Geology, Bucknell University, Lewisburg, PA. 

17837, gianniny@bucknell.edu; Thackray, Glenn D., Department of Geology, 
Idaho State University, Pocatello, ID 83209, thacglen@isu.edu; Kaufman, Darrell 
S., Departments of Geology and Environmental Sciences, Northern Arizona 
University, Flagstaff, AZ 8601 1, Darrell.Kaufman@nau.edu. 

Surface and subsurface sediments from the basin of Pleistocene Lake Terreton on the 
northeastern Snake River Plain indicate at least four episodes of wetter climate during the 
last IS0 ka. Subsurface lacustrine sediments were analyzed from three cores (CB-20, 21, 
23) from the Mud Lake sub-basin of Lake Terreton and one (2-2A) from the Big Lost 
Trough sub-basin on the Idaho National Engineering and Environmental Laboratory. The 
chronology of these cores is constrained by thermoluminescence (TL) and infrared 
stimulated luininescence (IRSL) age estimates from lacustrine sediment, amino acid 
racemization age estimates from ostracodes and gastropods, and AMS radiocarbon dating of 
lacustrine gastropods. 

The cores contain evidence of two lake highstands, including laminated lacustrine 
clays, ostracodes, and gastropods. The first highstand occurred between ca. 120 and 160 ka, 
documented by a 140 ka amino acid age estimate on ostracodes and by six TL and IRSL 
age estimates on lacustrine sediment, ranging from 130 +_ 11 ka (TL* core CB-20) to 153 f 
13 (TL, core CB-21). Lacustrine sediment from a second highstand has yielded TL age 
estimates of 88 4 7 ka and 90 _+ 8 ka, and an IRSL age estimate of 84 3.7 ka. Surficial 
deposits described by other workers (Bright and Davis, 1982; Forman and Kaufman, 1997; 
Sherbondy and Gianniny, 1999) indicate later lacustrine deposition around 22 and 0.7 ka 
(radiocarbon dates and amino acid age estimates). 

These temporal records of Lake Terreton highstands suggests cool, moist climatic 
conditions in the eastern Snake River Plain region during marine oxygen isotope stage 6, 
during latter substages of stage 5 or early stage 4, and during stages 2 and 1. The records 
are partly consistent with other paleoclimatic proxy records. In addition, this record 
demonstrates that the topographic low of the Lake Terreton basin has existed since at least 
ca. 160 ka and that the basin sediments record lake fluctuations reflective of long-term 
climatic variations, possibly overprinted with effects of active Snake River Plan tectonism. 

mailto:Darrell.Kaufman@nau.edu
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HYDROLOGIC CHARACTERIZATION OF SEDIMENTARY FACIES, NORTHERN 
IDAHO NATIONAL ENGINEERING AND ENVIRONMENTAL LABORATORY, 
EASTERN IDAHO 

MARK, Linda E., Geology Dept., Idaho State University, Box 8072, 
Pocatello, ID 83209, marklind@isu.edu; THACKRAY, Glenn D., Geology 
Dept., Idaho State University, Box 8072, Pocatello, ID 83209 

The Snake River Plain aquifer consists of basalt interbedded with sedimentary units. 
Although much is known about the hydrologic properties of the basalt, very little is known 
about the hydrologic properties of the sedimentary interbeds. Therefore, the hydrologic 
properties of the surficial sedimentary facies, which are analogous to the sedimentary 
interbeds, are being investigated. 

The field-saturated hydraulic conductivities of the lake floor (LF), loess (L), 
overbank / interfluve (OI), playa bottom (PB) and dune (D) facies were measured using a 
Guelph permeameter; the hydraulic conductivities of the channel (C) facies were 
estimated from their grain size distributions. The hydraulic conductivities of the six 
sedimentary facies range from io4’ to IO+”’ cds. 

as hydrologic facies, suggest that there are three overlapping hydrologic fades. Each 
hydrologic facies is composed of one or more sedimentary facies. A single-factor 
analysis of variance (ANOVA) test indicates at least one significant difference in mean 
log hydraulic conductivity between the six facies (Fsw = 21.829, p < 0.001). Tukey’s 
Honestly Significant Difference (HSD) post hoc test indicates that, based on log 
hydraulic conductivity, the LF, L, 01, and PB sedimentary fades act as one hydrologic 
fades; the 01, P8, and D sedimentary facies act as a second hydrologic facies: and that 
the C sedimentary facies acts as a third hydrologic facies. The nonparametric Kruskal- 
Wallis test likewise indicates at least one significant difference in mean rank log 
hydraulic conductivity between the six facies cx‘, = 59.679, p < 0.001). Except for the 
inclusion of the L sedimentary facies in the second hydrologic facies as well as the first, 
the results of Dunn’s post hoc test are identical to those of Tukey’s HSD test. 

Statistical tests, performed in order to determine whether sedimentary facies act 
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LATE QUATERNARY CONSTRUCTIONAL DEVELOPMENT OF THE AXIAL 
VOLCANIC ZONE, EASTERN SNAKE RIVER PLAIN, IDAHO 

WETMORE, Paul, H., Dept. of Earth Sciences, Univ. of Southern California, 
wetmore@earth.esc.edu; HUGHES, Scott S., and RODGERS, David W., Dept. 
of Geology, Idaho State Univ., Pocatello, ID, 83209; ANDERSON, S.R., U.S. 
Geol. Survey, INEEL Project Office, Idaho Falls, ID 83403 

The axial volcanic zone (AVZ) is a subdued volcanic ridge that trends northeast across 
the middle of the eastern Snake River Plain, and acts as a drainage divide that 
separates the Snake River watershed to the southeast from the Big Lost watershed to 
the northwest. To investigate the age of initial AVZ formation, and whether the AVZ is 
solely a volcanic construct or formed in part due to differential subsidence of adjacent 
areas, 16 subsurface basalt supergroups ernplaced between -626 ka and 221 ka were 
analyzed across three geographic regions of the eastern Snake River Plain: the AVZ, 
the Big Lost Trough (BLT) to the north, and the Arco-Big Southern Butte (ABSB) 
volcanic rift zone to the northwest. Isopach maps of these lava supergroups were 
constructed and used to locate proximal (vent) facies, marked by abrupt and significant 
increases in supergroup thickness. Structure contour maps were made and used to 
identify regions where vent facies are lower in elevation than distal facies. 

BLT and AVZ, yet these rocks are as much as 200 m lower in the vent region than they 
are in the ABSB, evidence that the BLT and AVZ have uniformly subsided with respect 
to the ABSB. No differential subsidence between the BLT and AVZ is evident, based on 
supergroups emplaced at -626 ka and 567 ka which have vents in the BLT and 
elevations which gently decrease southward to the AVZ. Supergroups emplaced at -626 
ka and 567 ka flowed south without disruption from the BLT into the AVZ, but overlying 
supergroups emplaced from 515-247 ka commonly exhibit a ponded morphology along a 
topographic high near the AVZ. These data indicate initiation of the AVZ as a volcanic 
construct between 567-51 5 ka. Since -247 ka, as many as 13 eruptions have emanated 
from the AVZ, the elevated topography of the which appears to be entirely the result of 
volcanic construction and not differential subsidence of adjacent regions to the north. 

Supergroups emplaced at -626 ka, 567 ka, and 515 ka have vents located in the 
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ALTERATION AND AUTHIGENIC MINERALIZATION OF BASALIS NEAR THE 
EEFECTIVE BASE OF THE EASTERN SNAKE RIVER PLAIN AQUIFER 

MORSE, Lee H. (morslh@srv.net) and MCCURRY, Michael, Department of 
Geology, Idaho State University, Campus Box 8072, Pocatello, Idaho 

Sharp inflections in vertical temperature gradients of five deep wells at the Idaho 
National Engineering and Environmental Laboratory (INEEL) correlate systematically 
with degree and style of basalt alteration and pore minedization of the basalts. Samples 
of basalt collected above the depths of temperature gradient inflections (TGI) exhibit 
little alteration, except for incipient alteration of olivine to "iddingsite" and spotty 
alteration of intersertal basaltic glass to smectite clay. Minor authigenic mineralization, 
dominantly precipitation of fine-grained and drusy calcite, occurs along some fractures 
and within some vesciles and diktytaxitic cavities. In contrast, samples from below the 
TGI's typically exhibit a marked increase in the abundance, and change in assemblage, 
of authigenic minerals and is macroscopically distinguished by a downward transition 
from the typical Qrk gray color of unaltered basalt to various shades of greenish-gray 
color. Calcite and mixtures of di- and trioctahedral smectite clays (probably nontronite 
and saponite, respectively) commonly occur in vugs and dilrtytaxitic cavities and on 
fracture surfaces. They are accompanied in some samples by chabazite * 
fluorapophyllite * amorphous silica i aragonite. Siderite occurs along with Fe-Mg- 
calcite and clay withiin vesicles of silicic volcanic rocks penetrated in one well. Alteration 
of the basalt matrix minerals and glass also occurs below TGI. At shallower depths 
alteration is characterized by replacement of intersertal glass by nontronitc and saponite 
clays, while at greater depths olivine and plagioclase are also partially or completely 
altered to similar clays. Textural features of the vug minerals indicate a time growth 
sequence: calcite + clay followed b chabazite f apoph Ute * an unidentified, feldspar- 

to have precipitated congruently fmm pore water. Tors c oscly cornlate with sh 
vertical gradients in authigenic mineral abundance and assemblage within three we1 s; 
correlations are less obvious in the fourth well, possibly because the rock is much more 
silicic and resistant to alteration. The TGI in the fifth well is located twenty meters h m  
the bottom of the well; no significant alteration of basalt occurs h that well. 

like mineral. Clay minerals typical r y line vesicles and dkytamc cavities; they appcar 

"Tp 
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STOCHASTIC SIMULATION OF PREFERENTIAL GROUND WATER FLOW ZONES IN 
A LAYERED BASALT AQUIFER SYSTEM 

WELHAN, John A., Idaho Geological Survey, Idaho State University, Pocatello, ID 
83209-8072, welhjohn @ isu.edu; GEGO, Edith and JOHNSON, Gary, University of 
Idaho, 1776 Science Center Dr., Idaho Falls, ID 83402; CLEMO, Tom, CGISS, 
Boise State University, 1910 University Dr., Boise, ID 83725 

Stochastic descriptions of the unique style of aquifer heterogeneity found in eastern 
Snake River Plain basalts are required to make probabilistic predictions of contaminant 
transport for remediation design at the Idaho National Engineering and Environmental 
Laboratory. Highly porous zones hosted in inflated pahoehoe lava flows that make up the 
bulk of this aquifer system are responsible for controlling preferential ground water flow. 
Because the spatial configuration of these porous zones has not been previously cast in 
a stochastic framework, three stochastic modeling approaches are being investigated to 
identify those that are feasible in terms of available subsurface geologic data, knowledge 
of geologic structure, and conformity to available borehole permeability measurements. 

Simulation of porous interflow zones has the advantage of being able to capture 
fine-scale heterogeneity but suffers from ambiguity in the representation of the effective 
thickness of porous zones and reliance on an unconstrained stochastic assignment of 
representative permeabilities to porous zones. Simulation of borehole-scale permeability 
(&) data has the advantage of direct permeability simulation but is limited by the large 
scale at which & is sampled and the paucity of available Kb data; however, by utilizing an 
empirical correlation between & and the vertical spatial density of porous zones, 
simulations of & can be forced to honor the fine-scale spatial distribution of previously 
simulated porous zones. A third approach generates images of the spatial distribution of 
porous zones conforming to measures of basalt morphology, the geometry of porous 
zones, and statistical criteria derived from corehole data and surface mapping of inflated 
pahoehoe; these images can be used directly as alternative simulations of geologic 
heterogeneity or to constrain previously simulated stochastic images of lithology or Kb. 
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STOCHASTIC MODELING OF CONTAMINANT TRANSPORT IN THE SNAKE 

RIVER PLAIN AQUIFER 
GEGO, Edith L., Idaho Water Resources Research Institute, University of Idaho, 

1776 Science Center Drive, Idaho Falls, ID 83402, gego@if.uidaho.edu; 
JOHNSON, Gary S., Department of Geology and geological Engineering, 
University of Idaho, 1776 Science Center Drive, Idaho Falls, ID 83402; and 
WELHAN, John A., Idaho Geological Survey, Box 8072, Idaho State 
University, Pocatello, ID 83209. 

Most ground water flow and contaminant transport models used today rely on the 
numerical solution of partial differential equations. The numerical solution 
framework requires the discretization of the flow domain into numerous cells whose 
hydrological properties must be defined prior to the use of the model. Yet, since 
hydraulic conductivity (K) in the Snake River Plain aquifer (SRPA) can vary by 
several orders of magnitude over distances of less than a meter vertically and tens or 
hundreds of meters horizontally, defining the exact properties of each model cell is 
impossible. In this context, stochastic modeling techniques are probably the best tool 
available to assess contaminant migration in the aquifer. Given the level of 
heterogeneity in the SRPA, a stochastic approach based on Monte Carlo simulations 
seem the most appropriate. Monte Carlo simulations rely on multiple runs of the 
chosen ground water flow and contaminant transport algorithms with the K field 
modified at each run. The results of all the model runs are compiled to form estimates 
of the cumulative distribution b t i o n  (C.D.F.) of the model output of interest. 

This presentation aims at emphasizing the difference between deterministic and 
stochastic modeling. An example illustrating the use of Monte Carlo experiments to 
assess contaminant transport uncertainty underneath the Test Area North facility of the 
Idaho National Engineering and Environmental L Stochastic simulations, contaminant 
transport, aquifer Laboratory will be presented. 
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ASSESSING THE UNCERTAINTY OF TKE FIRST ARRIVAL TIME OF A 
CONSERVATIVE CONTAMINANT MIGRATING IN THE SNAKE RIVER 
PLAIN AQUIFER 

GEGO, Edith L., University of Idaho, 1776 Science Center Drive, Idaho Falls, 
ID 83402, gego@if.uidaho.edu; JOHNSON, Gary S., and HANKMS, 
Matthew, University of Idaho, 1776 Science Center Drive, Idaho Falls, ID 
83402; and WELHAN, John A., Idaho Geological Survey, Box 8072, Idaho 
State University, Pocatello, ID 83209. 

Hydraulic conductivity (K) in the Snake River Plain Aquifer (SRPA) can v q  by 
several orders of magnitude over distances of less than a meter vertically and tens of 
meters horizontally. Because of this extreme heterogeneity, the use of stochastic 
techniques such as Monte Carlo simulations may be recommended in order to obtain 
realistic perceptions of contaminant migration in the aquifa. Monte Carlo simulations 
require the generation of multiple, equiprobable K fields, that are successively 
imported into the ground water flow and contaminant transport algorithms. The 
m u b  of all the runs are compiled to form estimates of the cumulative distriiution 
hct ion of the model output of interest. Assuming that lithologic boundaries between 
massive basalt, fi.actured basalt and he-grained sediments Constitute the major hdor 
affecting hydraulic conductivity variability, we propose to generate equiprobable K 
fields in two steps. Major heterogeneities are first reproduced through the generation of 
multiple equiprobable lithologic fields; the lithologies considered Wing massive basalt, 
hctured basalt and fine-grained sediments. The lithologic fields are subsequently 
converted into K fields by assigning a proper K value to each lithology. 

This poster illustrates the use of the approach presented above in conjunction with 
the MODFLOW and MOC3D packages to quantfi the uncertainty of the fvst d v a l  
time of a conservative contaminant migrating in the SRPA. 



Oral Session 2 1:20 pm to 3:OO pm--Bannock Room---Hydrogeology and 
Bioremediation 
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DEFINING A REPRESENTATIVE ELEMENTARY VOLUME FOR A FRACTURED 
BASALT AQUIFER 

BUKOWSKI, John M., Parsons Infrastructure & Technology Group, Inc, 510 E. 17Ih 
St. #3 13, Idaho Falls, ID 83404, bukojm@inel.gov; SORENSON, Kent S., Jr., 
Parsons Infrastructure & Technology, sorenks@inel.gov 

Characterization studies conducted in the basalt aquifer surrounding a ground water 
injection well at Test Area North (Idaho National Engineering and Environmental 
Laboratory) have aided in conceptualizing the dynamics of ground water flow in a fractured 
flow regime. In particular they have aided in the evaluation of the scale at which the system 
can be approximated as an equivalent porous medium (EPM). 

Results from geophysical investigations including seismic tomography and neutron and 
caliper logs suggest that the upper aquifer is a multi-layered system with alternating dense 
basalt flows and interflow rubble zones. At depth, the formation structure transitions to a 
thick, dense basalt flow with acoustic televiewer evidence supporting the sporadic 
occurrence of vertical fiactures. The deeper basalt flow is believed to impede contaminant 
migration as concentrations of trichloroethylene decrease noticeably with depth. 

Drawdown measurements and transmissivity estimates resulting fiom straddle packer 
pumping tests that isolated portions of aquifer in both rubble and dense basalt flow zones 
suggest that at a radial distance greater than about 125 ft from the pumping well the aquifer 
behaves as an EPM. The packer test data have shown that drawdown response in an 
observation well located less than 125 ft away from the pumping source is not only 
dependent upon distance but also well depth and screened interval in the stratified aquifer. 
Furthermore, it has been observed that the drawdown response in observation wells located 
at distances greater than 125 ft appears more homogeneous. The distance at which these 
wells are located can be used to infer the representative elementary volume (REV) of 
aquifer. The REV is the minimum scale for which it may be appropriate to model the 
aquifer as an EPM. Analyses of anisotropy based on drawdown data fiom the packer tests 
further support the assumed REV with an equivalent permeability tensor and ellipse of 
directional permeability successfully defined only at the larger scale. 

mailto:sorenks@inel.gov
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LABORATORY DETERMINATION OF POROSITY, HYDRAULIC CONDUCTIVITY, AND 
DIFFUSIVI’IY FOR BASALT CORES 

WYLIE, Allan, University of IdahoAWRRI, 1776 Science Center Dr, Idaho Falls, ID 83402, 
awyli@uidaho.edu JENSEN, Rodger, University of IdahoJIwRRI, 1776 Science Center 
Dr, Idaho Falls, ID 83402 and JOHNSON, Gary, University of Idaho, 1776 Science Center 
Dr, Idaho Falls, ID 83402 

Flow in the Snake River Plain aquifer takes place where the upper vesicular element of a given 
flow, with its partings, fissures, and broken basalt contacts the often rubbly substratum of the 
overlying flow. Flow in such an aquifer primarily takes place in only a small fraction the porous 
media, however, storage takes place in the whole aquifer. Remediation in the Snake River Plain 
aquifer must take these transport and storage characteristics into account. While it will be 
comparatively easy to pump-and-treat the water moving within the flow contacts, removal andor 
treatment of the contaminants which have diffused into the less permeable interior of the basalt flow 
will be more problematic. 

porosity, hydraulic conductivity, and diffusivity. Porosity ranges from 4.3 to 9.7% for densc basalt 
and 6.9 to 11.8% for vesicular basalt. Hydraulic Conctuctivity ranges from 1.4 x 10‘ to 3.6 x lo4 
cdsec for dense basalt and 2.3 x 10” to 1.6 x lod d s e c  for vesicular basalt. The diffusion 
experiments take several months to complete, and are still ongoing. The two completed  experiment^ 
indicate diffusivities of 1.2 x 10‘’ cm2/sec and 2.6 x 10’ ~ a n ~ / s e ~ .  

These results indicate that large volumes of contaminants can diffuse into the more dense podon 
of basalt flows where it will be difficult to retrieve them. The stored contamhants will slowly 
diffise out during remediation efforts, greatly prolonging the effort. 

To begin addressing ttUs problem, 20 basalt core samples are being analyzed to determine 

mailto:awyli@uidaho.edu
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TRACER STUDIES IN A FRACTURED BASALT AQUIFER 

NIMMER, Robin E., Department of Geology and Geological Engineering, Universrty of 
Idaho, Moscaw, ID 83844-3022, nimm9536@uidaho.edu; RALSTON, Dale R., Department of 
Geology and Geological Engineering, University of Idaho, Moscow, ID 83844-3022 

Groundwater contamination in a fractured rock aquifer is very difficult to 
remediate. An understanding of the transport mechanisms that occur in the fiactures 
and the rock matrix is important in order to implement cleanup strategies such as in situ 
bioremediation. The objective of this study was to examine and compare responses of 
various tracers firom tests in a basalt fracture zone aquifer. 

The field site for the tracer experiments is located in Moscow, Idaho at the 
University of Idaho Groundwater Research Site (UIGRS). Wells used in the tracer tests 
are located within a single fracture zone, the E-fracture, approximately 75 feet below 
land surfice in the Wanapum Fonnatior? basalt of the Columbia River Basalt Group. 

Five successfbl recirculating and nonreciradating radially convergent tracer tests 
were conducted within the E-fiacture zone using conservative or nearanservative 
tracers and padcadate tracers. The tracers include fluorescein, bromide, iodide, veratryl 
alcohol, benzoic acid, polystyrem non-carboqlated fluorescent microbeads (6 micron) 
and Bacillus ttsermoruber spores. 

Results for the dissolved tracers showed a rapid increase in concentration, 
multiple peaks and a long breakthrough m e  tail. The particulate tracers peak 
breakthrough arrived prior to that of the dissolved tracers. The tracer test results 
indicate transport is governed by preferential pathways and may be affected by aquifer 
heterogedty, advection, dispersion, molecular diflksion, matrix dfision, channeling, 
transport in different channels, borehole storage and sorption; although, matrix diffision 
and sorption are not likely. The particulate tram may also be agected by density and 
filtration. 
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METABOLIC AND PHYSIOLOGICAL CHARACTERIZATION OF MICROBIAL 
ISOLATES FROM TEST AREA NORTH AQUIFER WITH EMPHASIS ON ENZYMATIC 
PATHWAYS FOR TOLUENE OXIDATION 

WATWOOD, Mary E., and SMITH, William A., Biological Sciences Dept., Idaho State 
Univ., Campus Box 8007, Pocatello, ID 83209, watman@isu.edu; KEENER, William 
K., Idaho National Engineering and Environmental Laboratory, P.O. Box 1625, Idaho 
Falls, ID 83415. 

Approximately 40 microbial isolates were obtained from the Test Area North UAN) aquifer 
by sterile -tion of groundwater from well 35 wrthin the trddoroethyleoe (TCE) 
contamination plume. In addition to standard morphological and biochemical screening, 
isolates were analyzed for the expression of various enzyme pathways responsible for toluene 
oxidation. Many of the toluene oxidation enzyme systems are capable of cometabolically 
degrading TCE, and preliminary enrichment experiments have d e m d  the presence of 
toluene degrading organisms within this aquifer. Isolates were tes&d for readon with 
phenylacetyiene and 3+droxyphmylacxztyleue, which am ~azyme advitydependeatprobes 
specific for toluene 2,3-dioxygenase and toluene 2- mcmooxygenase, respeCti.rely. Isdates 
were also screened for growth and pigmeat production on indole plates and when exposed to 
pedyne, a selective inhibitor. Results fbr ttie TAN isolates were compared with those 
obtained fix control organisms known to exhibit various toluene oxidation pathways. 
Isolates were also characterl.Rd by community level physiological profile (CWP) analysis 

with Bioi@ plates. Principal compaaents analysis was used to dkhgukh groups of isolates 
and to compare them with various umtrol species. 

Based on these studies, it appears that many ofthe 40 isolates are members ofjust two or 
threespecies,ahhough~eymayrepresentdistinct~ins. Pisalsoapparaxtthatoaewmore 
enzymat~c pathways responsible for toluene degmbtiou am represented w i t h  the microbial 
community of this contarmnated a aqulfer; this may qresent an 0pportUnaY fix TCE 
bioremediim via stimulation ofcometabolic breakdown. 



Poster Session 3 to 4:30 pm--Atrium. 
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INTEGRATED CHARACTERIZATION OF A TCE CONTAMMATED AQUIFER AT THE 
MEEL. 

OWENS, Kathy, University of Idaho/lWRFU, 1776 Science Center Dr, Idaho Falls, ID 83402, 
kathyo@uidaho.edu, JENSEN, Rodger, University of Idaho/IWRRI, 1776 Science Center Dr, 
Idaho Falls, ID 83402, and WYLIE, Allan, University of I d a h o m ,  1776 Science Center 
Dr, Idaho Falls, ID 83402. 

The Idaho Universities Consortium through the Idaho Water Resources Research Institute is 
conducting research on a TCE plume at the MEEL. Over 40 different researchers with the 
University of Idaho, Idaho State University, and Boise State University are involved in this effort. 

the hydrogeology, microbiology, and geochemistry of the Snake River Plain aquifer. 

Task II focuses on understandw the regional geology, and Task III focuses on numerically 
modeling the whole system in a stochastic fmmework 

The research is focused on evaluating intrinsic rernedation of the plume by further understanding 

Task I focuses on understanding the hydrogeology and microbial ecology of the aquifir system. 

mailto:kathyo@uidaho.edu
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GEOLOGIC MAP OF THE TEST AREA NORTH (TAN) AND BIG LOST RIVER SINKS 
AREA, IDAHO NATIONAL ENGINEERING AND ENVIRONMENTAL LABORATORY 
(INEEL), EASTERN IDAHO 

KUNTZ, Me1 A., U.S. Geological Survey, Box 25046, M.S. 913, Denver, Co. 80225; 
CHAMPION, D., U.S. Geological Survey, Menlo Park, Ca; GESLIN, Jefiey IC, 
Exxon Production Research Co., RODGERs, David W., HODGES, Mary K.V., 
MARK, Linda E, and LINK, Paul IC, Department of Geology, Idaho State 
University, Pocatello Id 83209 

In combination with subsurface-geology and hydrologic-modeling studies of dispersal of 
chemical and radioactive wastes in the aquifer, we have prepared a 1:50,000 digital geologic map 
of the northern part of INEEL and adjoining areas with funding fiom the U.S. Department of 
Energy to the Idaho Universities Consortium. The initial map was prepared fiom air-photo data 
compiled by stereographic plotter and has been enhanced by extensive field and laboratory 
studies. 

Snake River Plain, between the Beaverhead and L e d  Ranges. The Big Lost River and Birch 
Creek feed a playa area where TAN facilities are located. Lake Terreton inundated this area 
during wetter Pleistocene climates. Mud Lake, a modem remnant of Lake Terreton, lies east of 
TAN. Lunettes, aeolian deposits of deflated playa sediment that ring the TAN playa, do not 
represent shoreline deposits as mapped previously. Prominent northeast-aligned Holocene 
aeolian dunes cover basalt lava and playa/lacustrine sediments in the southeast part of the map. 

TAN lies astride the Circular Butte-Lava Ridge basalt high, where lava flows >730 ka 
underlie a thin sediment cover. In the Lava Ridge area, vents have not been identified for several 
basalt flows, but petrographic and paleomagnetic data suggest that five flows can be assigned to 4 
probably coeval groups. Southwest of TAN, these lava flows dip under the Big Lost Trough, a 

sediment supplied by the Big Lost River. Southeast of TAN, basalt lava flows estimated to be 
200 to 400 ka were erupted &om vents aligned NWSE along the Lava Ridge-Hells Half Acre 
volcanic rift zone. Within the area of the map, vents on this volcanic rift zone can be assigned to 
as few as 2 probably coeval groups based on paleomagnetic and petrographic data. 

The TAN facility lies at the mouth of Birch Cree& on the northern margin of the eastern 

Pltistoctn~ basalt-dld basin Eilled mainly by flwio-glacia2 lacustrinc/playa, a d  aeolian 
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PRODUCTS OF DIFFERING VOLCANIC PROCESSES AS CONTROLS OF HYDRAULIC 
CONDUCTIVITY AT THE IDAHO NATIONAL ENGINEERING AND ENVIRONMENTAL 
LABORATORY (MEEL), IDAHO 

ANDERSON, Steven R., U.S. Geological Survey, Dept. of Geology, Idaho State Univ., Box 
8072, Pocatello, ID 83209, andestev@isu.edu, and KUNTZ, Me1 A., U.S. Geological 
Survey, MS 913, Box 25046, Federal Center, Denver, CO 80225, 
The Snake River Plain (SRP) aquifer in eastern Idaho consists of QuaternaryAate 

Neogene basalt flows, associated eruptive products, and interbedded sediments. Bulk hydraulic 
conductivity of volcanic rocks was estimated from transmissivity measurements in 1 14 wells at 
INEEL to evaluate miption of radioactive and chemical wastes in the aquifer. Hydraulic 
conductivity values, spanning -6 orders of magnitude, were compared to subsurface geologic 
corrtrols to provide constraints on simulations of ground-water flow. Geologic COntroiS of 
hydraulic conductivity were evaluated using geologic maps, analyses of volcanic features in 
surface outcrops and drill cores, and volcanicproduct models that relate rock charadenstics to 
volcanic processes. Volcanic processes that a W  rock character is ti^ and hydraulic condudi&y 
range from early-stage, surface-flow, eruptive-fksumdominated eruptions, to M g e ,  t u b  
fed, shield-ventdominated eruptions. Resulting volcanic products include feeder dikes, bedded 
scoria, spatter, and ash in ramparts that border eruptive fissures; proximal slab- and shelly- 
pahoehoe flows of shield-forming eruptioas; and medial and distal tube-fed pahoehoe flows of 
shield-forming eruptions. Most ofthe INEEL is underlain by tube-fd pahoehoe flows and ground 
water is transmitted mainly through void spaces along the wntacts ofthese flows. 

From evaluation of geologic setting and shtigraphy of wells, h r  general types of 
volcanic produds and their ranges of hydraulic conductivity am: (1) thin C O O  ft) tube-fed 
p;lhoeb~e flows cut by dikes [0.01-100 Wday]; (2) thick (30-50 ft) tube-fed pahoehoe flows [I- 
100 Why]; (3) shelly- and slabpahoehoe and bedded scoria, spsltter and ash [100-5,000 Wday]; 
and (4) tube-fed pahoehoe flows not cut by dikes [100-24,000 Wd]. In areas underlain by 
probable vents and dikes, hydraulic condudivity changes by 3 to 5 orders of magnitude over 
distances ofSW1,000 M. These changes suggest pr&rential pathways and local barriers m the 
clquiferw m y  greatly affect the dispersion of wastes downgradient from points of disposal. 

mailto:andestev@isu.edu
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PL;ETsTocENE ACCUMULATION/SUBSIDENCE OF THOLEIITIC LAVA FLOWS 
OF THE EASTERN SNAKE RIVER PLAIN, IDAHO EVALUAT$ON OF LAVA 
mxlW INUNDATION HAZARD TO THE INEEL 

CHAMPION, Duane E., U.S. Geological Survey, MS-910,345 Middlefield Rd., 
Menlo Park, CA 94025, dchamp@mojave.wr.usgs.gov; LANPHERE, Marvin A, 
U.S. Geological Survey, MS-937,345 Middlefield Rd., Menlo Park, CA 94025; 
ANDERSON, Steven R, U.S. Geological Survey, Dept. of Geology, Idaho State 
Univ., P.O. Box 8072, Pocatello, ID 83209, and KUNTZ, Me1 A, U.S. 
Geological Survey, Federal Center, Denver, CO 80225 

Drillcore-based studies using detailed petrographic descriptions, paleomagnetic 
characterization and correlation, and conventional K-Ar and 4OArPAr dating in the area of 
the Idaho National Engineering and Environmental Laboratory (INEEL) yield 
interpretations of the processes of basalt accumulation and crustal subsidence on the 
eastern Snake River Plain (ESRP). Drillcores at scattered locations within the INEEL 
demonstrate variable accumulation rates that can be fitted by lines with high Fegression 
coefficients. These linear relationships suggest accumulation is dynamically l i e d  to 
subsidence of the lava flow section, the latter arising from upper crustal flexure and deep 
crustal flow. Accumulatiodsubsidence rates are highest near the axis of the ESRP, tend to 
demxse with distance north from the axis, and exhibit a sharp gradient of differential 
subsidence in the area of the Idaho Chemical Processing Plant (ICPP), suggesting a major 
structural discontinuity at that locality. Near the axis of the Plain, accumulation rates are 
up to 219'ky., recurrence intervals range from 40 to 50 ky., and individual flow 
thickness average 70 to 80 ft. The higher vent density and greater number of eruptions 
along the topographic axis of the ESRP are responsible for the greater overall thickness of 
post4 Ma tholeiitic lava flows in the center of the Plain. 

The data on accumulatiodsubsidence rates, mean thicknesses of lava flows, and mean 
recurrence intervals provide an opportunity to assess the volcanic hazard of lava flow 
inundation for various facilities at the INEEL, For example, the Test Area North (TAN) 
a m  has experienced intermediate accumulation rates (78-122'/k.y.), longer typical 
tecurrence rntepals (-140 Icy.), and thicker than normal average flow thickness (-llS), 
but very little eruptive activity for the past 1 m.y. Also, the area of the ESRP north of its 
topographic axis has experienced a hiatus of volcanic activity for at least the past 200 ka. 

Volcano-Hazafd, Lava-Flow, Subsidence, Recurrence, Thickness 



In Geological Society of America 
Abstracts with Programs 
Volume 31, Number 4 ,  Page A-6 

1 3 9 5 9  

PHYSICAL VOLCANOLOGY AND PETROLOGIC EVOLUTION OF CIRCULAR BUTTE 
VOLCANO, EAST OF TEST AREA NORTH, INEEL 

CASPER, Jason. L, HUGHES, Scott S., Department of Geology, Idaho State 
University, Pocatello, Idaho 83209-8072; and GEIST, Dennis J., Dept. of 
Geology and Geological Engineering, University of Idaho, Moscow, Idaho 
83844-3022 

Circular Butte volcano is a 1.2 Ma, mostly loesscovered, basaltic shield located east of 
Test Area North, just inside the boundary of the Idaho National Engineering and 
Environmental Laboratory (INEEL). Field geology, petrology and geochemistry is used to 
interpret magmatic sources, volcanic evolution and stratigraphy, and the influence of the 
shield on stratigraphy beneath the northern part of INEEL. Tumuli, small lava tubes and 
cyclic textural variations indicate an inflationary emplacement mechanism similar to that 
suggested for other divine tholeiite basalts on the eastern Snake River Plain. Circular 
Butte lavas are lithologically distinct from other basalts due to the presence of notably 
large (-1.5 an) plagioclase phenocrysts set in a coarse (1 -2 mm) diktytaxitic 
groundmass. Major and trace element trends do not support significant crystal 
fractionation, but -2X varlation in trace elements require variable amounts of source 
partial melting and possibly post eruptive vapor-phase transport during late-stage 
coding. Geochemical trends In lavas assodated with Circular Butte indicate at least two 
separate magma batches derived from an evolved parental source. Incompatible vs. 
compatible element signatures, relative to those of other basalts in the area, record 
multiple Pleistocene magma sources in the region, thus allowing g&emical distinction 
of flow groups In INEEL coreholes. Distal representatives of Circular Butte lavas 
sampled in coreholes OIN-S, TCH-1, and TCH-2 at Test Area North, but not found in 
other INEEL coreholes, establish the approximate western limft of the volcanic field. 
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LATE PLEISTOCENE PALEOENVIRONMENTS OF TIIE BIG Los ' r  TROUGH: 
EVIDENCE FROM PALEOSOLS, LOESS, LACUSTRINE, AND FLUVIAL 

ENVIRONMENTAL LABORATORY 
DEPOSITS IN CORE 2-2A, IDAHO NATIONAL ENGINEERING AND 

BESTLAND, Erick A., and THACKRAY, Glenn D., Department of Geology, 
Idaho State University, Pocatello, ID, 83209, besteric@isu.edu. 

Core 2-2A, located six milcs southwcst of Test Area North, contains by far the thickest 
sedimentary interbed of any of the INEEL cores. Except for a basaltic unit in the top 20 
meters, the upper 76 meters of this 549 meter core contains a well-preserved record of 
sedimentation and soil formation. At the base of this sedimentary section (75-76 meters 
depth) is a stage 111 caliche horizon developed in deposits directly overlying reversed 
polarity basalt flows. The sediments exhibit normal polarity, making this basalt-sediment 
contact, where the well-developed calcareous paleosol occurs, approximately 0.78 M a - t h e  
age of the Brunheshlatuyama boundary. The section above this basal paleosol contains 
weakly developed paleosols as well as lacustrine-paludal clays, fluvial sands, and granular 
clay sands of probable lunette origin. Weakly developed paleosols constitute the major 
facies and vary from loess-dominated materials to mixtures of sand, loess, and pedogenic 
clay. 

The lack of well-developed calcareous paleosols (stage I1 or more) argues for 
depositional hiatuses no longer than a few thousand years. Glacialhterglacial cycles are 
probably indicated by changes from intervals of loess with soil development (interglacial) 
to intervals with lacustrine-paludal clay, loess, and/or fluvial sands (glacial or end glacial). 

mailto:besteric@isu.edu
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ACTIVITY-DEPENDENT ENZYMATIC LABELING OF BACTERIA CAPABLE OF 
COMETABOLIZING TRICHLOROETHYLENE 

KAUFFMAN, Mary E., Biology and Geology Depts., Idaho State Univ., P.O. Box 
8027, Pocatello, ID, 83209, mkauffman@ida.net; KEENER, William K., Idaho 
National Engineering and Environmental Laboratory Research Center (IRC), 235 1 N. 
Boulevard, P.O. Box 1625, Idaho Falls, ID, 83415; WATWOOD, Mary E., Biology 
Dept., Idaho State Univ., P.O. Box 8007, Pocatello, ID, 83209 

BurkhoMeria cepacia G4 is capable of the cometabolism of trichloroethylene (TCE) via the 
toluene 2-monooxygenase catabolic pathway. Trichloroethylene is a major contaminant in 
the Snake River Plain aquifer below the Test Area North (TAN) facility of the Idaho National 
Engineering and Environmental Laboratory (INEEL) located in southeastern Idaho. The 3 
km TCE plume has been listed by the EPA as a Superfund site. The dominant hydrogeology 
of the aquifer is fractured basalt with intercalated sedimentary interbeds. Isolates discovered 
in groundwater samples from the TAN wells arc physiologically similar to B. cepacia G4. 

Hydroxyphenylacetylene (ZHPA). Labeling occurs when the enzyme (toluene 2- 
monooxygenase), which atlows for the cometabohation of TCE, is produced. Production of 
the toluene 2-monooxygenase enzyme is induced by growth on phenol. The bacterial cells, 
when trapped on black polycarbonate filters and exposed to 3-HPA, are labeled with green 
fluorescent emission. Cells grown on succinate without phenol do not label when exposed to 

Our results indicate that B. cepacia G4 can be fluorescently labeled with 3- 

3-HPA. 
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DIVERSITY OF BACTERIA IN THE TAN-34 WELL AND TCE-OXIDIZMG 
CULTURES ENRICHED FROM TAN-34 

MOBARRY, Bruce K., and CRAWFORD, Ronald L., Department of MMBB, 
University of Idaho, MOSCOW, ID 83844-1052, bmobarry@uidaho.edu; 
GFUFFITHS, Evan C., and ELY, Roget L., Department of Civil Engineaing, 
University of Idaho, Moscow, ID 83844 

Core and water samples were collected firom a well (TAN 34) downpdient of an injection 
well previously used for the disposal of low level nuclear wastes, domestic waste, and used 
cleaning solvents, including TCE (trichlor&ylene) and PCE @achlorocthylene) at DJEEL. 
These samples were used to develop anaerobic and aerobic enrichment cultures on several 
substrates known to support TCE degradation by bacteria, and for molecular analyses of the 
bacterial communities in the TAN 34 well. 

reaction (PCR) was used to amplitj bacterial 16s rDNA. The 16s rDNA of different 
bacteria were then separated on a denaturing gradit gel ekctrophorcsk (DGGE) gel. DNA 
bands were excised f b n  the DGGE gel and s e q u d  to &ti@ the bsctcria. The bacteria 
m the TCE-degrading enrichment cultures were compared with those of the TAN 34 core by 

m u s e  of IOW cell densities in the aquifiz (40' bacterial CtIWml), po~ymetase chain 

depth, type of sample, and substrate. 
We found that many of the bacteria that were abundant in the cure samples were able to 

degrade TCE. Also, a few bacterial sequarces were found in the cott sampks that did not 
appear in the enrichment cuhures, andviceversa. The total diversity fbund by d i  PCR 
and DGGE of DNA isolated -the well was less than the divasity evidart in the 
enrichment cultures, most l i l y  due to the vay low biomass presarS the  cor^ ~ampks. 
Most of the aerobic bacterial strains m the enrichmaas that oxidized TCE wcec related to 
Acinetobacfer, which w a e  p rominart in the corc samples, a- with A h l i p a ,  
Pseudomonus, and Arfhrobucter-like bactaia. A d i c  badah w c f ~  most abundant in the 
 cor^ samples, as would be expected in an aerobic aquifkr. However, more strains were 
isolated on anaerobic enrichment mcdia than on aerobic media. 
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ANAEROBIC BACTERIA CAPABLE OF REDUCTNE DECHLORINATION OF TCE 
OBTAINED FROM INEEL-TAN 

GRIFFITHS, Evan C., IMAGE, FRC #103, University of Idaho, Moscow, ID, 83844-1052, 
grif3822@uidaho.edu; MOBARRY, Bruce K. and CRAWFORD, Ronald L., IMAGE, 
FRC #103, University of Idaho, Moscow, ID, 83844-1052; ELY, Roger L., Dept. of 
Civil Engineering, University of Idaho, Moscow, ID, 83844 

Groundwater at Test Area North (TAN), located at the Idaho National Engineering and 
Environmental Laboratory (INEEL), is contaminated with perchloroethylene (PCE), 
trichloroethylene (TCE), dichloroethylene (DCE), radionuclides including strontium-90, cesium- 
137 and uranium-234; and sewage sludge. The TCE contaminant plume is located in a fractured 
basalt aquifer at a depth of 300400 feet and is approximately 10,000 feet long and 1000 feet 
wide. The Idaho Water Resources Research Institute is examining the potential for applying in 
situ bioremediation techniques and whether natural attenuation processes are occurring within the 
TAN aquifer. 

Core and drill water samples were obtained from an aseptically cored well (TAN-34) in the 
aerobic portion of the contaminant plume in November 1996. These samples were used to enrich 
fbr anaerobic bacteria us& a standard anaerobic media with lactate as the electron donor/carbon 
source and PCE as the electron acceptor. 

Batch systems composed of a consortium of bacteria obtained from the enrichments are 
capable of reductively dechlorinating TCE at a rate of approximately 1-2 mg/L of TCE in 10- 14 
days. 

Research work is ongoing to isolate the bacterial species responsible for reductive 
dechlorination of the TCE. Isolation of individual species is challenging because of the small size 
of the bacteria (0.7 pm by 0.3 pn) and the fhct that the consortium forms extensive extracellular 
polysaccharides (EPS) under laboratory conditions. Techniques being used for isolation include 
most probable number (MpN) dilutions, streak plates, and roll tubes on selective media. 

Confirmation of the isolates is beiig done with polymerase chain reactioddenaturing 
gradient gel elcctrophorcsis (PCR/DGGE) and scanning electron microscopy (SEM). Sequencing 
of 16s rDNA will be used to identify the genus of the isolates. 
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USE OF CHLORINE-36 TO DETERMINE REGIONAL-SCALE DISPERSIVITY, 
SNAKE RIVER PLAIN AQUIFER, IDAHO 

CECIL, L. DeWayne, U.S. Geological Survey Project Office, Idaho Falls, Idaho 
83402, ldcecil @usgs.gov; WELHAN, John A., Idaho Geological Survey, Idaho 
State University, Pocatello, Idaho 83209; SUDICKY, Edward R., University of 
Waterloo, Waterloo, Ontario, Canada N2L 3G1 

Low levels of chlorine-36 (%I) derived from nuclear fuel reprocessing waste that 
was disposed at the Idaho National Engineering and Environmental Laboratory through a 
deep injection well in 1958 were detected 28-30 years later in downgradient ground- 
water monitoring wells approximately 25 kilometers (km) from the source. Strongly 
reduced %I peak concentrations relative to the input and up to two orders of magnitude 
decrease in the relative iodine-1 29pCl ratios suggest that aquifer dispersivity is large. 
However, the sharpness of the 1958 disposal peak in these wells implies a small aquifer 
dispersivity that could be attributed to a preferential ground-water flowpath scenario. 

Assuming that tracer arrival is contrdled by preferential flow, a one-dimendonal 
system response model was used to estimate dispersivity by matching the shape of 
predicted tracer concentration to the tracer record in these observah wells. Our 
results suggest that a onedimensional (1-D) dispersivity of 10 m provides the best fit to 
the tracer data. Earlier work using a 2-D equivalent porous media model conduded that 
longitudinal dispersivity was 90 m (Robertson and others, 1974). At 25-km distance from 
the source, a 90-m dispersivity eliminates the 1958 disposal peak in our model output 
curve. To our knowledge, only one other study has reported a dispersrvity as low as 10 
m at this scale in fractured rock, also estimated with an environmental tracer. The 
implications of the =CI arrivals are important for two reasons; 1) the arrival times provide 
quantitative constraints on residence times, velocities, and disperdvities in the aquifet; 
and 2) they help to constrain our working hypotheses of ground-water flow in this aquifer. 
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PERMEABILITY OF PREFERENTIAL GROUND WATER FLOW ZONES IN BASALT 
AND IMPLICATIONS FOR STOCHASTIC GROUND WATER MODELING 

WELHAN, John A., Idaho Geological Survey, Idaho State University, Pocatello, ID 
83209-8072, welhjohn @ isu.edu; WYLIE, Allan H., HANKINS, Matt, GEGO, Edith, 
and JOHNSON, Gary, University of Idaho, 1776 Science Center Or., Idaho Falls, 
ID 83402 

The permeability of the eastern Snake River Plain aquifer is moderately high to very 
high and is strongly dependent on the presence of porous zones of rubble and fractures 
at the contacts between lava flow lobes ("interflow zones" or IFZs). The locations of IFZs 
in boreholes can be identified from the interpretation of geophysical logs 
(gamma-density and neutron-porosity), qualitatively calibrated against observations on 
continuous basalt core; the bulk hydraulic conductivity, &, of a well test was defined as 
T/b for pumping tests and as GIq for pumping tests, measured in an open well interval 
of length b. 

A statistically significant linear correlation was identified between Kb and nl, the 
number of IFZs in a well test interval, in 58 data pairs collected from 19 wells. The large 
amount of scatter about this relationship, plus a quasi-linear relationship between the 
conditional means of Kb and nl, indicates that IFZs have highly variable permeabilities. 
Thickness, porosity, interconnectedness and lateral extent would all be expected to 
influence the effective permeabilities of IFZs. In order to predict aquifer permeability 
indirectly from the spatial distribution of IFZs, individual IFZs would have to be assigned 
a stochastic permeability. As an alternative modeling approach, the correlation between 
Kb and nl is being exploited to stochastically simulate the 3-0 spatial variability of Kb 
directly (at a vertical scale of 6 m, corresponding to the median length of well test 
intervals). These simulations will be constrained by stochastic images of the spatial 
distribution of IFZs (at a vertical scale of 0.6 m) using an annealing algorithm and the 
observed conditional distribution of Kb on nl. 
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MORPHOLOGY OF BASALT LAVA FLOWS ON THE EASTERN SNAKE RIVER PLAW: 
GEOMETRY, FRACTAL ANALYSIS AND SIMULATION 

REEVES, Kclly, Department of Mathematics, Idaho State University (ISU) reevkcl@isu.edu; 
W E L I H N ,  John A , Idaho Geological Survey, 1SU; JOHANNESEN, Chad N .  and 
BOSWORTH, Ken W., ISU, Pocatello, ID 83209 

Thc hydrogeology of thc castcrn Snake River Plain is characterized by a complex intcrleaved 
assemblage of stacked, inflated, tube-fed pahoehoe lava flows hosting highly permeable rubble 
and fracture zones. To provide soft structural constraints on stochastic simulations of aquifcr 
hcterogcneity, mapped lava flow units were analyzed quantitativcly to constrain preliminary 
siinulations of lava flow morphology 

dcgrce of siniilarity was obtained when comparing individual flow lobes identified 
algorithmically with those identified by visual criteria. Identification was implemented with 
quantifiable spatial constraints based on relative arca (convex hull) and local structural features 
(local concavities) Hierarchical criteria were used to rejoin regions unnccessarily partitioned 
becausc of a change in shape or direction due to thc topology of the region. 

Fractal analysis revealed: a correlation between the fractal dimension (D) of an individual 
flow unit and its fissure network, similarity in D between flow units, and a significant differcnce 
in D between flow unit boundaries and the flow group boundary. Fora range of 27 to 1538 m, 
flow unit boundaries range from D=l.39 to DzL.5 1; whereas the flow group boundary has 
D= 1 2S for the range 46 to 5538 m. Utilizing a previous measurement of 1.21 on the flow group 
boundary for 1 to 16 m we can intcrpolate the fractal dimension of the flow group boundary from 
1 to 5538 m. 

of flow units, were used as an objective for simulated annealing. This approach generated 
randoni forins that exhibited geometry similar to that to actual flow units. Nonparametric 
measures wcrc used to rcjcct rogue simulation rcsults The two major similarities were 
idcritifiablc flow lobes and similar fractal dimension. 

Uti1 izirig an itcratcd, three part process of identification, removal, and reattachment, a high 

Global spatial constraints and local connectivity criteria, obtained from discretized versions 
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The In Situ Fractionation of an Eastern Snake River Plain Basalt Flow: Implications for 
Heterogeneous Chemical Interaction with Groundwater Contaminants 
David Bates, Idaho State University-Department of Geology 
P.O. Box 8072 Pocatello, ID 83209 email: batedavi@isu.edu 

Textural and chemical variations exist within an eastern Snake River Plain basalt flow 
that may be a source for heterogeneous inorganic chemical interaction with groundwater solutes. 
Physical textures and structures of a pahoehoe basalt flow exposed at Box Canyon near h 0 ,  
Idaho are fully consistent with those characteristic of inflated pahoehoe flows (Self et al, 1998). 
Textural variations include fracture density, vesicle distribution, and surface area-all of which 
affect the amount of basalt surface area exposed to groundwater contaminants. The flow contains 
vesicle cylinders and vesicle sheets in its diktytaxitic center that are SignificantIy enriched in 
elements (e.g. Fe, Ti, and P) that are usually excluded from early CrystallKing phases such as 
olivine, plagioclase, and clinopyroxene. This evolved composition of the vesicle cylinders and 
sheets suggests that fractional crystallization may be have been in effect during the later cooling 
stages of the flow. Field relationships indicate that vesicle cylinders and sheets formed after the 
flow stopped moving and before cooling joints penetrated the center of the flow. We believe that 
the textural and chemical variations observed in this lava flow are the result of both the physical 
emplacement and in situ fractionation. We modeled the fiactional crystallization of the basalt 
flow using both mass balance (GPP2) and thermodynamic techniques (MELTS). The later model 
produced the best fit to our data and predicted that the flow was about 44% crystallized when the 
vesicle cylinders and sheets were formed. Our model suggests that after the flow was emplaccd 
and inflated, undercooling and crystallization enriched the remaining melt in incompatible 
elements, which led to the formation of the diktytaxitic cavities. After about 44% crystallization, 
the remaining melt became saturated in volatile elements that exsolved and forced the remaining 
melt out of the cavities and into areas of'low pressure where they collected. The remaining liquid 
was either forced by gas-filter pressing or through buoyancydriven rise into the center of the 
flow and encountered either a region of low permeability or a horizon of neutral buoyancy and 
spread in a sill-like fashion to form horizontal vesicle sheets. Results of this study are most 
consistent with in situ fractionation models offered by Goff (1993) and Rogan et al(1996). 

mailto:batedavi@isu.edu
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Geological Society of America Eastern Snake River Plain (ESRP) Special Paper Introduction 

The ESRP is a northeast trending subsiding volcanic trough bounded by northerly trending 
basin and range structures to the north and south. The lithology, trend and age of the ESRP 
are consistent with an origin related to the sliding of the North American plate over the 
Yellowstone hot spot in a southwesterly direction. From a distance the ESRP seems to be a flat 
featureless basaltic plain. At this perspective one could conclude that the subsurface features 
that control important geohydrologic properties would be similarly featureless and easily 
characterized. However, at the meter to tens of meters scales that are important for risk 
assessment at the Idaho National Engineering and Environmental Laboratory and 
geohydrological characterization for other water source issues, the forces and processes that 
have shaped the ESRP over the last 4 million years have produced a complex system of 
basalts, sedimentary interbeds and structural features. In this GSA Special paper the editors 
and authors have made significant contributions to our understanding of the composition, 
geometry, distribution and evolution of these features. Although US DOE and other risk 
assessments and remediation plans will always require thorough and site specific 
investigations, these papers provide a robust and independent context within which various 
characterization and remediation models can be developed and assessed. The editors and 
authors are to be commended in reaching a very productive middle ground between the 
scientific prerogatives of generating and testing hypotheses (wherever this process might lead) 
and the need for acceptable characterization data and methods to support risk assessment and 
resource management needs of the INEEL and the State of Idaho. While this Special Paper is 
of special interest to stakeholders and scientists in the ESRP region, the quality, depth, breadth, 
focus and collaborative nature of the multi-disciplinary approach applied here can be fruitfully 
applied to other sites and regions. As stated earlier, the independent and robust nature of these 
investigations should give stakeholders and regulators confidence that some key 
characterization issues are or can be well defined. An equally important aspect of this special 
paper is that it will give scientists and science and remediation research managers a better 
understanding of the nature and magnitude of uncertainties and knowledge gaps. One result of 
this process will be consensus on how to focus resources and hypotheses to fill these gaps and 
reduce uncertainties in the assessment of risk associated with remediation strategies and 
resource development, 

as a multi-disciplinary problem solving discipline and object of endless fascination to its 
dedicated users and practitioners Hopefully, another result of this special paper will be to 
encourage the formulation and pursuit of risky scientific ideas. Some of these ideas will fail in 
the validation process and others will lead to concepts and technology that we can not envision 
today but will play an important role in the evolution of the earth sciences. 

A truly outstanding aspect of this Special Paper is the depth, breadth and coordination of the 
multi-disciplinary techniques used to enhance our understanding of the ESRP and its aquifer. 
As one studies the systematics of fracture flow and flow in heterogeneous systems it becomes 
clear that such a multi-disciplinary approach is required. Thus, in this volume there are papers 
on the microbiology, geochemistry, sedimentology, hydrology, and geophysics of the ESRP. I 
had a part in the initial formulation and coordination of some of the research tasks, credit 
should go to DOE EM-50 Office of Technology and Development who provided the money, Roy 
Mink at the University of Idaho who led the research; Clay Nichols and Trish St. Clair at the 
U.S. DOE Idaho Operations Office and Don Maiers, INEEL, who managed the Idaho 
Universities grants and successfully encouraged collaboration amongst Idaho university, INEEL 
laboratory, and USGS personnel. 



Bob Creed 
U. S. DOE 
Idaho Operations Office 
Idaho Falls, Idaho 
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Abstract 

Bioremediation of a Contaminated Basalt Aquifer 

Allan Wylie (UI), Dale Ralston (UI), Gary Johnson (UI), Brian Twining (UI), 
and Rodger Jensen (UI) 

ABSTRACT 

This study focuses on intrinsic bioremediation of a dissolved TCE plume within a regional 
basalt aquifer system. Investigations indicate that organic compounds have contaminated ground 
water near Test Area North on the Idaho National Engineering and Environmental Laboratory. 
Contaminants include, tetrachloroethene (PCE), trichloroethene (TCE), and dichloroethene 
(DCE). The source is believed to be an injection well in operation from 1953 to 1972. Two 
boreholes have been drilled 2 13 m down gradient of the injection well. A straddle packer system 
was used to test aquifer properties and collect samples from discrete intervals. Packer tests 
revealed stratification of both aquifer properties and contaminants. PCE concentrations are much 
lower in the upper, more permeable portion of the aquifer suggesting it may be degraded within 
an anaerobic zone near the injection well. Concentrations of cis-DCE are between two and four 
times greater than trans-DCE providing further evidence for microbial activity. Kriged aquifer 
temperature data imply that the injection well is within a thermal high, perhaps a result of 
miua x+*.  be m a d e  ri&m&GL%. i ~ ~ ~ ~ a r t d l P 1 W l l ~ ~ ~ ~ L C P E t h & i n i ~ i ~ l ~ ~ l , .  
implying that the plume is more enriched in chloride than sodium. The source of chloride may be 
degradation of the chlorinated ethenes. The mole fraction of the chlorinated ethenes represented 
by PCE increases with distance from the injection well. Although none of these factors 
individually are proof of intrinsic bioremediation, each represents a piece of evidence that 
collectively supports the concept. 



CHARACTERIZATION OF AEROBIC, TCE-COMETABOLIZING BACTERIA 
FROM INEEL-TAN 

Travis A. Pvle, Bruce K. Mobarry, Roger L. Ely, & Ronald L. Crawford 
University of Idaho, Moscow, Idaho, USA 

To assist evaluations of intrinsic bioremediation and the potential for enhanced bioremediation in a 
trichloroethylene (TCE)-contaminated aquifer at the Idaho National Engineering and Environmental 
Laboratory (INEEL) - Test Area North (TAN), the Idaho Water Resources Research Institute drilled two 
wells (aseptically coring one of them). Specific objectives included (1) obta&F a representative qrofile 
with aquifer depth of in situ bacterial types known to degrade TCE cometabolically; (2) isolating species 
from enrichment cultures and compatvlg them to the in situprofile; (3) screening isolates for TCE 
cometabolism activity; and (4) evaluating the kinetics of TCE cometabolism by selected isolates. Samples 
used in developing the in situ bacterial profire and enrichment cultures included the center region of 
recovered cores (pared cores) and rubble zones (bqsalt flow interbeds), at representative depths rangmg 
from 200 to 400 feet below ground surface, and circulatioddrilling water. 

Efforts focused on seven types of bacteria with aerobic TCE cometabolism potential: methane, propane, 
butane, hydrogen, toluene, phenol, and ammonia oxidizers. Enrichments were grown in 25 ml of 
appropriate nutrient media, then preliminarily isolated on the basis of colony morphology on streak plates 
(with the exception of the ammonia oxidizing pichments, which were isolated by serial dilution). Isolates 
were hrther characterized and confirmed by Gram staining, microscopic examination using DAPI staining, 
the Biolog Bacteria Identification System, and 16s rRNA typinG. Comparisons between isolates and the in 
situ bacterial profile were done usin8 16s rRNA typing, after amplifyrng in situ samples using PCR. 
Ability to transform TCE was screened by measuring TCE disappearance using GC-ECD. Several isolates 
were obtained from each type of enrichment, with basalt interbeds and water samples having the most 
diverse and active microbial populations. Results of bacterial characterizations and TCE transformation 
experiments are presented. 



A Collaborative Approach to Innovative Technology Development and 
Deployment - The INEEL TAN Project 

MINK, Leland (Roy), University of Idaho, Idaho Water Resources Research Institute, 

OWENS, Katherine J., University of Idaho, Idaho Water Resources Research Institute, 
1776 Science Center Drive, Idaho Falls, ID 83402, kathvo@uidaho.edu 

SORENSEN, Kent, Idaho National Engineering and Environmental Laboratory, P. 0. Box 
1625, Idaho Falls, ID 83415, sorenks@hel.gov 

205 Morrill Hall, Moscow, ID 83844, minkr6hidaho.edu 

The Idaho Universities Research Consortium through the Idaho Water Resources 
Research Institute is conducting research on a tricholorethene (TCE) plume in a portion 
of the Snake River Plain Aquifer underlying the Idaho National Engineering and 
Environmental Laboratory (INEEL). The purpose of the research is to collect data on the 
biological and physical processes intrinsic to the specific area of concern and develop a 
holistic model of the entire system. The data was used to determine if natural attenuation 
and enhanced in situ bioremediation is an effective alternative for environmental cleanup 
in fractured rock media. The research focused on evaluating intrinsic remediation of the 
plume by hrther understanding the hydrogeology, microbiology, and geochemistry of the 
fiactured rock media of the Snake River Plain aquifer. The research project is divided 
into three tasks. Task I focuses on understanding the hydrogeology and microbial 
ecology of the aquifer system. Task I1 focuses on understanding the regional geology, 
subsurface lithology, and geochemical characteristics of the Snake River Plain. Task I11 
focuses on numeric modeling of the whole system in a stochastic framework. Over forty 
researchers from the University of Idaho, Idaho State University, and Boise State 
University are involved in this integrated research effort with INEEL engineers and 
scientists. The most significant outcome of this research project was the interaction 
between the university researchers and INEEL engineers and scientists. The data 
collected from these studies contributed to the successhl demonstration of an enhanced 
in situ bioremediation process that effectively degraded TCE in the Test Area North 
(TAN) plume. The success of this new bioremediation process has resulted in a reversal 
of the preferred alternative in the TAN record of decision from pump and treat in favor of 
this innovative technology. 

mailto:kathvo@uidaho.edu
mailto:sorenks@hel.gov
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INEEL Remediation Technologies 
Natural Attenuation and Enhanced In Situ Bioremediation 

MINK, Leland (Roy), University of Idaho, Idaho Water Resources Research Institute, 

OWENS, Katherine J., University of Idaho, Idaho Water Resources Research Institute, 
1776 Science Center Drive, Idaho Falls, ID 83402, kathyo@uidaho.edu 

SORENSEN, Kent, Idaho National Engineering and Environmental Laboratory, P.O. Box 
1625, Idaho Falls, ID 83415, sor&s@,inel.gov 

205 Morrill Hall, Moscow, ID 83844, minkr@,uidaho.edu 

The Idaho Universities Research Consortium through the Idaho Water Resources 
Research Institute is conducting research on a tricholorethene (TCE) plume in a portion 
of the Snake River Plain Aquifer underlying the Idaho National Engineering and 
Environmental Laboratory (INEEL). The purpose of the research is to collect data on the 
biological and physical processes intrinsic to the specific area of concern and develop a 
holistic model of the entire system. The data was used to determine if natural attenuation 
and enhanced in situ bioremediation is an effective alternative for environmental cleanup 
in fractured rock media. The research focused on evaluating intrinsic remediation of the 
plume by further understanding the hydrogeology, microbiology, and geochemistry of the 
fractured rock media of the Snake River Plain aquifer, The research project is divided 
into three tasks. Task I focuses on understanding the hydrogeology and microbial 
ecology of the aquifer system. Task I1 focuses on understanding the regional geology, 
subsurface lithology, and geochemical characteristics of the Snake River Plain. Task I11 
focuses on numeric modeling of the whole system in a stochastic framework. Over forty 
researchers from the University of Idaho, Idaho State University, and Boise State 
University are involved in this integrated research effort with INEEL engineers and 
scientists. 

mailto:kathyo@uidaho.edu
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INEEL Remediation Technologies 
Integrated Characterization of a TCE Contaminated Aqmfer 

MINK, Leland (Roy), University of Idaho, Idaho Water Resources Research Institute, 

OWENS, Katherine 3., i f ~ w o f % h o ,  Mafro W- 3esourms Ikseawh Institute, 
1776 Scienc&Zentw M , 4 & d m  Fds, €I3 834Q2, kathvo@uidaho.edu 

SORENSEN, Kent, Idaho N a t i o E  ntal Laboratory, P.O. Box 
1625, f8a;kS-B 83435, sorenks@jnel.nov 

205 M o d 1  Hall, hqosGow, 4D 33844, minkr@uidaho.edu 

The Idaho Universities Research Consortium through the Idaho Water Resources 
Research Institute conducted research on a tricholorethene (TCE) plume in a portion of 
the Snake River Plain Aquifer underlying the Idaho National Engineering and 
Environmental Laboratory (INEEL). The purpose of the research was to collect data on 
the biological and physical processes intrinsic to the specific area of concern. The 
research focused on an assessment of in situ remediation of the plume by hrther 
understanding the hydrogeology, microbiology, and geochemistry of the fractured rock 
media of the Snake River Plain aquifer. The researchproject was divided into three 
tasks. Task I focused on understanding the hydrogeology and microbial ecology of the 
aquifer system. Task I1 focused on understanding the regional geology, subsurface 
lithology, and geochemical characteristics of the Snake River Plain. Task 111 focused on 
numeric modeling of the whole system in a stochastic framework. The data was used to 
assist INEEL scientists and engineers in a successful demonstration of an enhanced in 
situ bioremediation process that effectively destroys TCE. The success of this 
demonstratian resulted in a reversal of the preferred clean up alternative for the TAN site 
of “pump and treat” in favor of this innovative biotechnology. 

mailto:kathvo@uidaho.edu
mailto:minkr@uidaho.edu


A Multidisciplinary Approach to Innovative Technology Development and 
Deployment - The INEEL TAN Project 

OWENS, Katherine J., University of Idaho, Idaho Water Resources Research Institute, 
1776 Science Center Drive, Idaho Falls, ID 83402, kathy@,uidaho.edu 

MINK, Leland (Roy), University of Idaho, Idaho Water Resources Research Institute, 
205 Morrill Hall, Moscow, ID 83844, minkr@uidaho.edu 

The Idaho Universities Research Consortium through the Idaho Water Resources 
Research Institute is conducting research on a trichloroethene (TCE) plume in a portion 
of the Snake River Plain Aquifer underlying the Idaho National Engineering and 
Environmental Laboratory (INEEL). The purpose of the research is to collect data on the 
biological, physical, and chemical processes intrinsic to the specific area of concern and 
develop a holistic model of the entire system. The data was used to determine if natural 
attenuation and enhanced in situ bioremediation is an effective alternative for 
environmental cleanup in fractured rock media. The research focused on evaluating 
intrinsic remediation of the plume by further understanding the hydrogeology, 
microbiology, and geochemistry of the fractured rock media of the Snake River Plain 
aquifer. 

The research project was divided into three tasks. Task I investigated the 
hydrogeology and microbial ecology of the aquifer system. Task I1 provided a temporal 
record of the regional geology, subsurface lithology, and geochemical characteristics of 
the Snake River Plain. Task I11 focused on the development of a numeric modeling 
process of the whole system within a stochastic framework. Over forty researchers from 
the University of Idaho, Idaho State University, and Boise State University were involved 
in this integrated research effort with INEEL engineers and scientists. 

The most significant outcome of this research was the information exchange and 
interaction between the university researchers and their IINEEL collaborators. The data 
collected from these studies contributed to the successful demonstration of an enhanced 
in situ bioremediation process that effectively degraded TCE in the TAN plume. The 
success of this new bioremediation process has resulted in a reversal of the preferred 
alternative in the TAN record decision from pump and treat in favor of the innovative 
biotechnology. 

mailto:kathy@,uidaho.edu
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Integrated Characterization of a Tricholorethene Contaminant Plume 
In a Fractured Rock Aquifer 

OWENS, Katherine J . ,  University of Idaho, Idaho Water Resources Research Institute, 
1776 Science C m e r  Drive, Idaho Falls, LD 83402, kathyo@uidaho.edu 

WYLE, Allen, University of3iMm, Maho Water Remums Research Institute, 1776 
Science Center Drive, Idaho Falls, H) 83402, awiie@uidaho.edu 

GEGO-PORTER, Editk, University& Idaho, kiih Water aeseurCes Research Institute, 
1776 Science CknkrBrm , Mafia €+d& ID 83402, geno@f.uidaho.edu 

The Idaho Universities Research Consortium through the Idaho Water Resources 
Research Institute is conducting research on a tricholorethene (TCE) plume in a portion 
of the Snake River Plain Aquifer underlying the Idaho National Engineering and 
Environmental Laboratory (INEEL). The purpose of the research is to collect data on the 
biological qnd physical processes intrinsic to the specific area of concern and develop a 
holistic model of the entire system. The data will be used to determine if natural 
attenuation and/or biotechnology can be used as an acceptable alternative for 
environmental cleanup in fractured rock media. The research focuses on evaluating 
intrinsic remediation of the plume by further understanding the hydrogeology, 
microbiology, and geochemistry of the fractured rock media of the Snake River Plain 
aquifer. Theresearch project is divided into three tasks. Task I focuses on understanding 
the hydrogeology and microbial ecology of the aquifer system. Task TI focuses on 
understandkg the regional geology, subsurface lithology, and geochemical characteristics 
of the Snake River Plain. Task I11 focuses on numeric modeling of the whole system in a 
stochastic framework. Over forty researchers from the University of Idaho, Idaho State 
University, and Boise State University are involved in this integrated research effort. 
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ABSTRACT 

This paper addresses the question of whether a more complex model yields “better” 

results. Also addressed is the question of whether minimizing the sum of the squared residuals is 

valid as the only measure of model calibration. To help answer these questions, slug interference 

tests were conducted in four wells at the University of Idaho Groundwater Research Site 

(UIGRS). The model code MODFLOW (McDonald and Harbaugh, 1988; Harbaugh and 

McDonald, 1996) was used to interpret the slug interference tests. PEST (Watermark 

Computing, 1998), a non-linear inverse optimization code, was used to calibrate alternative 

MODFLOW models. The numerical model was made progressively more complex by adding 

hydraulic conductivity zones. The sum of squared residuals was tracked with the addition of 

zones and a corresponding increase in calibration parameters. The resulting models were then 

used to predict all slug interference tests not incorporated in the calibration data set. In this 

instance, the configuration with the best match to field data repeatedly failed to produce the best 

match with tests not incorporated in the calibration data set. The configurations with narrower 

95% confidence limit for the optimized parameters consistently made the more accurate 

predictions. 

KEY WORDS 

Ground water; MODFLO W; Optimization; Hydraulic conductivity; Heterogeneity 
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INTRODUCTION 

Most numerical groundwater models are developed to predict behavior under stresses not 

applied to the system in either the calibration or validation phase. For example, many 

experiments are first conceptualized using numerical models and then attempted in the laboratory 

before being tried in the field. Hazardous waste cleanup is usually modeled before being 

implemented. Watershed management is modeled with scenarios that have not yet occurred. 

Given this information, modelers frequently must ask themselves how complex a model is 

required to produce a reasonably accurate prediction. Will a complex model that more correctly 

responds to the calibration stresses be a better predictor of a future treatment scenario than a 

simpler model? To help answer this question, several slug interference tests were conducted in 

four wells at the University of Idaho Groundwater Research Site (UIGRS). Progressively more 

complex conceptual models with an increasing number of hydraulic conductivity zones were 

evaluated with respect to their ability to predict response to a test not incorporated in the 

calibration data set. 

The UIGRS is located on the western edge of the University of Idaho campus in Moscow, 

Idaho (Figure 1). It is situated in the Moscow-Pullman basin, which is on the eastern margin of 

the Columbia River Basalt system. Miocene basalt flows cover Precambrian bedrock with 

interbedded and overlying sedimentary deposits (Lum et al, 1990). 
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A grouping of four wells, all completed within a sub-horizontal fracture system, were 

used for the slug interference tests (Figure 1). The wells are completed with 10.16-cm diameter 

polyvinylchloride (PVC) casing sealed within 15.24-cm diameter boreholes. Short, 1 m or less, 

perforated sections are open to the single fracture system in all four wells with a sand pack filling 

the annular space. The wells at the UIGRS are completed in sub-horizontal fractures in the 

upper third of the flow at depths ranging from 2 1 to 27 m (Nimmer, 1998). 

Transmissivities determined from pumping tests conducted in these wells ranged from 0.84 

m2/day to 8.6 m2/day (Li, 1991). Transmissivities generally grade from low values in the west to 

higher values in the east. 

METHODS 

Slug interference testing has only been introduced in hydrology within the last decade, 

and has not yet been widely used. Analysis techniques are available for many types of aquifers. 

Novakowski (1 989, 1990) presents solutions for confined and fractured aquifers. Spane (1 996) 

and Spane et a1 (1 996) present solutions for unconfined and leaky aquifers. 

Conducting slug interference tests is simple; they can be conducted in the same manner 

as slug tests except the response to hydraulic head generated in the source well is also monitored 

in observation wells. Head responses at the observation wells tend to be modest, so some 

additional effort must be spent to maximize the signal to noise ratio. Spane et a1 (1  996, p. 925- 
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926) offer the following recommendations: 

1) Collect sufficient pre- and post-test monitoring to identifl water level trends that may 

exist during testing. 

2) Minimize wellbore storage within the observation well(s) by isolating the observation 

well test interval with a packer. 

3) Maximize the volume of water injected or withdrawn from the aquifer. 

4) Conduct pneumatic slug interference tests, when possible; otherwise use a slugging rod. 

Slug interference tests at the UIGRS were conducted pneumatically by inserting 12 m of 

7.6 cm PVC pipe down the test well, closing a ball valve, injecting air in the pipe, allowing the 

test well and observation wells to stabilize, and then opening the ball valve to initiate the 

interference test (Figure 2). Head measurements were collected in all wells using pressure 

transducers and data loggers. The portion of the observation wells open to the tested zone was 

isolated from rest of the well using pneumatic packers. The transducers were inserted below the 

packers and into the tested zone in the observation wells. 

Four wells were tested at the UIGRS: Q17D, Q16D, T16D, and V16D (Figure 1). When 

a well was not the test well, it served as an observation well. This procedure resulted in four 

interference tests each producing observations in the tested well and three observation wells. 

MODFLOW (McDonald and Harbaugh, 1988; Harbaugh and McDonald, 1996) was used 
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to simulate the response to the slug interference tests. MODFLOW is a computer program for 

simulating common features in ground-water systems. The program was developed by the U.S. 

Geological Survey in the early 1980's and has continually evolved since then. The modules used 

include those for handling wells and the preconditioned conjugate-gradient package, which are 

standard with MODFLOW-96. 

MODFLOW was coupled with PEST (Watermark Computing, 1998), an inverse 

optimization code that can be used with most pre-existing models. PEST was used because it is 

able to "take control" of a model, running it as many times as necessary while adjusting its 

parameters until the discrepancies between selected model outputs and a corresponding set of 

field measurements is reduced to a minimum in the weighted least squares sense. 

An area of 183 m by 183 m, centered on the UIGRS well field, was discretized with a 55  

x 73 x 8 variably spaced grid. Grid spacing ranged from 10.4 m at the edge of the model to 0.2 

m near the wells (Figure 3). Initial testing was conducted to ensure the model boundaries were 

far enough from the well field to not impact test simulations. 

Each piece of calibration data is assigned a weight in PEST. Weights were assigned 

proportional to the observed head change in the interference tests. Also, selected points on each 

hydrograph were assigned a greater weight: the starting value, the maximum head change, and 

the point at which the well recovers to the static value. These weights were assigned to help 

force PEST to match the wave-like nature of slug interference tests. 
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Simulation results were relatively insensitive to hydraulic conductivity changes in the 

overlying and underlying units, vertical hydraulic conductivity, and storage. These values were 

then fixed with a horizontal hydraulic conductivity of 0.3 &day and a vertical hydraulic 

conductivity of 0.03 &day. Storativity was assigned a uniform value of 1 x 

adjusted hydraulic conductivity in layer five, the layer simulating the fracture zone in which the 

well field is completed. 

PEST only 

Interference tests were simulated by injecting a volume of water over a 1 second time 

interval. The volume of water was equal to the volume indicated by the head change observed 

during the field test. Wells were represented in a refined grid mesh of 0.2 x 0.2 meters. While 

aquifer response can be adequately simulated in the surrounding cells using this technique, 

response in a well is not correctly reproduced. The “well” in the model has the same storage 

coefficient as the aquifer versus a storage coefficient of one for an actual well. Also the cross- 

sectional area of the test wells is significantly less than the area of the grid cell, even with a 0.2 

m grid spacing. For this reason response in the slugged well was weighted two orders of 

magnitude lower than responses in the observation wells. 

This exercise involved seven PEST runs (Figures 4a and 4b, configurations 1 through 7). 

Generally, for each successive configuration, layer 5 is divided into more hydraulic conductivity 

zones giving PEST more parameters to adjust while optimizing the match between the observed 

field data and the modeled match. Figures 4a and 4b contain maps of layer 5 showing the 
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hydraulic conductivity zones in each PEST run. Note that the number of zones does not increase 

between configurations 3 and 4; both configurations have 3 zones, however the geometry has 

changed. The zone encompassing the well field shown in configuration 2 was added because 

wells drilled to the west and south do not contain the fracture zone identified in wells Q16D, 

Q 17D, T16D, and V16D. The hydraulic conductivity zones added to generate configurations 3 

through 7 are all arbitrary subdivisions of this same zone. The model is not sensitive to 

hydraulic conductivity in the zone outside the well field area in configurations 2 through 7. 

The modeling exercise involved conditioning MODFLOW simulations with field data 

from one test and then using the optimized hydraulic conductivity distribution from layer five to 

predict the results of a slug interference tests centered on the other wells. PEST was used to 

optimize the hydraulic conductivity values for each slug interference test given configurations 1 

through 7. The values were then used in MODFLOW to predict every interference test not used 

during optimization. For example, if test Q 16D were used to condition the hydraulic 

conductivity distribution in configurations1 through 7, the resulting optimized hydraulic 

conductivity values would then be used in MODFLOW to predict interference tests in wells 

Q 17D, T16D and V 16D. This process was continued until interference tests initiated at every 

well were used to optimize every hydraulic conductivity distribution, and every resulting 

hydraulic conductivity distribution was used to predict all other tests. 

After completing every possible permutation with one optimized interference test, two 

interference tests were used to condition the hydraulic conductivity distributions, then the 
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resulting hydraulic conductivity values were used in MODFLOW to predict tests not used during 

optimization. For example, it test Q16D and Q17D were used to condition the hydraulic 

conductivity distribution, the resulting distribution would be used to predict tests at T16D and 

V 16D. Then three tests were used to optimize the hydraulic conductivity distributions, and these 

distributions were used to predict the interference test not used during optimization. For 

example, it test Q 16D, Q17D and T16D were used to condition the hydraulic conductivity 

distribution, the resulting distribution would be used to predict a test at V16D. 

RESULTS 

At the end of the parameter estimation process PEST prints out the values it has 

calculated. Table 1 contains an example printout. Note that PEST provides an estimated 95% 

confidence limit (95% CL). Watermark Computing includes a proviso with the printout 

indicating that the parameter confidence limits are calculated based on a linearity assumption. If 

the confidence interval extends beyond the region in which the linearity assumption is valid, the 

upper and lower limits may not make sense. Other provisos in the PEST manual state that the 

confidence limits can only be determined if the covariance matrix is solvable, and that the 

parameter upper and lower bounds are not taken into consideration when calculating the 

confidence limit. 
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Figure 5 illustrates the relationship between the average sum of the squared residuals 

(SSRs) from the conditioning data and configuration number. The SSRs is the squared 

difference between model-generated values and field observations. This is the “objective 

function” that PEST minimizes. In general, models are considered more trustworthy when there 

is a high degree of consistency between model generated values and field observations. Notice 

how the SSRs decrease, in general, from configuration 1 through configuration 7. This is 

because more parameters are provided for the model to adjust and achieve a match. The SSRs 

does not monotonically decrease because zones are not added by simply dividing previous zones. 

Dividing zones in configuration 4 does not produce configuration 5.  Likewise dividing zones in 

configuration 5 does not produce configuration 6. This makes local highs and lows in the SSRs 

progression likely. However, the geometry was kept variable in hopes that one would 

fortuitously be a superior representation of the real world situation. 

Note that the average SSRs improve incrementally from configuration 1 to configuration 

4. Recall that configurations 3 and 4 both have 3 zones. Generally there is a significant 

lowering in the average SSRs between configuration 4 and 5.  From configuration 5 through 7 

there is again an incremental lowering in the average SSRs. 

Table 2 contains the average 95% CL for the optimized hydraulic conductivities and 

configuration number. The average 95% CL broadens significantly with configuration 5. 

Perhaps the model is over parameterized at this point given the limited data set. When the model 
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is over parameterized the SSRs is low but some parameters are highly correlated and cannot be 

uniquely determined and thus have a broad 95% CL. 

Figure 6 shows the relationship between the average SSRs for the model predictions and 

configuration number when one slug interference test is used as conditioning data. Notice that, 

in general there is a slight increase in the average SSRs with increasing configuration number. 

There is a significant increase in the average SSRs between configuration 4 and 5.  

Conventional wisdom suggests that the configuration with the lowest SSRs will be the 

best predictor, however, that is not the case. Apparently configuration one is the best predictor, 

and it has the highest average SSRs. Perhaps if the model were optimized using two interference 

tests its ability to predict an unknown test would improve. More information may yield a better 

understanding of the system, and thus better predictions. To this end, the model was optimized 

using data from interference tests conducted in two wells and the resulting hydraulic 

conductivity values were used to predict an interference test in the remaining two wells. Figure 

7 depicts the relationship between average SSRs for the optimizing interference tests and 

configuration number using two tests as conditioning data. The average SSRs for the optimized 

fit decrease, in general, from configuration 1 toward configuration 7. However, like before, 

there are perturbations in this general trend. 

More conditioning data tends to reduce model uncertainty. This is illustrated in Table 2. 

Notice that the average 95% CL reduces as more tests are incorporated in the conditioning data. 
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The one notable exception is configuration 7, where the average 95% CL increased from 1.2 x 

1 039 to 5.5 x 1 04! This widening in average 95% CL is probably not significant because both 

estimates are likely well beyond the limits where the linearity assumptions used in calculating 

the 95% CL are valid. 

The average SSRs for the model predictions decrease incrementally up to configuration 4 

and abruptly increase at configuration 5 (Figure 8). The average SSRs then remains high 

through configuration 7. This result is somewhat less disturbing than previous; the addition of 

more data improved the models ability to make predictions and, in general, narrowed the 95% 

CL for the parameters. 

The model was then optimized using three interference tests and the resulting hydraulic 

conductivity values were used to predict an interference test in the remaining well. In this 

instance 75% of the available data are used to condition the model, (i.e. three out of the available 

four tests were used to condition the model). Figure 9 depicts the relationship between average 

SSRs for the optimizing interference tests and configuration number when three tests are used as 

conditioning data. The average SSRs for the optimized fit decrease, in general, from 

configuration 1 toward configuration 7. However, like before, there are perturbations in this 

general trend. 

Table 2 shows that the average 95% CL reduces after adding a third test to the 

conditioning data. The addition of more conditioning data is apparently eliminating some of the 
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parameter correlations and, therefore, uncertainty. 

The average SSRs for the model predictions decrease incrementally up to configuration 4 

and abruptly increase at configuration 5 as before (Figure 10). The average SSRs remains high 

through configuration 7. The addition of data has not changed the point at which the model 

becomes a less accurate predictor an unconditioned test. It has, however, increased the accuracy 

of the better-constrained models. 

SUMMARY and CONCLUSIONS 

Generally a model is considered more trustworthy when there is a high degree of 

consistency between field observations and model generated data. However, in this instance, a 

more complex model with lower SSRs was not as good at predicting another interference test as 

a simpler model with higher SSRs. In other words, SSRs was not a good indicter of which 

model was going to be the best predictor of an uncalibrated experiment or treatment. This is not 

a problem as long as the model is not going to be used to predict a response to a stress for which 

the system has not been calibrated. If prediction is going to be the end result of the modeling 

exercise, some other indicators of the model’s ability to predict responses to uncalibrated stresses 

needs to be developed. 

Perhaps parameter optimization codes generate a hard to resist allure towards a best fit 

with conditioning data. A technique must exist to extract hydraulic information from the 
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conditioning data while also minimizing the risk of over parameterizing the model. Recall the 

average 95% CL data summarized in Table 2. When the model was over parameterized, the 

average 95% CL expanded abruptly. In all three instances configurations 1, through 4 have the 

narrowest average 95% CL suggesting that these conceptual models have more merit than the 

others. Configurations 1 through 4 also have the lowest SSRs for the predictions. Figure 11 

illustrates the relationship between the average SSRs (both for observations and predictions) and 

average 95% CL. Although the average SSRs are reduced incrementally as more parameters are 

added to the model the risk of making a wildly inaccurate prediction increases significantly. 

This observation suggests a strategy for determining the optimal level of parameterization within 

a model. This strategy consists of: 

1) Parameterize the model based on the available geologic information. 

2) Run the model within a parameter optimization code. 

3) Note the SSRs and 95% CL. 

4) Successively subdivide the model and rerun keeping track of the SSRs and 95% 

CL. 

5 )  The decision of which model configuration to use is then made based on which 

configuration has the most acceptable SSRs as well as an acceptably narrow 95% 

CL. 

Numerous strategies may be employed when subdividing models. Common techniques 

involve division based on geologic information, hydrologic faces, and residual distribution. 
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When subdividing based on geologic information the location of faces changes, formation 

contacts, faults, unconformities etc are used to help divide the model into zones. Subdividing the 

model based on hydrologic faces involves grouping material based on hydraulic properties. 

Using this schema conglomerates in an unconformity may be grouped with an overlying sand 

and gravel aquifer because both are assumed to have similar hydraulic properties. Dividing the 

model based on the spatial distribution of residuals involves plotting the difference between 

model estimated values and observed values on maps and creating new zones in areas where the 

estimates tend to be either to high or to low. 

The strategy for determining the optimal level of parameterization works best if the 

proposed treatments are sensitive to the same aquifer parameters as the conditioning stresses. A 

parameter that is not sensitive to the conditioning stress, or is correlated with some other 

parameter, is poorly defined and has a large 95% CL. However, if the parameter is also likely to 

be insensitive to a treatment scenario, there is little to be gained in minimizing its 95% CL. 

Special efforts should be made to minimize the 95% CL for parameters that the treatment 

scenario is likely to be sensitive to. By incorporating these guidelines the user can seek to 

balance model complexity and predictive accuracy. 
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TABLES 

Table 1. Printout of the estimated values and 95% confidence limits. 

OPTIMISATION RESULTS 

Parameters ----- > 

Parameter Estimated 
value 

k 0 3  1.00303OE-02 

95% percent confidence limits 
lower limit upper limit 
8.397677E-03 1.198033E-02 

Note: confidence limits provide only an indication of parameter uncertainty. 
They rely on a linearity assumption which may not extend as far in 
parameter space as the confidence limits themselves - see PEST manual. 

I 
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Table 2. Comparison of average 95% confidence limits. 

Configuration number 

1 

2 

3 

4 

5 

6 

7 

Average 95% confidence limit 

One Optimized Test Two Optimized Tests Three Optimized Tests 

13.1 5.3 5.0 

10.3 6.3 4.1 

2308.3 88.3 9.6 

41.7 16.6 8.0 

1041 85.0 2065.5 18.3 

1.5 x 1013 2.7 x 10’ 26.3 

1.2 x io3’ 5.5 x 4581.5 
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FIGURE CAPTIONS 

Figure 1. Location of the University of Idaho Geological Research Site (adapted from Nimmer, 

1998). 

Figure 2. Slug testing assembly 

Figure 3. Model grid and layers. 

Figure 4a. Configurations 1 through 4. 

Figure 4b. Configurations 5 through 7. 

Figure 5.  Relationship between average SSRs for predictions using one test for optimization and 

configuration number. 

Figure 7. Relationship between average SSRs from the optimizing data and configuration 

number when two tests are used as conditioning data. 

Figure 8. Relationship between average SSRs for predictions using to tests for optimization and 

configuration number. 
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Figure 9. Relationship between average SSRs from the optimizing data and configuration 

number when three tests are used as conditioning data. 

Figure 10. Relationship between average SSRs fro predictions using three tests for optimization 

and configuration number. 

Figure 1 1. Relationship between average SSRs for predictions and 95% confidence limit. 
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ABSTRACT 

Birch Creek Valley (BCV) is a northwest-trending extensional basin in the Basin and Range Prov- 

ince of eastern Idaho, north of the eastern Snake River Plain (ESRP). The subsurface stratigraphy 

of the southern portion of the valley is poorly understood due to limited subsurface information, 

but underflow from the valley’s alluvial aquifer can have a pronounced local effect on adjacent 

ESRP aquifer water levels and flow directions. Such influences are of interest in the northern part 

of the Idaho National Engineering and Environmental Laboratory, where head gradients are 

anomalously low and an organic solvent contaminant plume has an anomalous southeast trend. 

We used an integrated geological and geophysical approach to identify hydrostratigraphically sig- 

nificant boundaries beneath BCV and at the transition to the ESRP. The geophysical data suggest 

the southern portion of the basin contains relatively shallow depths to hard rock and that BCV can 

be subdivided into local sub-basins along the axial trend of the valley. The southern portion of the 

valley contains a relatively homogeneous package of basin-fill sediments (Pleistocene gravel 

deposits) above hard rock. The basin fill sediments are progressively compacted and/or cemented 

with depth. Shallow perched groundwater occurs in numerous places throughout the southern 

portion of BCV; perching generally occurs on local fine-grained deposits or hard caliche layers. 

Quaternary basalts associated with the ESRP extend into the subsurface north of the BCVESRP 

transition zone and the regional water table resides in these basalts. 

INTRODUCTION 

We have used several geophysical methods to investigate the subsurface geologic conditions in 

southern Birch Creek Valley (BCV) and the transition zone to the eastern Snake River Plain 

(ESRP) in eastern Idaho (Figure 1) in order to better understand local and regional groundwater 

flow characteristics of BCV and the interconnection between BCV and to the ESRP aquifer. The 
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local flow system in the ESRP aquifer around the Test Area North (TAN) facility at the Idaho 

National Engineering and Environmental Laboratory (INEEL) exhibits anomalous gradients (e.g., 

Robertson et al., 1974) and groundwater flow directions (e.g., Sorenson et al., 1996) in the north- 

ern region of the INEEL adjacent to BCV (Figure 2). 

Sorenson et al. ( 1  996) recently reviewed the state of understanding of the hydrogeologic system 

in the area around TAN and the INEEL. They suggested several significant features that may 

influence hydrogeologic conditions in the area. These include: (1) the anomalously low hydraulic 

gradient in the area between TAN and BCV (Figure 2); (2) the geometry and hydrology of the 

Birch Creek groundwater flux boundary to the ESRP aquifer; (3) the anomalous orientation of the 

TAN organic contaminant plume with respect to the regional hydraulic gradient; and (4) the con- 

tribution of different water chemistries from underflows from BCV northwest of, and the ESRP 

north of, the TAN area at the INEEL (e.g., Robertson et al., 1974). Sorenson et a]. (1996) also 

noted that recharge from alluvial aquifers in the valleys adjacent to the ESRP can have a pro- 

nounced effect on ESRP aquifer levels in wet years, and that considering the low gradient at TAN, 

such fluctuations or trends can have a significant effect on remediation activities at TAN. Better 

control on the stratigraphy of the subsurface at the transition from BCV to the ESRP immediately 

upgradient from the contaminant plume will help with modeling and design of remediation tech- 

nologies at TAN. 

Because basaltic rocks related to volcanism of the ESRP appear highly magnetic (e.g., Mabey, 

1982), are more dense than the average near-surface rocks and sediments, and have relatively fast 

seismic velocities, basalt units are distinguishable from the other subsurface geologic units (e.g., 

Paleozoic sedimentary rocks, Cenozoic basin-fill sediments) with gravity, magnetic, and seismic 
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methods. Basalts of the ESRP generally have high average hydraulic conductivity, commonly due 

to permeable regions at interflow boundaries or rubble zones. The sediments that fill the valleys 

north of the ESRP contain mainly silty gravels and sands that are relatively non-magnetic, consist 

of low-density material, and have slow seismic velocities. These sediments are relatively perme- 

able and fluid flow is likely is distributed throughout the saturated section (e.g., McClosky and 

Finnemore, 1996). Saturated and unsaturated coarse-grained sediments that fill the basins may be 

geophysically unique, due to variations in seismic velocities. 

In this paper, we report on a reconnaissance study that supplements pre-existing regional gravity 

and magnetic data and surface geological information with magnetic and seismic investigations 

and limited new borehole control to recognize and/or constrain subsurface hydrogeological fea- 

tures (sequence, thickness, geometry of hydrostratigraphic units, depth to water, perched zones) in 

southern BCV. 

REGIONAL GEOPHYSICAL SURVEYS 

In this section, we discuss the pre-existing regional gravity and magnetic data, and magnetic and 

seismic data acquired for this study. 

Complete Bouger Gravity Data 

The gravity data used in this investigation were taken from McCafferty et al. (1990) who com- 

piled and processed data from a number of local surveys. The processing included projecting the 

data onto a 2 km regular grid using a minimum curvature interpolation technique and a Bouguer 

correction using a density of 2.67 g/cm3. Terrain corrections were applied for each station. The 

complete Bouguer gravity data from the INEEL region are displayed in Figure 3. 
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The unfiltered gravity data (Figure 3A) show the Bouguer gravity highs (red) associated with 

dense basalt of the ESRP and the gravity lows (blue) associated with the less dense sedimentary 

basins and ranges to the north. The gravity signature from the BCV region varies considerably 

along the axial trend of the basin. In the northern and central portion of the valley (north of Blue 

Dome), a large gravity low appears. This indicates a large density contrast between the basin fill 

and the adjacent ranges, and a relatively deep basin is likely present in the central and northern 

part of BCV. South of Blue Dome, a decrease in contrast between the gravity response of the 

basin compared to that of the adjacent ranges is observed. This suggests southern portion of the 

valley contains less low density basin fill material compared to the central and northern regions of 

BCV, but the local gravity response in southern BCV also is influenced by the response of the 

denser crust of the adjacent ESRP. 

To remove the regional trend caused by the ESRP and to bring out sub-basin-scale features in the 

gravity data, we spatially filtered the data. We applied a finite impulse response 2-D filter to atten- 

uate the component of the gravity field with wavelengths greater than 60 km (Figure 3B). This fil- 

ter removes the gravity signature for features larger than the wavelengths of the basins or ranges 

of the region. By applying the filter to the complete Bouguer gravity map, the density contrasts, 

and therefore the relative shape of sedimentary basins in the region (e.g., Little Lost River, Big 

Lost River, Mud Lake, and Birch Creek basins) are more clearly defined. Within southern BCV, a 

local gravity low appears, suggesting the presence of a local basin or depocenter from the north- 

west corner of the northern INEEL boundary north to Blue Dome. The 2 km grid spacing and the 

paucity of measured data points in and around BCV suggests that a more detailed analysis of the 

basin structures within southern BCV from the gravity data is not warranted, but the basin-scale 
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gravity features are consistent with other geophysical and geological measurements from the 

region that we analyzed. 

Total-Field Aeromagnetic Data 

The total-field aeromagnetic data used in this investigation were taken from McCafferty et al. 

(1 990). Preprocessing included projecting the data onto a 0.5 km grid using a cubic spline inter- 

polation method and reducing the data to a constant datum. Figure 4 shows the gridded aeromag- 

netic data from the INEEL region. 

Aeromagnetic data are more sensitive to near-surface geologic features than gravity data because 

magnetic anomalies decrease with the cube of distance (or depth). The higher spatial frequency 

data in Figure 4 (both highs and lows) primarily show the location of the near-surface basalt 

flows, since basalt is highly magnetic (and dipolar) compared to the Paleozoic rocks and basin fill 

in the adjacent basins and ranges. Although individual basalt flows cannot be directly mapped 

within the ESRP due to overlapping and non-unique magnetic signatures, as well as magnetic 

reversals (e.g., Mabey, 1982), the regional pattern shows the extent of the basalts associated with 

the northern boundary of the ESRP. Within BCV, the magnetic intensity significantly decreases 

at the transition zone to the ESRP, suggesting that the presence of basalt, and hence the influence 

of basalt on groundwater flow likely decreases to the north. 

Figure 5 shows a 40 km low cut filtered subset of the regional aeromagnetic data near the transi- 

tion zone to the ESRP. The filter removes the effect of very shallow magnetic bodies, thus high- 

lighting the relative extent and shape of major basalt flows in the region. The map suggests that 

the northernmost portion of our study area contains a relatively non-magnetic subsurface and that 

the magnetic signature associated with Lava Ridge and other Pleistocene-age basalt flows (Kuntz 



et al., 1994) extends to the east, west, and north into the subsurface, likely influencing the near- 

surface groundwater flow. The depth to subsurface basalt cannot accurately be measured with the 

magnetic data alone, but by integrating seismic data with the magnetic data, depth estimates are 

obtained. 

Magnetic Transects 

We acquired three magnetic surveys across BCV (Figure 6 and 7) to calibrate the regional mag- 

netic (Figures 4 and 5) and seismic data. We acquired each magnetic profile with a Geometrics 

8586 portable Cesium magnetometer/gradiometer. Figure 7 shows the three magnetic surface 

profiles and 100 m upward-continued profiles from the three lines. From the data, we can deter- 

mine the presence of, and approximate depth to, basalt north of the northernmost mapped extent 

of the lower Pleistocene basalt flows (Lava Ridge). The upward continued profiles represent the 

signature of the magnetic field at 100 m above the land surface and more accurately correspond to 

the regional magnetic map shown in Figures 4 and 5. The upward-continued profiles are useful to 

remove near-surface, high-amplitude signals and also help estimate the depth of magnetic bodies. 

Figure 7 shows that the magnetic intensity amplitudes and spatial frequencies decrease with dis- 

tance from the ESRP (Figure 6), suggesting long-wavelength information in the data are useful to 

image crustal-scale features and that shorter wavelength (sub-kilometer-scale) information may 

be used to map local magnetic bodies in the upper few hundred meters below land surface (BLS). 

Interpretation of individual magnetic surveys are discussed below. 

Seismic Transects 

We acquired seismic reflection and seismic refraction data across and along the axis of BCV to 

determine the depth to hydrostratigraphically significant interfaces. We experimented with 
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weight drop, vibroseis, and explosive seismic sources at various locations (Figure 6) to attempt to 

extract coherent arrivals from below the land surface in BCV. We combined the refraction and 

reflection data with other geological and geophysical data to create cross sections for BCV for 

evaluating groundwater flow conditions in the region. In this section, we describe the data acqui- 

sition and general subsurface conditions. Details of seismic refraction and seismic reflection find- 

ings and interpretation are given in the following sections. 

We chose a vibroseis seismic source for the seismic reflection experiment in order to define the 

seismic source characteristics, including minimum sweep frequency, maximum sweep frequency, 

and duration of the sweep. We adjusted these parameters to attenuate the strong amplitude, low 

frequency surface waves (generally below 30 Hz) and to include the higher frequency reflected 

energy that may be attenuated with an impulsive seismic source. We used a Minivib vibroseis 

seismic source and two 60-channel Geometrics Rx seismic recording systems to acquire a 120- 

channel, 2.5 m-spaced seismic reflection profile. We selected an 8 second vibroseis sweep length 

from 30-200 Hz. Selected geophones (40 Hz) also enhanced the higher frequency reflections over 

surface wave energy. Receiver station spacing was 2.5 m and shot spacing was 5 m to create a 

nominal 60-fold seismic stack. 

At least five shots were acquired per refraction survey. Each refraction profile contains “off-end‘’ 

shots and “split-spread” shots to accurately measure velocity changes. Seismic refraction results 

were marginal at far offsets due to the poor coupling of the seismic energy in BCV, and also suffer 

from uncertainty due to observed velocity inversions. We recorded high-velocity, near-surface 

layers (local shallow perched groundwater zones andor caliche) where slower seismic velocities 

appear below (confirmed with borehole measurements). In these cases, the absolute depth to the 
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interpreted underlying units may be overestimated (e.g., Morgan, 1967). Although uncertainties 

in depth estimates appear, we can still identify discrete velocity breaks that correlate with major 

seismic boundaries and therefore likely mark major changes in physical property values that may 

control groundwater flow patterns. Velocities appear to gradually increase with offset on many 

refraction gathers; this is common in unconsolidated sediments due to compaction with depth, and 

we used velocity gradients to model sediment compaction where such increases occur within the 

refraction data. 

SOUTHERN BIRCH CREEK VALLEY 

Previous Studies 

Prior to 1997 little information was published on the subsurface stratigraphy and structure 

beneath southern BCV, but the surficial geologic map from Figure 6 (Kuntz et al., 1994) and other 

studies by Rodgers and Anders (1990), Janecke (1992), and Pierce and Scott (1982) suggest the 

valley contains mostly upper Pleistocene-age alluvial (Qmp) and fan alluvium (Qfy) deposits 

resulting from subsidence and basin filling (map units from Kuntz et al., 1994). The transition 

zone to the ESRP contains mostly alluvial deposits (Qbe, Qfy) and basaltic lava flows (Qbe) asso- 

ciated with Lava Ridge and Richard Butte. Birch Creek flows through the center of BCV, but the 

surface water is diverted north of the transition zone to the ESRP (Figure 6). 

Reno Point Road Transect (RPT) 

The Reno Point transect (RPT) is located along a northeast-trending road on the northern edge of 

the INEEL boundary (Figure 6). The transect consists of four refraction sites (RS 1, RS2, RS3, 

RS4) that we acquired with a weight drop seismic source and a magnetic profile. The magnetic 
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profile extends from approximately 3 km west of Birch Creek, through the northern portion of 

Lava Ridge, to the southern flank of the Beaverhead Mountains east of state highway 28. 

The refraction data from the RPT document four seismic boundaries with a direct wave velocity 

of 800- 1200 d s ,  and three refractors with velocity ranges of 1650- 1700 d s ,  2300-2500 m/s, and 

3000-3200 m/s (Figure 8). The direct wave velocity is consistent with the mapped surficial Pleis- 

tocene-age gravel deposits (Qmp and Qfy) that contain little to no compaction (e.g., Khair and 

Ibrahim, 1998) and also is consistent with borehole seismic measurements in unsaturated, uncon- 

solidated sediments from the BC#1 well (discussed below). We interpret a velocity boundary at 

12-20 m BLS at all sites. From sites RSl,  RS2 and RS4, we measured a velocity of 1650-1700 m/ 

s below the 12-20 m boundary. We are unsure whether this velocity boundary is due to a thin, 

hard layer (e.g., caliche) or local water-saturated conditions (i.e., perched ground water) where 

low velocity material appears below, or a change in lithology that is downward continuous. Both 

scenarios are plausible and observed, but we suspect that we are not imaging the regional water 

table due to nearby borehole information to the south and to the north and that the seismic veloci- 

ties may decrease below this boundary. USGS Well 126A is located approximately 8 km south of 

the RPT on Lava Ridge (Figure 6) and has recorded a static water level of 125 m BLS in basalt 

(M. Greene, personal comm.). Also, well BC#l, along the Peterson Canyon Road transect, did 

not record static water in the upper 120 m BLS, and the same velocities are observed from bore- 

hole measurements below 10 m depth (see Figure 10). The source of the increased velocity is not 

clear, but local perched water conditions and hard caliche layers were documented while drilling 

to the north in BCV (discussed below) and either condition is possible along RPT. 
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We expected to image basalt at relatively shallow depths along the RPT due to the basalt outcrops 

at nearby Lava Ridge (Figure 6), as well as the transect proximity to the ESRP and the observed 

magnetic signature (Figures 4 and 7). Results from seismic tests show a high-velocity refractor 

(3000-3200 d s )  from approximately 18 m depth at RS3 to 80- 100 m depth at RS 1 and RS2 (Fig- 

ure 8). Velocities greater than 3000 d s  likely represent hard rock. The observed high-intensity 

magnetic signature (Figure 7) along RPT and the measured velocity that is consistent with the 

velocity of weathered basalt from the region (Pankratz and Ackermann, 1982) suggests that basalt 

is likely present in the shallow sub-surface in the upper 100 m BLS across most of the RPT. 

The western edge of the near-surface Lava Ridge basalt is interpreted from the magnetic gradient 

profile shown in Figure 8. The magnetic gradient is the difference between two magnetic sensors 

vertically separated by 1 m. Since the magnetic signature decreases with the cubed distance of the 

magnetic body, the gradient provides useful information for locating the edges of very near-sur- 

face magnetic bodies more easily than does the intensity data alone. The large amplitude gradient 

signature that represents the Lava Ridge basalt abruptly terminates to the west along the profile, 

suggesting that basalt either discontinues or dips steeply into the subsurface. We did not image a 

high velocity refractor (greater than 3000 m / s )  at RS4, three km west of Lava Ridge, suggesting 

that basalt is either deeper or not present at this location. We did measure another refractor with a 

velocity of 2300-2500 m / s  originating from approximately 70 m depth. This boundary may repre- 

sent the regional water table or a consolidated gravel layer along the alluvial fan west of Lava 

Ridge, but basalt is not present in the upper 100 m of the subsurface at this location (seismic 

energy was not adequate to image deeper). The seismic velocity is consistent with saturated 

unconsolidated gravels (e.g., Khair and Ibrahim, 1998; Liberty et al. 1999), but well BC#l shows 

velocities in this range originating in a dry gravel deposit (see Figure 10). 
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We suspect the presence of basalt in the subsurface north and west of RS4, based on the regional 

filtered magnetic data (Figure 5). The seismic results suggest that basalt is not present in the 

upper 100 m BLS at RS4, but the magnetic anomaly is similar in magnitude to what we observed 

to the east of Lava Ridge and suggests that basalt is likely present in the upper few hundred meters 

BLS at this location. 

The water table east of Lava Ridge cannot be defined with either seismic or magnetic methods due 

to the lack of material property contrasts (i.e., saturated vs. unsaturated basalt), but this surface is 

inferred from regional information (wells USGS 126A and BC#l). Regardless of the absolute 

depth to static water, the regional groundwater flow in the vicinity of RPT, east of Lava Ridge, 

occurs within the basalt stratigraphy. West of Lava Ridge, the water table likely occurs either 

within alluvial fan sediments or basalt. 

Peterson Canyon Road Transect (PCT) 

The Peterson Canyon Transect (PCT) is located approximately five km north of parallel to the 

RPT (Figure 6). The transect consists of (1) a seismic reflection profile from the western edge of 

BCV to one km west of state highway 28, (2) a series of seismic refraction profiles spaced one km 

apart, and (3) a magnetic profile. In addition, we drilled a 120 m (dry) well (BC#l) along PCT 

approximately I .5 km west of Birch Creek to calibrate the geophysics. The borehole intercepted 

mostly alluvial fan and fluvial sediments. Induction conductivity borehole log data identified sev- 

eral high conductivity zones within the section. These high conductivity zones correspond with 

clay interbeds from drill cuttings (Figure 10) that may be from overbank deposits from paleo 

Birch Creek. 
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Prior to the production seismic work along PCT, we performed initial seismic tests with a variety 

of seismic sources to optimize the acquisition parameters for a reflection profile (e.g., Steeples et 

al., 1997) during two different times of the year. Site RS9 was located approximately 0.8 km west 

of Birch Creek (Figure 9). Shot holes for explosives were drilled at 10 source locations located 96 

m apart after the surface weight drop tests were analyzed (Liberty et al., 1997). The weight drop 

source results from RS9 do not show a high velocity refractor (greater than 3000 d s )  suggesting 

that basalt is not present at less than 100 m depth, as was noted along much of the RPT, but a 

velocity break at 1 1 - 13 m depth appears. We drilled to 13 m depth early in the next season to ver- 

ify the origin of the seismic refractor. The shot hole confirmed that the change in seismic velocity 

(at 12.8 m) at the site was due to the presence of water that is perched because groundwater was 

not intercepted to at least 120 m in the dry well, BC#1, approximately 800 m west of RS9. Simi- 

lar results in different seasons from the initial refraction experiment with weight drop data 

acquired in August, 1997 and subsequent drill results with explosive shots in March, 1998 also 

indicate that the depth to perched water does not vary significantly from fall to spring. 

In addition to the first arrival information in Figure 9, a reflection appears at a travel time and 

velocity that is deeper than our refraction data can measure (due to insufficient energy at far off- 

sets). This reflection originates from between 245-275 m depth and suggests that a major seismic 

boundary appears west of Birch Creek below the depth that we can measure with our seismic 

refraction acquisition parameters. 

Seismic reflection profiling along PCT (Figure 10A) shows strong amplitude, discontinuous 

reflections in the upper few hundred meters BLS. Unfortunately, we did not observe reflections 

that are continuous across BCV, suggesting that the near-surface stratigraphy is complex. The 
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observed reflections are likely from significant velocity boundaries, possibly including the water 

table in sediments and/or hard rock interfaces. To help interpret the reflection profile, we have 

added the corresponding refraction site locations and the magnetic profile from PCT. 

All refraction sites recorded a very shallow refraction, from 10-30 m BLS (Figure 10B). The 

refraction depth is too shallow to image with the reflection parameters that we used due to a low- 

fold zone (e.g., Liberty et al., in press). We have confirmed that the origin of this refraction is 

from a shallow perched water zone at RS9, but it is difficult to determine from the geophysical 

data whether this perched horizon is continuous or intermittent across BCV. Although we could 

not determine whether perched groundwater appears at BC#1 due to the use of mud while drilling, 

highly conductive silt and clay zones appear. These zones may be act as impermeable boundaries 

and may help a perched layer form. If these sediments originate from overbank deposits from 

Birch Creek, they are not likely basin-wide continuous horizons. Also, hard caliche zones were 

encountered while drilling. These caliche layers can also contain the perched water. 

Reflections in the upper 100-200 m depth below land surface do correspond to a refraction bound- 

ary with seismic velocities of 2400-2800 d s .  Although these velocities may correspond to satu- 

rated gravels, we do not have direct evidence that we have imaged the regional water table 

boundary. A vertical seismic profile from BC#l shows that a gravel layer in the upper 30 m can 

have velocities in this range, so water saturation is not required to generate these velocities. 

A discontinuous and dipping reflection package appears between positions 3300 and 5300 at 300- 

350 m below datum (Figure 1OA). We cannot follow this reflection to the east or to the west, but 

we can correlate this reflection package with the high velocity refractor from site RS8, and reflec- 

tion from RS9 (Figure 9). We measured a velocity of 3500 d s  at RS8 at approximately 100-130 
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m depth. This velocity suggests a hard rock interface is present, and a short wavelength compo- 

nent of the magnetic profile shown in Figure 1OA suggests that a magnetic body appears at this 

site. We suspect that this boundary represents basalts extending from Lava Ridge. Although well 

BC#l was placed near this refraction profile and we did not observe basalt in the upper 120 m 

depth BLS, the magnetic data suggest that basalt is present below BC#l. 

To the east of Birch Creek, all refraction profiles (RS 10 and east) measured a high velocity refrac- 

tor (greater than 3000 m/s) in the upper 100 m BLS (Figure 10B). The reflection profile (Figure 

IOA) shows a reflector that extends from the east to just west of Birch Creek at the same depth as 

the refraction profiles, then the reflection terminates. The source of this reflection and refraction 

is not clear; it may be due to a thin basalt flow similar to what is documented in outcrop along the 

eastern edge of BCV (Figure 6; Kuntz et al, 1994). 

Eightmile Canyon Road Transect (ECT) 

The Eightmile Canyon Road transect (ECT) consists of two seismic refraction experiments and a 

magnetic profile that extends from the Lemhi Range on the west to the Beaverhead Range on the 

east (Figure 6). One seismic experiment was centered approximately 1.5 km east of Birch Creek 

along Eightmile Canyon Road, west of state highway 28. We interpret three seismic velocity 

boundaries from this experiment (Figure 11A) including boundaries with a direct wave velocity of 

800- 1 175 m / s  and with head wave velocities of 1900-2000 m / s  and 3200-3250 m/s. We calculate 

the depth to the two boundaries between these velocity boundaries at 23-27 m depth and 88-106 

m depth respectively. Again, we may have imaged a perched water boundary at approximately 25 

m depth, or a more regional, static water level due to the proximity of Birch Creek. Birch Creek 

flows naturally at this site, providing a continuous recharge to groundwater, while water from 



16 

Birch Creek directly south of this transect is diverted for power generation and irrigation (Figure 

6) .  

The depth to the fast refractor is supported also by reflection results seen after filtering the raw 

walkaway test records (Figure 11B). After applying a 30-120 Hz spectral balancing filter to the 

raw data (to balance all energy within this bandwidth), we can interpret a strong amplitude reflec- 

tion package that was masked by noise on the raw records. We have fit a hyperbola to this reflec- 

tor and calculated a root mean square (FWS) velocity of 1825 m / s  (reflections measure the 

velocity of overlying sediments). The zero offset two-way travel time of this reflector (1 15 ms) 

suggests the presence of an interface at an approximate 104 m depth. This depth is consistent 

with the refraction and gravity results for the depth to a hardrock interface. Although a small 

magnetic anomaly appears along the ECT at this location (Figure 7), we are uncertain what this 

hard rock boundary represents. The regional filtered magnetic data (Figure 4) suggest the bound- 

ary is not likely from massive basalt flows, but the magnetic profile from Figure 5 shows an anom- 

aly similar to the PCT magnetic profile, albeit attenuated. It is possible that Lava Ridge may 

extend into the subsurface as far north as the ECT, with a significant thinning of the basalt flow or 

flows. 

Birch Creek Axial Transect (BCAT) 

We integrated seven refraction surveys along the axis of BCV (Figure 6) with regional gravity and 

magnetic data to determine the depth to hydrostratigraphically significant units up the axis of the 

valley. The gravity data (Figure 3B) suggest that the eastern portion of southern BCV contains 

less low density material (sedimentary fill) compared to the region to the west. The magnetic data 
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(Figure 5 )  show a large amplitude anomaly near refraction profile 2, then little to no anomalous 

signature to the north along the transect. 

Results from the seismic surveys (Figure 12) show a strong correlation to both the gravity and 

magnetic data. Where we observe the large magnetic anomaly (Figure 5) ,  we also observe a very 

shallow depth to hard rock (45-50 m depth with a velocity of 3200 m/s )  at a distance of 14000- 

15000 m in Figure 12. Where we observe a decrease in the magnetic signature, we calculate 

greater depths to a hard rock interface. We suspect that the anomaly associated with refraction 

site 2 is due to a basalt flow. If basalt is the hard rock interface to the north, the magnetic data 

suggest that the flow is very thin. We cannot confidently identify a refractor from the regional 

water table, but regional water table likely appears below the upper hard rock interface along the 

eastern portion of BCV. 

DISCUSSION AND CONCLUSIONS 
1. The shallow subsurface of southern BCV contains mostly alluvial fan and fluvial sediments 

with zones of silt and clay with higher conductivity that may represent overbank deposits from 

the Birch Creek paleochannel. Seismic velocities tend to increase gradually with depth, sug- 

gesting compaction of sediments. High seismic velocities appear at shallow depths within 

BCV with recorded low velocity seismic zones below; this increases the uncertainty of depth 

to underlying boundaries. 

2. The depth to a hard rock interface is relatively shallow in the southern and eastern portions of 

BCV. This interpretation is supported by fast seismic velocities (>3000 m/s )  at many sites, and 

by the regional gravity and magnetic signatures. 
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3. The shallow hard rock interface near the transition zone to the ESRP has a high magnetic inten- 

sity and likely is basalt associated with the Quaternary-age Lava Ridge basalts. Basalt associ- 

ated with Lava Ridge likely extends in the subsurface at least as far north as Peterson Canyon 

Road. 

4. The depth to the regional water table extends to greater than 100 m in the center of southern 

BCV and 125 m at Lava Ridge, suggesting that the groundwater gradient is relatively low at the 

transition zone to the ESRP. 

5.  Localized perched groundwater zones have been documented in southern BCV from drilling 

and seismic refraction results including persistence from summer to spring. The influence of 

the perched zones on the regional water table likely varies in southern BCV depending on local 

extent of perching, depth to regional water table, and local recharge rate through the Birch 

Creek channel. 

6. Groundwater enters basalt north of the transition zone to the ESRP, suggesting that alluvial fan 

and fluvial sediments have little influence on groundwater flow at the boundary between south- 

ern BCV and the ESRP aquifer, except perhaps to the west of Lava Ridge. 

7. Surface water does not significantly interact with groundwater south of the EMT transect due 

to the diversion of the surface water from Birch Creek for irrigation. 
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FIGURE CAPTIONS 

FIGURE 1. Advanced very-high resolution radar image of southern Idaho that depicts the 

dominant landforms and variations in moisture content (image from the Oceanography Group, 

Johns Hopkins University Applied Physics Group). The features of interest to this study are 

labeled. 

FTGURE 2. Groundwater flow contour map for the INEEL region. The study area and the 

location of the TAN facility at the INEEL are also labeled. Figure modified from Robertson et 

al. (1 974) and symbol abbreviations are defined therein. 

FIGURE 3. (A) Regional complete Bouguer gravity map for the INEEL and surrounding 

region. Note the strong contrast between the ESRP and the Basin and Range structures north 

of the INEEL. Selected sites from southern BCV and the INEEL are labeled (ECT=Eightmile 

Canyon Road Transect, PCT=Peterson Canyon Road Transect, RPT=Reno Point Road 

Transect). (B) Spatially filtered Bouger gravity map for the INEEL region. Wavelengths 

greater than 60 km have been removed. Note that density contrasts within the basins appear 

more clearly compared to the unfiltered data. INEEL facility symbols are defined in Robertson 

et al. (1974). 
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FIGURE 4. Total-field aeromagnetic map for the INEEL region. Regions of extreme 

fluctuations in the magnetic field are typically associated with areas of thick basalt flows, while 

relatively non-magnetic material from the basins and ranges appear less variable. Selected 

sites from BCV and the INEEL are labeled. INEEL facility symbols are defined in Robertson 

et al. (1974). 

FIGURE 5. A filtered portion of the total-field aeromagnetic data from Figure 4 near the BCV/ 

ESRP transition zone. We applied a 40 km low cut filter to highlight the regional signature. 

Seismic refraction sites (discussed below) are labeled as black dots and geologic boundaries 

from Figure 7 (Kuntz et al., 1994) also appear. 

FIGURE 6. Geologic map from Kuntz et al. (1994) with the four geophysical transects across 

and along the axis of BCV. Reno Point Transect (RPT), Peterson Canyon Road Transect 

(PCT), and Eightmile Canyon Transect (ECT) all contain seismic and magnetic profiles, while 

the Birch Creek Axis Transect (BCAT) is compiled with seismic refraction data only. Surface 

water is diverted south of the ECT. 

FIGURE 7. Magnetic profiles for the three transects across BCV with a 15 m station spacing. 

Note the increase in absolute amplitude and wavelength with each transect from north to south 

(ECT=Eightmile Canyon Road Transect, PCT=Peterson Canyon Road Transect, RPT=Reno 

Point Road Transect). The larger amplitudes represent the proximity to the massive, magnetic 

basalt of the ESRP and the shorter wavelengths signature represents near-surface basalt flows. 

Dashed lines represent ground surface measurement and solid line represents 100 m upward 

continued records. 



23 

FIGURE 8. Reno Point Road transect near the northern border of the INEEL interpreted from 

four seismic refraction sites (RS 1, RS2, RS3 and RS4) and a magnetic profile. Although 

magnetic signatures often do not directly correspond with the shape of a magnetic body, the 

relative amplitudes and wavelengths do correlate with depth. Combined with the seismic 

velocity boundaries, we can estimate the depth to basalt along the profil. 

FIGURE 9. (A) Seismic refraction gather from RS9 along the PCT west of Birch Creek. The 

near-offset first breaks can be modeled here as a gradient or discrete boundaries. (B) Filtered 

shot gather from Figure 9A. Note the presence of a reflection that may correlate with a 

sedimenvhard rock contact. Interpretation appears in Figure 10. 

FIGURE 10. (A) PCT seismic reflection section from the region west of Birch Creek with 

magnetic intensity profile, (B) interpreted cross section with refraction locations and borehole 

log, (C) BC#l lithologic log with vertical seismic profile and conductivity log for BC#1. 

FIGURE 1 1. (A) Seismic test results from Eightmile Canyon Road. Refractor velocities are 

superimposed on the first breaks. (B) Filtered seismic gather from (A). Note the presence of a 

reflection package after filtering that correlates with the depth of the bedrock determined from 

analysis of the refraction data. 

FIGURE 12. BCAT refraction model with the location of seven refraction sites. Note the high- 

velocity refractor that extends along the entire axis of the valley. 
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A stable anaerobic co-culture from a contaminated basalt aquifer 

capable of reductive dechlorination of trichloroethylene 

GRIFFITHS, Evan C., University of Idaho, Moscow, ID; 

MOBARRY, Bruce K., ELK Roger L., and CRA W O R D ,  Ronald L. 

University of Idaho, Moscow, ID 

ABSTRACT 

Groundwater at Test Area North (TAN), part of the Idaho National Engineering and 

Environmental Laboratory (INEEL), is contaminated with tetrachloroethylene (PCE), 

trichloroethylene (TCE), dichloroethylene (DCE), radionuclides, and sewage sludge. The 

contaminant of concern, TCE, forms a plume within a fractured basalt aquifer approximately 

3,000 meters (9,800 feet) long by 350 meters (1,150 feet) wide, lying at a depth of 60 (200 feet) 

to 130 meters (420 feet). As part of the Record of Decision for the site, several treatability 

studies are being conducted to assess alternative cleanup strategies, including natural attenuation 

and enhanced in situ bioremediation. This research focused on evaluating the microbiological 

factors affecting these alternative technologies. 

Aquifer material and drill water samples were obtained from an aseptically cored well 

(TAN-34) in the aerobic portion of the contaminant plume in November 1996. Of 25 

enrichments prepared from samples collected throughout the depth of the aquifer, 6 were capable 

of reductive dechlorination of TCE. Two of those six, R4- 1 and C6- 1, yielded identical stable 

bacterial co-cultures capable of reductively dechlorinating 1000-2000 pg/l of aqueous TCE in 5 

days. The co-cultures were isolated from plates containing sulfate as the electron acceptor. This 

suggests the presence of subsurface, anaerobic, sulfate-reducing bacteria capable of naturally 

attenuating the TCE contamination at the TAN site. 



INTRODUCTION 

Trichloroethylene (TCE) was discovered in groundwater at Test Area North (TAN), part of 

Idaho's National Engineering and Environmental Laboratory ( W E L )  (Figure I), during routine 

sampling of water supply wells in 1987. In addition to TCE, tetrachloroethylene (PCE), 

dichloroethylene (DCE), the radionuclides tritium, strontium-90, cesium- 137, and uranium-234, 

and sewage sludge were also found (Sorenson et al., 1996). Most of the contamination is located 

in basalt rubble zones (Figure 2), where the majority of groundwater flow occurs (D. Ralston, 

personal communication, 1998). The source of the contamination is an injection well, TSF-05 

(Technical Support Facility-05), which was in use from the late 1950s until 1972. During its 

operation, TSF-05 was used to dispose of low-level radioactive waste, sewage sludge, and 

degreasing solvents @e., PCE and TCE) into the subsurface. TCE levels near TSF-05 exceed 

5,000 pgA (Figure 3) .  

In 1995, the United States Environmental Protection Agency, the United States 

Department of Energy, and the Idaho Department of Health and Welfare signed the Record of 

Decision (ROD) for remediating TCE, the contaminant of concern at the TAN site (Sorenson et 

al., 1996). As part of the ROD, several alternative technologies, including natural attenuation of 

the site and enhanced in situ bioremediation, are under consideration in treatability studies. To 

help evaluate the alternative technologies, TAN-34 was drilled 245 meters (800 feet) down 

gradient from TSF-05 in an aerobic portion of the TCE plume. TCE concentrations averaged 

1000 pg/1 in this area (Figure 3). 

This research focused on the anaerobic microbiological factors affecting these alternative 

technologies. Anaerobic enrichments were prepared from aerobic aquifer material within the 

TAN aquifer. Two identical facultative anaerobic co-cultures, R4-1 and C6-1, were capable of 
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partially degrading TCE, indicating some degree of natural attenuation of the TCE might be 

occurring . 

METHODS AND MATERIALS 

TAN-34 was drilled to obtain geologic, hydrogeologic, and geophysical information, and to 

obtain intact, massive basalt @e., core) and fractured basalt (i.e., rubble zone) samples for 

anaerobic microbial enrichments. Rubble zone samples lie between the massive basalt 

formations and are composed of fractured and weathered basalt material. The well was drilled 

approximately 245 meters (800 feet) down gradient from TSF-05 in an aerobic portion of the 

plume ( 0 2  concentration = 2 mg/l) (Wylie et al., unpublished data), using published aseptic 

quality assurance techniques, with some modifications (Colwell et al., 1992). Air with a water 

mist, rather than argon, was used as the drilling fluid because the site was known to be aerobic, 

and to reduce the cost of drilling. To hrther reduce the risk of contamination, no drilling slurries 

were used. 

As a quality assurance technique during drilling, 1 -pm-diameter fluorescent microspheres 

(Polysciences, Inc., Warrington, PA) were added as a surrogate microbial tracer (Colwell et al., 

1992). Interior and exterior pieces of drill core material obtained from the massive basalt 

formations (i.e., core) were studied under fluorescent microscopy for the number of 

microspheres present. If interior core portions contained no microspheres, it would indicate that 

that section of interior core material had not been exposed to drilling fluids, and any 

microorganisms recovered could reasonably be expected to have come fkom the subsurface. 

Hence, these interior core pieces were used exclusively for core enrichments. In contrast, exterior 

sections of core were expected to contain numerous microspheres deposited from drilling fluids, 

and potentially contained microorganisms from the surface. 



Rubble zone samples were also used for enrichments. Because rubble zones are composed 

of fractured basalt, it was impossible to keep these formations from being exposed to drill fluids. 

Instead of using fluorescent microspheres to assess contamination, molecular biological methods 

were used. Specifically, 16s rRNA identification techniques were used to determine if cultures 

from rubble zones came from the sub-surface or were a result of contamination during drilling. 

During drilling, aseptic samples from 28 cores (designated by a C) and 8 rubble zones 

(designated by an R) were collected for microbiological enrichments. Samples were collected 

throughout the depth of the aquifer, from 60 meters (200 feet) to 130 meters (420 feet) (Figure 

2). Eighteen drill water and bailed well water samples were also collected on a regular basis 

during drilling. All samples were stored at 4°C prior to processing. Nineteen core samples, 6 

rubble zone samples, and all of the drill and bailed water samples were used to inoculate 

duplicate enrichment cultures. Some core and rubble zone samples obtained during drilling were 

not used for enrichments because the jars used to transport samples from the field to the lab were 

broken during transit, introducing the likelihood of contamination. 

Enrichments were prepared by inoculating amended medium with one gram of crushed 

interior core material, one gram of rubble zone material, or one ml of drill or bailed water. All 

enrichments were monitored for degradation of TCE. The enrichment medium (Scholz- 

Muramatsu et al., 1995) was prepared in one-liter quantities and amended with a bicarbonate 

buffer, titanium citrate reductant, and lactate. The titanium citrate reductant produced a reduction 

potential of about -540 mV in the media. 

Six cultures (2 from core enrichments and 4 from rubble zone enrichments) were capable 

of degrading TCE and were used as inocula in experiments designed to isolate a TCE-degrading 

pure culture. Four methods were used. 
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(1) Two-inch streak plates prepared with the amended anaerobic medium and 3% Noble 

agar (Sigma, St. Louis, MO) were inoculated with the 6 enrichments and placed in a sealed 

desiccator saturated with TCE (gaseous TCE concentration = 4 10 mg/l). 

(2) Enrichments were grown in anaerobic test tubes containing the amended standard 

medium with added TCE (aqueous concentration 2 mg/l) and 3% Noble agar. 

(3) A series of most probable number (MPN) serial dilution tubes containing the amended 

standard medium and TCE were set up for each of the six enrichments (Schmidt et al., 1995). 

Serial dilutions ranging from lo6 to lo1’ were prepared in triplicate. DAPI (4’,6-diamidino-2- 

phenylindole) stains were used to monitor for growth and to quantify bacteria in the tubes 

(Kepner et al., 1994). India ink and methylene blue stains were used to look for extracellular 

polysaccharides (EPS) (i.e., the cellular capsule). India ink, a negative stain, cannot stain cellular 

material and facilitates the observation of cellular capsules. The methylene blue stains cellular 

material for contrasting against the India ink. 

(4) Enrichments were grown on streak plates with the amended anaerobic medium, 3% 

Noble agar, lactate as the carbodenergy source, and, instead of TCE, three other electron 

acceptors: Nos-, SOi2, or 0 2 .  (Picardal et al., 1995, Kazumi et al., 1995). Colonies obtained from 

the plates prepared with the alternative electron acceptors were used to screen for a pure culture 

capable of degrading TCE. 

Isolated colonies from the plates were inoculated into serum bottles containing the 

amended medium and TCE. The concentration of TCE in duplicate serum bottles was monitored 

over time using gas choromatography (GC). Sterile control serum bottles were prepared in an 

identical manner but were not inoculated. To ensure that any observed decreases in TCE 
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concentration stemmed from biotic rather than physical or chemical processes, degradation data 

from the inoculated serum bottles were compared to data from the sterile control serum bottles. 

Reductive dechlorination of aqueous TCE was evaluated using an HP 6890 GC (Hewlett- 

Packard, Palo Alto, CA) equipped with a DB-624 capillary column (J&W Scientific, Folsom, 

CA) and an electron capture detector (Hewlett-Packard, Palo Alto, CA). The GC method for 

quantifying TCE and its daughter products, DCE and vinyl chloride (VC) (DeWeerd et al., 1998, 

Maymo-Gatell et al., 1995, 1997), was isothermal for 4 min at 100°C; the detector temperature 

was 25OoC, and the inlet temperature was 200°C. Ethene and ethane, the other known daughter 

products of TCE degradation (DeWeerd et al., 1998, Maymo-Gatell, et al., 1995, 1997) were not 

quantifiable by this method. 

Polymerase chain reactioddenaturing gradient gel electrophoresis (PCRDGGE) 

techniques (Ferris et al., 1996) were used to determine if isolated colonies were composed of a 

pure culture. PCR with universal primers was used to amplify the 16s rRNA sequences within a 

culture. Each culture was analyzed on an individual lane of a DGGE gel, and the number of 

bands in a lane was used to determine culture purity. A single band in a lane would indicate a 

pure culture, while numerous bands would indicate the presence of several organisms or possible 

laboratory contamination. 

RESULTS AND DISCUSSION 

The use of TSF-05 to dispose of sewage sludge has altered the sub-surface environment at TAN. 

Aerobic bacteria have become more active due to the high concentrations of organic compounds 

(Kaminsky et al., 1994), and have depleted the oxygen in the vicinity of TSF-05, causing the area 

near the well to become anaerobic. Aqueous oxygen concentrations in the plume increase with 

distance from TSF-05 because of difision and dispersion effects. Where TAN-34 was drilled, 
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the aqueous oxygen concentration is approximately 2 mg/l (Wylie et al., unpublished data). 

Despite the aerobic environment at TAN-34, six anaerobic or facultative cultures capable of TCE 

degradation were obtained. Obtaining anaerobic or facultative enrichments from this area was 

not completely unexpected. Very low oxygen or completely anaerobic niche environments, such 

as small vesicles or micro-fractures, probably exist within aerobic portions of the plume because 

aerobes in the microbiological community would consume any available oxygen. The media 

used in this research had a low reduction potential (-540 mV) and would have selectively 

promoted growth of facultative or strict anaerobes rather than aerobes, which presumably were 

also present. 

Six enrichments (2 core: C6, C16, and 4 rubble zone: R2, R3, R4, R5) were capable of 

degrading TCE (Figure 2). The two core enrichments were located adjacent to rubble zones, 

which could indicate some kind of localized hydraulic connection between the massive basalt 

and the rubble zone. Since the majority of groundwater flow and hence TCE contamination 

occurs within rubble zones, the microbial community may have evolved an ability to utilize 

TCE. These communities were enriched in this research. 

It was difficult to obtain a pure culture capable of reductive dechlorination of TCE from 

any of the six anaerobic enrichments. Pure colonies could not be isolated from streak plates in a 

TCE-saturated atmosphere because the vapor phase concentration of TCE in the saturated 

desiccator (= 410 mg/l) caused the agar to deteriorate. Although the agar did not deteriorate in 

the anaerobic test tubes, no colonies were observed, raising the possibility that TCE-degrading 

bacteria from the TAN aquifer were unable to grow on our solid medium under the lab 

conditions used. Consequently, attempts were made to obtain pure cultures using MPN 

techniques and serial dilution tubes (Schmidt et al., 1995). DAPI stains of the six enrichments 
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indicated bacterial densities of about 1 O6 bacteridml. Evaluation of the serial dilution tubes 

indicated bacteria were present in the 10" dilutions, which represented a discrepancy of at least 

three orders of magnitude; that is, more bacteria were estimated from the MPN tubes than from 

the DAPI stains of the six enrichments. Further investigation of some of the dilution tubes by 

India inWmethylene blue staining showed large areas of India ink surrounding non-stained voids 

containing methylene-blue-stained cells. These non-stained areas were determined to be the cell 

capsules (i.e., EPS) and it was concluded that the EPS surrounding the capsules caused the cells 

to clump. Since the bacteria were clustered together in a non-homogeneous matrix of cells and 

EPS, serial dilutions were not effective in isolating a single organism, and another method was 

employed in the effort to obtain a pure culture capable of degrading TCE. 

In the fourth attempt to obtain a pure culture, the six enrichments were used as inocula for 

spread plates containing lactate and N03-, SOi2, or 0 2  as electron acceptors (Picardal et al., 

1995; Kazumi et al., 1995). All of the enrichments yielded colonies on the N03-, SOi2 and 0 2  

plates, but none of the colonies taken from the NO3- or 0 2  plates were capable of degrading TCE. 

Two of the enrichments, R4 and C6, grown on the SOi2 plates yielded colonies (denoted as R4-1 

and C6- 1) capable of degrading TCE. 

Morphological characterization of R4-1 and C6-1 grown on SOi2 revealed the organisms 

were gram-negative rods, approximately 0.7 pm long by 0.3 pm wide, a small size typical of 

organisms obtained from the subsurface (Zheng and Kellogg, 1994). 

The PCRDGGE performed on the colonies indicated that each (R4-1 and C6-1) was 

actually composed of two organisms @e., a co-culture) (Figure 4). The gel also indicated that the 

R4-1 rubble zone sample (lane 3) and the C6-1 interior core sample (lane 4) were composed of 

the same two organisms (bands A and B) since both bands were located at the same distance 
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down the gel. Three lighter bands (C, D, and E) above bands A and B were visible in all of the 

lanes,including lanes 3 and 4, and the negative control (lane 2). These bands were attributed to 

laboratory contamination that occurred during processing of the samples. The DGGE gel is not 

capable of determining whether one or both of the organisms in the co-culture is responsible for 

degradation of the TCE. 

It is surprising that the two co-cultures were composed of the same organisms (bands A 

and B), since most microbial communities of subsurface environments are very diverse (Colwell, 

1989, Stevens et al., 1993; Zheng and Kellogg, 1994). Furthermore, core C6-1 was obtained 

from a depth of 8 1 meters (265 feet), while R4-1 was recovered from a rubble zone at a depth of 

117 meters (384 feet) (Figure 2), a difference of 36 meters (1 18 feet). 

The relative concentration of each organism in the co-culture can be determined by the 

brightness of each of the bands (Ferris et al., 1996). The A band is much brighter than the B 

band, indicating the presence of more DNA @.e., more cells) from the organism represented by 

the A band when the initial PCR reaction was performed. Therefore, in both co-cultures, R4-1 

and C6- 1,  the organism represented by band A is relatively more abundant than the organism 

represented by band B. 

Each of the co-cultures, R4-1 and C6-1, was capable of degrading about 20% (1000-2000 

pgA) of aqueous phase TCE over a period of 5 days (Figure 5) without DCE or VC being 

detected. A slight reduction in the TCE concentration (1%) in the sterile control was attributed to 

the loss of TCE through the pierced septa of the serum bottles. Since DCE and VC were not 

detected, it may be inferred that the co-cultures completely degraded TCE to ethene or ethane. 

Several hypotheses may explain how TCE is degraded in the serum bottles. Since the 

colonies were isolated on plates containing S04-2 as the sole electron acceptor, the enzyme 
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system that recognizes SOL2 may also be able to recognize TCE and use it as an electron 

acceptor. This situation would indicate the non-specificity of the enzyme system responsible for 

selecting or using an electron acceptor. Another possibility is that the microorganisms obtained 

from R4 and C6 could have developed a novel enzyme system for using TCE as an electron 

acceptor (Magnuson et al., 1998). If this were occurring, the organisms would have developed 

the ability to utilize TCE only in the 50 years since TCE was first introduced to the subsurface at 

TAN (Kaminsky et al., 1994). Upon exposure to the TCE, a xenobiotic compound, subsurface 

microorganisms may have adapted to the altered environment by evolving enzyme systems 

capable of recognizing and using a new substrate (Le., TCE) as an electron acceptor (Magnuson 

et al., 1998). 

In many anaerobic environments, such as those adjacent to injection well TSF-05 and 

niches of aerobic zones (e.g., down gradient from TSF-05), co-cultures or consortia of organisms 

are required for anaerobic metabolism to take place (Crawford and Crawford, 1996). The co- 

cultures (R4-1 and C6-1) could be participating in such a relationship. This symbiotic 

relationship is not completely understood, but the organisms might be capable of utilizing SOL2 

or TCE only when both organisms are present. For example, a metabolite produced by one of the 

organisms might be required by the other to utilize SOi2 or TCE. Since the four methods 

discussed above were unsuccessfbl in producing a pure culture from TAN that can degrade TCE, 

it is likely both organisms in each co-culture, R4-1 and C6-1, are required to degrade TCE and 

that some kind of symbiotic relationship is occurring. 

The fluorescent microspheres and PCR/DGGE were used to evaluate whether the C6-1 co- 

culture originated from the sub-surface or was a result of contamination that occurred during 

drilling. The fluorescent microsphere method could only be used for C6-1 because the drilling 
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fluids used when TAN-34 was drilled would have contaminated all exposed surfaces, such as 

rubble zones (i.e., R4-1). It was also for this reason that C6 was enriched from an interior section 

of core material. 

The interior portion of core material from which C6-1 originated contained fewer 

fluorescent microspheres (3,300 beads per gram of core) than the exterior portion (6,844 beads 

per gram of core). When the two values are divided (3,300/6,844), a unitless ratio of 0.48 results. 

Ideally, the ratio should approach zero (zero beads counted on interior core material divided by 

the number of beads counted on exterior core material), indicating that there was no 

contamination of the interior core material through the exterior material. With a ratio of 0.48, it 

is not possible to state conclusively with the fluorescent microsphere method that C6-1 came 

from the subsurface even though the material used for enrichment was from an interior portion of 

core. Interior sections of C6-1 might have become contaminated during drilling because of the 

vesicular nature of the section from which it was enriched or the supposed core material could 

have been a fractured rock unit rather than intact massive basalt, which was assumed. Or C6 

might have located in an area of the sub-surface with hydraulic connection to a rubble zone. C6- 

1 was obtained from known nearby rubble zone (R2). The rubble zone might have extended 

farther than assumed to the nearby intact massive basalt, which could have exposed drilling 

fluids to the material used to enrich C6. 

PCRiDGGE techniques were utilized to resolve the possible origin of C6-l since the 

fluorescent microsphere technique turned out be a less than ideal method. PCR/DGGE 

techniques were also used to evaluate the likely origin of R4-1. The PCR/DGGE gel for R4-1 

and C6-1 (Figure 4) was compared to the PCRDGGE gel prepared from drill and bailed water 

samples (not shown). None of the bands obtained from the drill and bailed water gel aligned with 
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bands A and B, which represent the co-cultures in R4-1 and C6-1. This suggests co-cultures 

obtained from R4-1 and C6-1 were from the sub-surface at TAN, and not a consequence of 

contamination during drilling. 

CONCLUSIONS 

Two identical, stable anaerobic or facultative co-cultures, R4-1 and (26-1, were obtained from an 

aseptically drilled core in a TCE contaminant plume at INEEL-TAN. The anaerobic co-cultures 

came from the aerobic portion of the TCE plume, suggesting that anaerobic microbial niches 

present in the aerobic portion of the plume are able to contribute to the degradation of TCE and 

thus its natural attenuation. 

The co-cultures, R4-1 and C6-1, were composed of the same two organisms and were 

capable of utilizing SOi2 and of degrading 1000-2000 ~ 8 / 1  of TCE over a period of 5 days. 

Since a pure organism could not be derived from the co-cultures, the co-cultures are thought to 

participate in a symbiotic relationship that developed within the last 50 years, since TCE was 

first introduced to the TAN site. 

These preliminary results confirm that some degree of natural attenuation of the TCE 

plume at TAN is occurring. However, it cannot establish the rate of attenuation, or the extent to 

which it may be possible to enhance the natural attenuation processes. 
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Figure Legends 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5 .  

Locator map of Idaho National Engineering and Environmental Laboratory (INEEL) 

and Test Area North (TAN), located in southeast Idaho. 

Schematic of cross-section of TAN-34 well with location of 19 core and 6 rubble 

zone enrichments. Six enrichments capable of TCE degradation depicted in bold. 

(i.e., R4-1) and a (i.e., C6-1) are emphasized in this paper. Other core and rubble 

zone samples obtained during drilling but damaged in transit are not shown because 

they were potentially contaminated or no longer anaerobic. 

Iso-contour map of TCE plume at INEEL-TAN. TCE concentration near injection 

well TSF-05 is 5000 pgA; TCE concentration near TAN-34 is 1000 pgA. TAN-34 

was drilled approximately 800 feet (245 m) down gradient from TSF-05 in an 

aerobic area of the plume. 

Photograph of PCR/DGGE gel. Lane 1 is standards ladder (listed from top to bottom: 

Flavobacterium aquatile, Clostridium acetobutylicum, Alcaligenes eutrophus, 

Acinetobacter strain Ak4, Sphingomonas capsulatus, Godona rubroperinctus, 

Brevibacter thermoruber, Arthobacter globqormis, Stvptomyces lydicus), Lane 2 is 

the negative control, Lane 3 is co-culture R-41, Lane 4 is co-culture C6-1. 

Organisms in co-cultures indicated by (A) and (B). Laboratory contamination 

occurring during PCR/DGGE preparations indicated by (C), (D), and (E). 

Plot of time (days) versus normalized TCE concentration (C/Co). Duplicate samples 

(#1 and #2) were performed for each co-culture. Rubble Zone (R4-1) and Core (C6- 

17 



1) co-cultures demonstrated partial degradation of a 10-mg/l aqueous concentration 

of TCE. Degradation studies were conducted with co-cultures grown in 60-ml serum 

bottles containing 30 ml of medium amended with NaHC03- buffer, titanium citrate 

reductant, lactate, and TCE. 
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ADDENDUM 2 



Task 2 - Addendum 2 

2B. Geological Characterization of the Subsurface in TAN area 
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Alteration and Authigenic Mineralization Near the Effective Base of the Eastern Snake River Plain 
Aquifer at the Idaho National Engineering and Environmental Laboratory 

Michael McCurry and Lee H. Morse, Department of Geology, Idaho State University 
Pocatello, Idaho 83209 

ABSTRACT 

Sharp inflections in vertical temperature gradients of five deep wells at the Idaho National Engineering and 

Environmental Laboratory correlate systematically with degree and style of alteration and pore 

mineralization of the aquifer basalts. Samples of basalt collected above the depths of temperature gradient 

inflections (TGI) exhibit little alteration, except for incipient alteration of olivine to "iddingsite" and spotty 

alteration of intersertal basaltic glass to smectite clay. Minor authigenic mineralization, dominantly 

precipitation of fine-grained and drusy calcite, occurs along some fractures and within some vesicles and 

diktytaxitic cavities. In contrast, samples from below the TGIs typically exhibit a marked increase in the 

abundance, and change in assemblage, of authigenic minerals. Rocks below the TGI exhibit a downward 

transition from the typical dark gray color of unaltered basalt to various shades of greenish-gray color. 

Calcite and mixtures of di- and trioctahedral smectite clays (probably nontronite and saponite. respectively) 

commonly occur in vugs and diktytaxitic cavities and on fracture surfaces. They are accompanied in some 

samples by chabazite f fluorapophyllite f amorphous silica f aragonite. Siderite occurs along with Fe,Mg- 

rich calcite and clay within vesicles of silicic volcanic rocks penetrated in one well. Alteration of the basalt 

matrix minerals and glass occurs also below TGI. At shallower depths alteration is characterized by 

replacement of intersertal glass by nontronite and saponite clays, while at greater depths olivine and 

plagioclase are also partially or completely altered to similar clays. Textural features of the vug minerals 

indicate a time growth sequence: calcite + clay followed by chabazite f fluorapophyllite f an unidentified, 

zeolite-like mineral. Clay minerals typically line vesicles and diktytaxitic cavities; they appear to have 

precipitated congruently from pore water. TGIs closely correlate with sharp vertical gradients in alteration 

and authigenic mineral abundance and assemblage withm three wells; correlations are less obvious in the 



fourth well, possibly because the rock is much more silicic and therefore resistant to alteration. The TGI in 

the fifth well is located seventy feet from the bottom of the well; no signifcant alteration of basalt occurs in 

that well. 

INTRODUCTION 

Purpose and Objectives 

Recent works at the Idaho National Engineering and Environmental Laboratory (INEEL) suggest 

that the effective part of the eastern Snake River Plain aquifer system has a well-defined, but irregular, base 

extending 755 to 1837 feet below land surface (Smith et al., 1994; Anderson and Bowers, 1995; Blackwell 

et al., 1992; Brott et al., 1981). The aquifer appears to have a complex three-dimensional geometryoan 

important consideration in developing models for natural and contaminant transport. However, most of the 

information leading to interpretation of the base of the aquifer system is indirect, based upon interpretations 

of temperature, age, and paleomagnetic data. Few examinations have been made of rocks located near the 

inferred base of the aquifer. We have therefore initiated a systematic study of core from five deep wells at 

the INEEL focusing on the possible correlations of rock alteration, permeability, and temperature gradients, 

with the purpose of determining the origin and location of the base of the aquifer. This report describes our 

work on core from wells 2-2A, Corehole 1 (CHl), W02, ClA, and ANL-OBS-A-001 (ANL-1). Our 

primary objectives are to define the location, nature, and genesis of basalt alteration and authigenic 

mineralization as a function of depth. In this report we document the results of lithologic, petrographic, 

bulk chemical, electron microprobe, X-ray powder diffraction (XrD), scanning electron microscope (SEM), 

and energy dispersive system (EDS) analyses of samples from these five wells. 

Previous Work and Geologic Setting 

The INEEL is a Department of Energy (DOE) research facility primarily dedicated to the 

development of nuclear reactors for power production. The facility occupies an area of 890 square miles 



on the northern margin of the eastern Snake River Plain (Fig. 1). 

Studies of vertical temperature profiles (Smith et al., 1994; Brott et al., 1981; Blackwell et al., 

1992) within six deep wells at the INEEL (Fig. 2) document changes in temperature gradient suggestive of 

rapid vertically upward transitions from conductive to convective heat flow. Temperature profiles are 

illustrated in Fig. 3. Brott et al. (1 98 l), Blackwell et al. (1992) and Smith et al. (1 994) suggest that the 

temperature inflections correlate with the effective base of the aquifer system. Blackwell et al. (1992) go 

on to state that the base of the aquifer is generally associated with an increase in basalt alteration, implying 

that the alteration may play a role in defining the base of the aquifer. However, they provide no additional 

information on the rock alterations. Support for this idea follows from recent work by Welhan and Wylie 

(1997). They document an inflection in trends of porosity and permeability, reflecting a more rapid 

downward decrease in both values, which correlate closely with the temperature inflection in well C1A 

(located near the southwest corner of the INEEL). 

- 

tholeiite basalts with intercalated sedimentary interbeds of lacustrine, eolian, and alluvial origin. T h s  

basalt-sediment sequence has accumulated to thicknesses between 2300 and 3600 feet (Hackett and Smith, 

1992: Smith et al., 1994) and overlies thick silicic pyroclastic deposits as illustrated in Fig. 1 (Smith et al., 

1994). The eastern Snake River Plain aquifer system is located within the basalt-sediment sequence. 

The surface of the plain is underlain primarily by thin, nearly flat-lying, Quaternary olivine 

Anderson and Bowers (1995) correlate the effective base of the aquifer with the top of Glenns 

Ferq Group equivalent basalts in wells 2-2A and W02 (cf. Armstrong et al., 1975). This correlation is 

based upon radiometric and paleomagnetic data, coincides closely with previously mentioned temperature 

inflections for those wells, and supports one of the hypotheses of Blackwell et al. (1992), that basalt 

alteration and the effective base of the aquifer are correlated with age. 

Considerable work has been done on the characterization of unaltered basalts at the INEEL. 

Knutson et al. (1990) provide the most detailed integrated description of textural, structural and 

hydrological features of the basalts; detailed petrographic descriptions of cores from other wells have been 

published by Lanphere et al. (1993; 1994). Most of the basalts are remarkably uniform in mineralogy and 

textures (Lanphere et al., 1994). They are typically porphyritic, consisting of phenocrysts of olivine and 

plagioclase in a fine grained matrix of interlocking plagioclase, augite, Fe-Ti oxide mmerals, and intersertal 



tachylitic glass. Flow margins are generally highly vesicular, and large parts of flows are characterized by 

abundant diktytaxitic cavities (Knutson et al., 1990). Upper parts of flows are particularly vesicular, and 

commonly are mantled by coarse basalt rubble. Barrash et al. (1994) suggest that these upper flow contacts 

are probably the primary conductive zones within the aquifer, an idea which is consistent with the common 

occurrence of authigenic calcite in those areas (e.g., Lanphere et al., 1994). 

Lanphere et al. (1993) state that the alteration of basalt flows they examined is generally minor, at 

least in shallower portion of wells, and consists of reddish oxidation of olivine. However they also 

document more extensive alteration of olivine and intersertal glass in one well they examined (TAN CH#2; 

Lanphere et al., 1994). 

Fromm et al. (1994) published an abstract which documents some alteration features they found in 

basalt cores from well W02 (Fig. 2). They state that shallower basalts (above 1,535 feet) are little altered, 

and that deeper basalts contain authigenic smectite, calcite and phillipsite. The alteration was more 

predominant in the flow tops and bottoms than in the mid-flow intervals. 

Methodology 

Selected sections of core from the five wells were examined at the USGS Core Library at the 

INEEL. The following intervals of each core were selected for detailed examination: 

Well 2-2A - Well W02- Well C1A- Well ANL-1- Well CHI- 

570’ - 630’ - 1298’ - 1495’- 970’ - 1070’ -400’ - 645’ - 1175’ - 121.5’- - 

- 1144’ - 1337’- 1698’ - 1735’ -1160’ - 1320’ -915’ - 1013’- 1490’ -2000’ 

- 1565’ - 1625’- 1880’ - 2001’ -1555’ - 1805’- 1523’ - 1910’- - 

2203’ - 2332’ 3389’ - 3506’ 

We collected samples of core from these intervals for petrographic, SEM, EDS, electron microprobe, XrD, 

and bulk chemical analyses. Intervals were selected from both above and below the temperature gradient 

inflection (TGI) for each well. The TGI for each well occurs at the following depth below land surface: 2- 



2A, 1,337 feet; CH1, 1,493 feet; W02, 1,667 feet; C1A. 1,105 feet; and ANL-1, 1,837 feet. The TGI in a 

sixth deep well, INEL-1, occurs at 755 feet below land surface. Very little core, all from well below the 

TGI and mostly of rhyolite, is available from this well. Therefore we did not examine this core. 

Petrographic analysis of standard thin sections and XrD, instrumental neutron activation analysis 

(INAA), and inductively coupled plasma - atomic emission spectroscopy (ICP-AES) analyses were 

performed at Idaho State University. Electron microprobe, SEM, and EDS analyses were performed at the 

University of Utah. 

LITHOLOGY AND PETROGRAPHY OF SAMPLED INTERVALS 

Core from the five wells was examined at the INEEL USGS Core Library. All of the basalts 

examined are fine- to medium-grained, aphyric to porphyritic, olivine bearing, and have a diktytaxitic 

texture. They are similar to those described in detail by Knutson et al. (1990) and Lanphere et al. (1993; 

1994). 

Well 2-2A 

All of the core from well 2-2A that we examined consisted of basalts with sediment interbeds. 

Most of the basalts from above 1,337 feet are medium gray in color and exhibit a fresh appearance on 

fracture surfaces. Calcite and/or clay to fine-grained sediments coat or fill several fractures and vesicles. 

In the intervals between 603 and 617 feet and 1,191 and 1,205 feet the basalts are gray to gray-green in 

color with green-colored clay coating or filling fractures. The green-colored clay is not present in the 

sedimentary interbeds, so it most llkely is authigenic in origin. Large (- 0.2 inches), drug calcite crystals 

were present in a large vug at 1,275 feet. There was only minor calcite deposition in vugs above and below 

these large crystals. Basalts below 1,337 feet exhibit increased filling of vesicles and diktytaxitic cavities 

with authigenic minerals. The matrix of basalts between 1,583 and 1,625 feet has a dull green hue due to 

the partial filling of diktytaxitic cavities with green-colored clays. Authigenic chabazite, a zeolite, occurs 

in several vugs between 1,569 and 1,601 feet. A vug at 1,591 feet contains large crystals (up to 0.2 inches) 



of chabazite. In other parts of this interval zeolites coat the walls of some vugs and completely fill other 

vugs. The interval between 2,203 and 2,332 feet has a dark green hue. There is an increase in the 

abundance of authigenic minerals, primarily calcite and green-colored clays, in vugs and on fracture 

surfaces. A large proportion of the diktytaxitic cavities are completely filled with these minerals. The 

surface of a fracture that cuts across the core at 2,267 feet has many small, colorless, acicular crystals of 

aragonite. The stratigraphy and alteration mineralogy of well 2-2A is illustrated in Fig. 4. 

Thin sections from 20 core samples were examined. Seven samples were selected for more 

detailed thin section analysis and pertinent features are briefly described below. 

A sample from 608 feet exhibits minor alteration of tachylite to dark brown-colored clay. All 

diktytaxitic cavities in this sample are filled with dark brown-colored clay. 

Light-brown-colored clay coats the walls of some vesicles and fills or partially fills -40% of the 

diktflaxitic cavities in the sample from 1,153 feet. Calcite fills a few diktytaxitic cavities and vesicles. 

There is a minor clay coating on some of the calcite. 

Minor light-brown to light-green-colored clay is present in three vesicles of a sample from 1,275 

feet. 

The sample from 1,588 feet has irregular shaped cavities in the matrix containing calcite, brown- 

colored clay, chabazite, fluorapophyllite, and an unidentified zeolite-like mineral. Nearly all of the 

diktytaxitic cavities were filled with these authigenic minerals. All of the intersertal glass is altered to 

brown-colored clay, and there is incipient alteration of olivine to iddingsite. One large vug has a calcite 

crystal adhering to the wall of the vug. This crystal, and the remainder of the vug wall, are coated with 

brown- colored clay, which is in turn coated with chabazite crystals (Plate 1). Several cavities contain both 

chabazite and fluorapophyllite. The unidentified, and least abundant, mineral is prismatic, has a radiating 

habit, high negative relief relative to chabazite, and extremely low birefringence. A few vugs contain 

chabazite, fluorapophyllite, and the unidentified mineral (Plate 2). 

The sample from 1,591 feet has a single large vesicle, -15 mm in length, that is lined with 

chdbazite and medium brown-colored clay. All diktytaxitic cavities are filled with clays, either completely 

with medium brown-colored clay, or lined with medium brown-colored clay with spherulitic medium 

green-colored clay in the center of the cavity. There is a greater abundance of medium brown-colored clay 



in cavities near the vesicle wall. Plagioclase is moderately to strongly altered to light-brown-colored clay 

near the vesicle wall. Olivines near the vesicle wall are mostly to completely altered to light-brown- 

colored clay; other olivines exhibit incipient alteration to dark brown and dark green-colored clays. There 

is moderate alteration of tachylite to dark brown-colored clay. 

A sample from 2,237 feet exhibits calcite and brown-colored clay "fan-shaped" intergrowths in 

several vugs. All of the olivine is pseudomorphed by brown-colored clay, and the intersertal glass is 

altered to brown-colored clay. 

The sample from 2,267 feet exhibits significant alteration. There is moderate alteration of 

plagioclase laths to green and brown-colored clays. Olivine is altered to green-colored clay. All of the 

intersertal glass is altered to bright green-colored clay. Authigenic green and brown-colored clays fill vugs 

and diktytaxitic cavities. There are three clays in this sample; they are distinguished by distinctive shades 

of brown to bright green coloring, and are commonly intergrown. 

Well W02  

All of the core from well W02 that we examined consisted of basalts with sediment interbeds 

except for one sample, from 1,711 feet, that we identified as a picrobasalt (Fig. 5). This sample is from 

near the top of a flow that is 10 feet thick. Most of the basalts above 1,495 feet are medium gray in color 

and exhibit a fresh appearance on fracture surfaces. Calcite and/or clay to fined grained sediments coat or 

fill several fractures and vesicles. Basalt in the interval from 1,717 to 1,724 feet is a light-green color, and 

vesicles in this interval are filled with green-colored clay. In the interval between 1,800 and 1,951 feet the 

basalts vary in color from medium gray to green. Calcite and/or clay to fined grained sediments coat or fill 

several fractures and vesicles. Below 1,95 1 feet the basalts are mostly medium to dark green in color. 

There is an increase in calcite and green-colored clay filling vesicles and coating fractures with depth. 

Plate 3 is a photo of core samples collected from well W02 and illustrates the change in color of the core 

and increased vug filling with depth. 

Thin sections from seven core samples were examined. Pertinent features are briefly described 

below. 

Samples from 1,316 and 1,476 feet contain no authigenic minerals and exhibit no alteration. 



The sample from 1,711 feet is a picrobasalt. Fractures and vesicles are mostly filled with calcite 

and light-brown-colored clay (-85% calcite, -1 3% clay). An unidentified, biaxial positive mineral 

(possibly a zeolite) with low birefringence (< 0.002) and high negative relief relative to 'balsam' fills -2% 

of fractures. 

The sample from 1,722 feet exhibits alteration of plagioclase, olivine, and tachylite. Most matrix 

plagioclase laths are weakly to strongly altered to light-green-colored clay. All olivine is altered to light- 

green and light-brown-colored clays, with a few relics. Some tachylite has altered to light-brown-colored 

clay. All vesicles are filled with light-green and light-brown-colored clays and minor calcite. Light- 

brown-colored clay frequently coats the walls of vesicles, with spherulitic light-green-colored clay in the 

middle of the vesicles. Light-brown-colored clay within the light-green-colored clay has a 'caterpillar' 

texture. Calcite is present in only a few vesicles. Drktytaxitic cavities are all filled with light-brown- 

colored clay or calcite. 

The sample from 1,972 feet also exhibits alteration. There is minor alteration of a few plagioclase 

laths to light-brown-colored clay. Fractures in plagioclase laths are filled with light-brown-colored clay. 

All olivine microphenocqsts (0.5 - 1.5 mm) are altered to light-brown and red brown-colored clays, with a 

few relics. Less than 1% of small (0.1 - 0.3 mm) olivines are altered to dark green-colored clay. Most 

tachylite has altered to light-green and light-brown-colored clays. Diktytaxitic cavities are all filled with 

light-brown or dark green-colored clays or calcite. Calcite is present in minor quantities in cavities lined 

with light-brown-colored clay. Dark green-colored clay is present in minor quantities. Some light-brown- 

colored clay in large cavities has a spherulitic texture. A fracture is filled with light-brown-colored clay 

and calcite. 

Plagioclase and olivine of the sample from 3,486 feet exhibit some alteration. Some plagioclase is 

weakly to moderately altered to light-brown-colored clay along fractures and surfaces. All olivine is 

altered to dark green or red brown-colored clays. Calcite and dark green and light-brown-colored clays fill 

vesicles and fractures. 

The sample from 3,493 feet also exhibits alteration. Most plagioclase is weakly to moderately 

altered to light-green and light-brown-colored clays, with the strongest alteration occurring near vesicles 

and fractures. Most olivine is weakly to strongly altered to dark green-colored clay, with some red brown- 



colored relics present . Tachylite exhibits minor alteration to dark green-colored clay at the wall of a 

vesicle. Vesicles are filled with calcite and dark green and light-green-colored clays. Diktytaxitic cavities 

are filled with dark green-colored clay. Fractures are lined or filled with dark green-colored clay. 

- 

Well C1A 

All of the core from well C1A that we examined consisted of basalts with sediment interbeds 

except for one flow, from 1,771 feet to the bottom of the core at 1,805 feet, that we have identified as a 

basaltic trachyandesite (Fig. 5). Most of the basalts above 1,180 feet are medium gray in color and exhibit 

a fresh appearance on fracture surfaces. Clay to fined grained sediments coat or fill several fractures and 

vesicles. Basalt in the intervals from 1,180 to 1,181 feet and 1,189 to 1,192 feet is green in color. 

Diktytaxitic cavities in these intervals are filled with green-colored clay. In the interval between 1,192 and 

1,261 feet the basalts are mostly medium gray in color. Calcite and/or clay to fined grained sediments coat 

or fill several fractures and vesicles. Basalts from 1,261 to 1,267 feet are green in color, with green-colored 

clay filling diktytaxitic cavities. Core from 1,267 to 1,320 feet is medium gray colored. Between 1,555 

and 1.771 feet the basalts are mostly medium gray in color, except for the following intervals which exhibit 

a green color: 1,555 to 1,559 feet, 1,570 to 1,571 feet, 1,606 to 1,638 feet, 1,666 to 1,673 feet, and 1,679 to 

1,692 feet. The core from 1,771 to 1,787 feet is black-colored basaltic trachyandesite. Below this depth 

the core is greenish-black in color with green-colored clay coating vesicles and fractures. 

Thin sections from six core samples were examined. Pertinent features are briefly described 

below. 

A sample from 1,044 feet contains no authigenic minerals and exhibits no alteration. 

Olivine in the sample from 1,190 feet has partially to completely altered to dark green and light- 

brown-colored clays. There is minor filling of fractures in plagioclase laths with light-brown-colored clay. 

Some tachylite has altered to dark green and light-brown-colored clays. All vesicles are filled with dark 

green and light-brown-colored clays. Dark green-colored clays frequently have a spheroidal texture and are 

more abundant than light-brown-colored clays. Light-brown-colored clay coats the walls of vesicles filled 

with dark green-colored clay, and is also present as 'caterpillars' within the dark green-colored clay in many 

vesicles. All diktytaxitic cavities are filled with dark green and light-brown-colored clays. 



A sample from 1,3 13 feet contains no authigenic minerals and exhibits no alteration. 

A few olivines of a sample from 1,618 feet exhibit minor alteration to light-green-colored clay. 

All diktytaxitic cavities are filled with medium brown and dark green-colored clays. Some cavities are 

filled with only medium brown-colored clay. Others are lined with medium brown-colored clay and the 

cavity centers are filled with spherulitic dark green-colored clay. A narrow fracture is filled with medium 

brown-colored clay. 

The sample from 1,774 feet is a basaltic trachyandesite. A large vesicle -20 mm long is coated 

with a colorless opal-like material that is isotropic, has moderate negative relief relative to 'balsam', and has 

randomly oriented fractures. There are inclusions of a light-brown-colored clay material within the 

colorless opal-like material. Some diktytaxitic cavities are empty, but most are filled with a light-brown- 

colored opal-like material. 

The sample from 1,777 feet is also a basaltic trachyandesite. The vesicles are filled with a light- 

brown-colored opal-like material that is isotropic, has moderate negative relief relative to 'balsam', and has 

randomly oriented fractures. All diktytaxitic cavities are filled with the light-brown-colored opal-like 

material or with light-brown-colored clay. 

Well CH1 

All of the core from well CH1 that we examined consisted of rock with a composition ranging 

from basaltic andesite to rhyolite (Fig. 5) .  No sedimentary interbeds were observed in the core we 

examined. There was little authigenic mineralization of the core. Authigenic minerals consisted primarily 

of clay, calcite, and minor siderite. 

Thin sections from 22 core samples were examined. Pertinent features from five representative 

samples are briefly described below. 

The sample from 1,209 feet is a rhyolite consisting of plagioclase, quartz, sanidine, 

orthopyroxene, and opaques in a light-gray colored devitrified lithoidal matrix. It contains no authigenic 

minerals and exhibits no alteration. 

The sample from 1,663 feet is a trachydacite consisting of plagioclase, orthopyroxene, olivine, and 

accessory quartz in a tachylite groundmass. There is minor alteration of tachylite to light-brown colored- 



clay along the walls of vesicles, The sample contains two elongate vesicles, one -8 mm long and the other 

-2.5 mm long, Small aggregates of radiating prisms of tridymite are located on the walls of both vesicles. 

The larger vesicle is filled with tridymite, pale-yellow brown-colored siderite, calcite, and clay. Siderite 

lines the vesicle walls and has a weak fan-shaped habit. The central portion of the vesicle is filled with 

calcite with dark brown-colored clay intergrowths. Between the siderite and this calcite is a clay-free 

calcite. The small vesicle is filled with siderite with a weak fan-shaped habit. A fracture is filled with 

light-brown-colored clay. 

A sample from 1,727 feet is an andesite consisting of plagioclase, orthopyroxene, and augite in a 

tachylite groundmass. Augite mantles some orthopyroxene phenocrysts. Tachylite is turbid and very dark 

brown in color. A vesicle is filled with pale-yellow brown-colored siderite and small aggregates of 

radiating prisms of tridymite. Siderite is present in one glomeroporphyritic aggregate of orthopyroxene and 

plagioclase. The siderite may be the product of incongruent alteration of orthopyroxene (as it appears to 

pseudomorph some of the orthopyroxene) or it may have precipitated from solution. 

The sample from 1,799 feet is a basaltic andesite consisting of plagioclase, orthopyroxene, and 

augite in a tachylite groundmass. Most vesicles are either filled with pale-yellow brown-colored siderite or 

lined with siderite. In some vesicles siderite forms concentric rings around a dark brown-colored core. In 

other vesicles siderite forms concentric rings outward from the vesicle wall. Minor tridymite is present in 

one vesicle. A fracture is filled with calcite and siderite (Plate 4). Siderite lines both sides of the fracture 

and exhibits a rhombohedral habit with growth rings. Calcite fills the center of the fracture. 

A sample from 1,93 1 feet is a trachyandesite consisting of plagioclase and accessory opaques and 

augite in a tachylite groundmass. Many vesicles are completely or partially filled with pale-yellow brown- 

colored siderite, light-brown-colored clay, and/or an unidentified golden brown-colored mineral. The 

unidentified mineral has moderate negative relief relative to 'balsam' and appears to be isotropic, though 

some may be very weakly birefringent. It is associated with siderite or clay in some vesicles, and present 

with neither siderite nor clay in other vesicles. When the unidentified mineral and siderite are present in 

the same vesicle, the unidentified mineral lines the vesicle and the siderite is in the center of the vesicle. 

When the unidentified mineral and light-brown-colored clay are present in the same vesicle, the clay lines 

the vesicle and the unidentified mineral is in the center of the vesicle. 



Well ANL-1 

All of the core from well ANL-1 that we examined consisted of basalts with sediment interbeds 

except for one flow, from 1,854 to 1,882 feet, that we have identified as a trachydacite (Fig. 5) .  Authigenic 

minerals consisted of calcite and, possibly, clay. There was very little calcite or clay above 1,013 feet. 

Calcite increased in abundance below 1,600 feet. The basalts are primarily medium gray in color and fresh 

looking on fracture surfaces. 

Thin sections from 10 core samples were examined. Authigenic mineralization was limited to 

precipitation of minor amounts of calcite and clay. 

SEM AND EDS ANALYSIS 

A scanning electron microscope was used to help define the morphology of key authigenic 

minerals and to obtain semi-quantitative chemical signatures in order to assist in our mineral identification 

for samples from well 2-2A. In the following we use a ">" symbol to indicate the proportions of elements 

identified in a mineral, based upon the relative peak intensities of respective characteristic K a  X-ray lines. 

There are no geometry or inter-element corrections made to the data, so they should be considered 

semiquantitative at best. 

A light-green-colored clay with a botryoidal habit (Plate 5) in a vesicle of a sample from 1,153 

feet has the following composition: Si>>Fe>>Al z Ca :Mg. No Na was detected above background levels. 

This analysis is consistent with smectite group minerals such as nontronite. 

Several large drusy calcite crystals (Plate 6) in a vug of a sample from 1,275 feet were examined 

in an effort to determine if any other mineral besides calcite was present. All of the EDS analyses 

produced high Ca peaks, with no other elements appearing above background levels, indicating that calcite 

is the only mineral present in this vug. 

Some of the chabazite in the vugs of a sample from 1,588 feet form globular clusters of prismatic 

crystals (Plate 7). Other chabazite crystals display a radiating habit (Plate 8). EDS spectra yield the 

following proportions of elements: Si>>Al>Ca EK. No Na was detected. A small vesicle lined with 



chabazite was also examined and produced a similar EDS analysis. 

The large chabazite crystals in the vug of a sample from 1,591 feet appear to have a rhombohedral 

habit (Plate 9). Three EDS analyses were performed on the large chabazite crystals. The first analysis 

produced the following result: Si>>Ca>Al>K. The other two analyses produced results similar to each 

other, but different from the first: Si>>Al>>Ca z K. In addition, minor quantities of Fe, Ti, and C1 were 

observed in both of these analyses. A globular shaped clay lining the vug wall was also analyzed. Four 

separate spots were analyzed, with three of the analyses producing similar results: SI>>Fe>AI GCa :Mg, 

with minor Ti in one analysis. The fourth analysis produced the following results: Ca>>Si _A1 zFe. Some 

of the clays within the globular clusters exhibit a caterpillar-like habit (Plate 10). 

A sample from 2,237 feet has a vug that contains clay-like minerals that exhibit zoning, with a 

yellowish-colored mineral lining the vug and a dark green-colored mineral filling the center of the vug. 

Analysis of both the minerals by EDS produced essentially identical spectra: Si>Fe>>Ca>Al z Mg>K. The 

high Fe content indicates that sparse Fe-oxides may be mixed in with the clays. 

Acicular aragonite crystals are present on the surface of a fracture of a sample from 2,267 feet 

(Plate 11). Pyroxenes are unaltered in this otherwise strongly altered basalt (Plate 12). 

BULK CHEMICAL ANALYSES 

Samples from all five wells were analyzed by ICP-AES and INAA methods (Table 1); samples 

from wells 2-2A, CH1, and TCH2 were analyzed for bulk Nd- and Sr-isotopic ratios (Table 2). Analyses of 

samples collected above and below TGIs exhibit little to no systematic differences in chemical or isotopic 

compositions that could be attributed to open-system chemical alteration. 

X-RAY DIFFRACTION ANALYSES 

X-ray powder diffraction methods were used in the identification of chabazite as the zeolite 

present in core from well 2-2A (Table 3A) and in the analysis of 18 clay samples from wells 2-2A, ClA, 

W02, and CH1 (Table 3B). A representative set of diffraction patterns for a sample is illustrated in Fig. 6. 



Smectite clays were identified in 17 of the 18 clay samples that were analyzed. Calcic plagioclase 

was identified in eight samples. One sample, from well ClA, contained only plagioclase. Kaolinite was 

identified in a sample from well 2-2A, from a depth of 2,267 feet. 

ELECTRON MICROPROBE ANALYSES 

Electron microprobe analyses of alteration mineral suites for representative altered rock samples 

from wells 2-2A, ClA, and CH1 were performed (Tables 4A - 45). Analyses indicate the smectite clays 

identified by XrD methods for samples from wells 2-2A and C1A are nontronite and saponite (Fig. 7). 

A colorless material in a vug of a sample from well ClA, from a depth of 1,774 feet, is primarily 

silica. Based upon its morphology and optical characteristics we have identified this material as amorphous 

silica, possibly opal. 

Carbonates in samples from well CH1 were identified as siderite, calcite, and a Fe, Mg-rich 

calcite. Analyses of prismatic minerals in vugs with siderite in samples from well CH1 revealed they are 

composed of silica with trace amounts of AI, Fe, Ca, Na, and K. We have identlfied these minerals as 

tridymite. 

Minerals in vugs and diktytaxitic cavities of samples from well 2-2A, from depths of 1,588 and 

1,591 feet. were analyzed to determine their chemical composition. Three minerals were analyzed, and we 

have been able to identify two of them as chabazite (Fig. 8) and fluorapophyllite. The third mineral is a 

zeolite-like mineral with a radiating habit, but we haven't been able to determine its identity. 

PARAGENESIS 

Textures of the authigenic minerals indicate that calcite and smectite-group clays coprecipitated at 

depths less than TGI in wells 2-2A, W02, and C1A. The coarse grain size and euhedral form of many of 

the calcite grains suggests that calcite was in equilibrium with ground water. Although we can not rule out 

the possibility that the calcite originally precipitated within the vadose zone, it seems unlikely given the 

relative paucity of calcite in shallower parts of the wells. The botryoidal and spherulitic habits of clays 



Basalts collected above 1,700 feet BLS at well W02 exhibit no evidence of alteration, excepting 

minor iddingsite (?) alteration of olivine. Basalts above 1,700 feet BLS are characterized by relatively 

minor vug-type mineralization. Below 1,700 feet BLS basalts exhibit a marked increase in abundance of 

vugs filled with calcite and clay which is macroscopically defined by a distinctive change in color from 

shades of gray to greenish-gray. Those samples are also distinguished by alteration of plagioclase and 

olivine to clavs. 

Basalts collected above 1,180 feet BLS at well C1A exhibit no evidence of alteration, excepting 

minor iddingsite ('?) alteration of olivine. Basalts above 1,180 feet BLS are characterized by relatively 

minor vug-type mineralization and incipient alteration of intersertal glass to clay. Below 1,180 feet BLS 

basalts exhibit a marked increase in abundance of vugs filled with calcite and clays. Alteration of the 

basalts below 1,180 feet is much less pervasive than in wells 2-2A and W02. 

The TGI for well ANL-1 occurs seventy feet from the bottom of the well; no significant alteration 

of basalt occurs in this well. 

Very little alteration was observed in well CH1. The rocks in this well are much more silicic than 

the rocks of the other four wells; these rocks may therefore be more resistant to alteration than the basalts 

of the other wells. 

Origin of the relatively sharp vertical gradient in authigenic mineral abundance and assemblage 

within wells 2-2A and W02 is not clear. However, comparisons of samples from wells 2-2A and W02 

suggest it does not correlate with the depth of burial of the basalts (cf. Blackwell et al., 1992). The 

transition occurs at a depth of 1,700 feet in W02, about 360 feet deeper than in 2-2A. 

Our examination of selected core samples from wells 2-2A and W02 supports the hypothesis of 

Blackwell et al., (1992) that the temperature inflections they document for these wells correlate with 

downward variations in the intensity and nature of basalt alteration and authigenic mineral deposition. The 

correlation is less obvious in well C1A. 

Blackwell et al. (1992) also suggest the transition may correlate with age of the basalt. A similar 

idea is suggested by Anderson and Bowers (1995). They propose that the alteration is primarily 

constrained to Glenns Ferry age basalts (e approximately 1.8 Ma) and that the effective base of the aquifer 

is defined by the top of the Glenns Ferry Formation. Although this idea appears consistent with our 



mantling some apparently unaltered vesicle walls suggests that the clays also precipitated congruently from 

aqueous solution. 

Below TGI clays arc much more abundant, and arc accompanied by a range of other authigenic 

mineral phases. Textures suggest a time growth sequence: calcite + clay -> chabazite + fluorapophyllite + 

zeolite-like mineral in well 2-2A; calcite + clay in well W02; amorphous silica + clay in well C1A; and 

siderite + calcite + clay in well CHl. Clay minerals typically line vesicles and diktytaxitic cavities. In 

some samples brown-colored clay is intimately intergrown with calcite forming beautiful fan-like vug 

fillings. 

Chabazite and fluorapophyllite appear to have been the last autlugenic minerals to form in samples 

from well 2-2A. They typically completely fill vugs. When chabazite occurs in combination with other 

authigenic minerals, it typically forms as overgrowths. 

CHARACTERIZATION OF DEEP AQUIFER WATER 

Aliquots of archived water samples from well INEL-1 were obtained from the USGS at the 

INEEL. The samples were analyzed for major cations and anions and trace elements. The results of the 

analyses are presented in Table 5. These deep waters have a sodium-bicarbonate composition. 

SUMMARY and CONCLUSIONS 

Basalts collected above 1,150 feet below land surface (BLS) at well 2-2A exhibit no evidence of 

alteration, excepting minor iddingsite (?) alteration of olivine. Basalts between 1,150 and 1,337 feet BLS 

are characterized by relatively minor vug-type mineralization and incipient alteration of intersertal glass to 

clay. Below 1,337 feet BLS basalts exhibit a marked increase in abundance of vugs filled with calcite and 

clay whch is macroscopically defined by a distinctive change in color from shades of gray to greenish- 

gray. Those samples are also distinguished by vug-filling chabazite and fluorapophyllite, more intense 

iddingsitization of olivine, and essentially ubiquitous alteration of intersertal glass to clay. At the deepest 

levels examined some plagioclase crystals also exhibit incipient clay alteration. 



examination of rocks from W 0 2  it does not correlate well at well 2-2A. At that well Anderson and Bowers 

pick the top of the Glenns Ferry Formation at -850 feet BLS. However, we do not observe alteration of the 

basalts above 1.150 feet BLS. Substantial alteration was only observed at 1,566 feet BLS. Therefore 

neither age nor depth of burial account for patterns of alteration, and presumably the base of the aquifer, at 

well 2-2A. 

Transient episodes of mineralization and alteration associated with periodic upward influx and 

mixing of hydrothermal waters with the Snake River Plain aquifer may best account for the assemblages 

and space-time patterns of alteration observed in the deep wells we have investigated at the INEEL (Fig. 9). 
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2B. Geological Characterization of the Subsurface in TAN area 
2.B. 1 Studies of subsurface basaltic rocks 

Physical Volcanology and Geochemistry of Basalts in the TAN Region, Northern INEEL 

Scott S. Hughes, Jason L. Casper and Dennis J. Geist 

INTRODUCTION 

The eastern Snake River Plain (ESRP), terrain is mostly semiarid steppe developed on eolian and lacustrine soils 

that variably cover broad expanses of basaltic lava. Monogenetic basaltic shield volcanoes dominate the 

physiography of the ESRP and are important to the geologic evolution of the TAN region of INEEL (Figure 1) 

because of their controls on aquifer dynamics and sediment interbed geometries. Individual lava flow groups and 

their associated shield-building eruptive centers are either exposed at the surface or inferred to exist in the 

subsurface beneath overlying volcanic and sechmentary layers. 

A flow group is a sequence of lava flow units derived from a single vent or vent system that forms a volcanic shield 

such as Circular Butte, or a lava field such as Hells Half Acre. Often, a flow group can be identified in coreholes as 

a sediment-poor sequence of basalt lava separated from other flow groups by major sediment interbeds. Difficulties 

in stratigraphic correlation of lava flow groups are related to several complications: (1) flow groups vary drastically 

in thickness from one corehole to the next, (2) minor flow groups may be found in only one or two coreholes, (3) 

sediment interbeds are not always found between two lava flow groups, and (4) distal members of flow groups 

exhibit (as derived from Holocene examples on the surface) extreme variability in shape due to high aspect ratios of 

individual lobes. Thus, detailed correlations allow a better definition of such complexities and a more robust model 

of subsurface volcanic controls on units that affect aquifer hydrology. 

Chemical signatures are used to discriminate between flow groups by comparing them with core log stratigraphy, 

paleomagnetic signatures (inclination and polarity), and radiometric ages. This information allows construction of a 

detailed three-dimensional model of the subsurface stratigraphy in the northern INEEL (see final report by Bestland 

et al. and the computer graphm models supplied with thls document). This report represents an assessment in the 

TAN region of the effects of volcanic processes on hydrologic flow directions and a comprehensive evaluation of 
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basalt geochemical analyses used to constraint subsurface correlations. Following a summary of volcanic structures, 

major and trace element variations are shown to exist within and between major flow groups on the ESRP. 

SUMMARY OF VOLCANIC INFLUENCES ON TAN HYDROGEOLOGY 

Volcanic features related to shields and lava flows generally are regional kilometer-scale components that have 

variable directional controls on sehmentation and subsequent lava flow emplacement. Highly-conductive tension 

fractures and brecciated zones in lavas are often smaller, meter-scale features with random orientations. Features 

related to dikes (barriers) and fissures (conductive zones) are highly directional and occur on scales ranging from a 

few meters to several hundred meters. The implications for TAN hydrology depend on location and dimensions of 

each volcanic formation and its effect on retardation or enhancement of groundwater flow in the ESRP aquifer 

(Hughes et al., 1997). 

The upper volcanic layers beneath TAN are distal flows from Circular Butte and other surrounding areas, creating a 

trough that potentially focuses sediment deposition south of TAN (e.g. Geslin et al., 1997; Gianniny et al., 1997. 

Deeper flow groups probably were derived from unidentified, buried eruptive centers not shown on the Kuntz et al. 

(1 994) map. Pre- and post-emplacement topographic surfaces, including the orientation of highly conductive zones 

and flow margins, determine the locations of subsequent sediment accumulation. Flow groups are locally separated 

by lenses of fine sediment ranging from a few centimeters to tens of meters in thickness; however, some contacts 

between groups apparently have little or no sediment or soil development. The overall profile of ESRP shields and 

the locations of vents indcate a relation between shield construction and stream sedimentation. This is strongly 

evident in the position of Big Lost River and Birch Creek playas near TAN and the apparent paucity of eruptive 

shelds along a NE-SW corridor through the INEEL (Kuntz et al., 1994). 

Surfkial sediment occurs around and on the lower flanks of the -1 Ma shields near TAN. Drillcore from TAN wells 

indicate IS to 20 m of surficial sediment (core recovery began in the basalt), whereas the remainder of the core is 

predominantly basalt. Corehole 2-2A has an -8Om thick sedimentary layer below the uppermost basalt flow and 

several major sedimentary interbeds at greater depths. These observations suggest a significant amount of sediment 

overlapping the volcanic shields near TAN and the presence of a sedimentary trough south of TAN documented in 
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this report. The geologic map of the TAN area (Figure 1) illustrates the local control of eruptive centers on 

sedimentary patterns. 

TAN apparently is located near a major eruptive axis (Hackett and Smith, 1994), so the presence of vertical blade- 

like dikes in the subsurface is a strong possibility. Subsurface north-south correlations by Anderson and Bowers 

(1995) imply graben-like structural downwarping at TAN possibly related to dike injection as in the Hackett and 

Smith (1992) model. The structural depression in the Anderson and Bowers cross-sections imply a scale 

commensurate with graben formation in Box Canyon along the Arc0 volcanic rift zone. Arguments against this 

process include graben width in the Box Canyon Graben and distances between parallel fissure swarms in the Great 

aft volcanic rift zone which suggest that the depth to dike tops are -500 - 1000 m. This would be well below the 

aquifer at TAN: however, the presence of buried vents near TAN, where dikes might have actually breached the 

surface, is unknown. There is also the possibility of lateral drke propagation from either buried vents or exposed 

vents near TAN such as Circular Butte. 

Potential for Dikes and Fissures at TAN 

Dikes do not have the same surface irregularities or brecciated zones inherent in lavas, so they likely are much less 

conductive than the surrounding country rock basalt layers. Deflection of the plume by a vertical aquiclude seems 

plausible, but this presents the same problem with potentiometric surface, ie . ,  that the configuration, if responsible 

for TCE plume deflection, requires a different topography of the potentiometric surface at depth relative to that at 

the surface of the water table. On the other hand, fissures related to the volcanic rift zone would likely increase 

hydrologic conductivity in a direction parallel to the axis. It may be significant that the location of TAN along the 

surface drainage of Birch Creek is not too dissimilar from that of Box Canyon, located along the Big Lost fiver. 

The series of graben-forming faults and hydrologic directional controls along the Arc0 volcanic rift zone may serve 

as an analogue for a similar, buried fissure system near TAN. 

According to Rubin and Pollard ( 1  987) dikes will propagate when the stress at the dike tip exceeds the fracture 

toughness of the host rock. The stress intensity at the tip is influenced by dike geometry and the difference between 

magma pressure and the ambient stress, i.e. magmatic overpressure. Ambient stress cannot be isotropic during 
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eastern SRP eruptions as evident in the NW-SE alignment of volcanic fissure systems. Another important factor in 

the style of eastern SRP magmatism, and its dependency on crustal extension, is a relatively low magmatic supply 

rate reflected in numerous small batches of magma producing monogenetic eruptive centers rather than large 

complex shields. Compared to regions of high eruption rates, such as Hawaii or Iceland where shield tumescence 

due to magma injection is followed by deflation during an eruption, eastern SRP subsurface reservoirs do not have 

significant readjustment during an eruption. Modeling of eastern SRP basalt magmatism by Kuntz (1992) shows that 

this results in short-lived low-volume eruptions because a progressive pressure drop occurs as the reservoir is 

depleted. Eastern SRP eruptions terminate at a critical pressure level a relatively short time after the eruption begins. 

Thus, the extension rate is critically balanced with magma production. 

Volcanic Controls on the TCE Plume at TAN 

Control by volcanic features is suggested in the orientation of the most concentrated segment of the TCE plume 

nearly parallel to a volcanic rift zone which extends through TAN. Two categories of volcanic features have 

dominant structural controls on plume geometry and contaminant migration: ( 1) overlapping lava flows erupted 

from coalescent basaltic shield volcanoes, and (2) vertically oriented sub-vent dikes, fractures and fissures. Controls 

related to the first category are depositional patterns of relatively impermeable sediments due to placement of 

topographic barriers such as volcanic shields and are thus indirectly related to magmatism. The orientations and 

dimensions of lavas from overlapping shields produce troughs and slopes that affect potentiometric variations below 

the water table and possibly cause deflection of plumes around sediment sequences. Structural controls related to 

the second category have direct effect on aquifer hydrology. They are primary products of magmatism including 

relatively impermeable dikes and highly conductive zones created by unfilled fractures and fissures associated with 

dike injection. Stratigraphic correlations of basaltic flow groups at TAN using petrology and geochemistry have 

been evaluated to test these hypotheses and are summarized below and in other parts of this report. 

BASALT GEOCHEMISTRY AND FLOW GROUP CORRELATIONS 
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Several hundred analyses of major and trace element abundances were determined for basalt samples obtained from 

coreholes located at TAN and surrounding regions (Table 1). These data have been combined with existing data into 

a comprehensive database in an Excel 97 file accompanying this report. A significant amount of published data were 

incorporated into the digital database, especially the Knobel et al. (1995) values for coreholes TCH-1 and TCH-2 

which provided an external analytical check and a means to select samples that would create a more complete 

database. The digital file also includes many unpublished values not listed in Table 1 that were obtained from 

various sources. (These sources must be contacted for permission prior to use of their data in any form.) Analyses 

summarized in the first two categories of Table 1, TAN and areas near TAN, were generated by the geochemistry 

laboratory at Idaho State University during this project period and, therefore, may be used freely by IWRRI and 

DOE personnel to whom this report is directed. These include the analyses of basalt samples from coreholes TCH-1, 

TCH-2, GIN-5, GIN-6, TAN-34, and 2-2A which are reported in Tables 2 - 7, plus the analyses of the Mud Lake 

coreholes, surface samples near TAN, and corehole 126-A (in progress) located at Lava Ridge. 

Coreholes listed in Tables 2-7 were sampled for representative basalt (and other units where appropriate), and 

logged for lithologic descriptions and stratigraphic interpretation. Figures 2 and 3 summarize the logs and provide a 

rapid assessment of sample locations with respect to lava flow sequences and sediment interbeds for a first order 

approximation of flow group assessment (e.g. see Hughes et al., 1997). 

Analytical Procedure 

Major elements, reported in weight percent (wt. %) oxides of Si02, Ti02, AI2O3, FeO, MnO, MgO, CaO, Na20, K 2 0  

and P205, and some trace elements (Ba, Sr, Zr) were determined by inductively-coupled plasma - atomic emission 

spectroscopy (ICP-AES) at ISU. Samples were pulverized in a cleaned tungsten-carbide (WC) shatterbox and 

aliquots of 0,1000 f 0.0005 g rock were mixed with 0.3000 f 0.0005 g LiB02 flux and fused at 1,000"C in graphite 

crucibles. Fused mixtures were then delivered into beakers containing 100 ml of HN03 - acidified deionized water 

and allowed to dissolve, thus yielding 1: 1,000 concentrations of rock powder in solution. Solutions were diluted by a 

factor of 10 (1: 10,000 concentration) prior to ICP-AES analysis. Some samples had major oxides and selected trace 

elements analyzed by Xray Fluorescence (XRF) by D. Geist (U. of Idaho) as noted on the data tables and in the 

electronic database. 



Hughes et al. Page 6 

Trace elements, reported in parts per million (ppm) of Sc, Cr, Co, Ni, Rb, Cs, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Hf. 

Ta, Th and U were determined by instrumental neutron activation analysis (INAA) at ISU. Samples were pulverized 

in a cleaned alumina (A1203) shatterbox to avoid contamination from W, Co, and Ta inherent in the WC shatterbox; 

and aliquots of approximately 0.7 g (accurately weighed to 0 . 0 0 0 ~  g) were placed in 2/5-dram labgrade polyethylene 

vials. These vials were heat-sealed by melting the plastic around the rim, then placed into 2-dram polyvials whch 

were in-turn heat-sealed by the same method. Samples (as unknowns) and standards with well-documented analyses 

(NIST, USGS, and in-house materials), encapsulated in the same method, were irradiated in the rotating rack of the 

TRIGA Reactor located in the Radiation Center at Oregon State University. Activation times were normally 2 hours 

at a power level of 1 megawatt, which yielded a neutron flux of 1 x 10” dcm2/sec, although some activation times 

were longer due to logistics of shared reactor use. Unknown and standard samples were returned to ISU within five 

days to begin gamma spectroscopy. All unknown and standard samples were counted sequentially using two high- 

purity germanium (HPGe) gamma detectors coupled to a multichannel analyzer and supporting electronics. 

Sequential counting involved initial (first) counts of -4k sec each, intermediate counts of -10-20k sec each, and 

final (long) counts of 20-40k sec each. Decay times were 5-7 days for first counts, 8-18 days for second counts, and 

>24 days for long counts. Sequential counting allowed optimization of data for radionuclides having different half- 

lives, plus duplication of results for some nuclides. Some elements obtained by INAA, such as Fe, Na and Ba, were 

used for comparison with ICP-AES data as an internal analytical check. 
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Rationale for Using Geochemical Correlations 

Chemical signatures were used effectively in an earlier ISU study by Reed et al. (1997) to correlate indwidual flow 

units on a local scale in the southern INEEL. Their subsurface correlations at the ICPP between coreholes 121 and 

123 were based on the assumption that individual flow units have a fairly uniform chemistry and that minimal 

variation could be expected within a series of flow units that represent what is now referred to as a flow group. The 

effectiveness of the Reed et al. correlations depended on (1) identification of two chemically unique flow units that 

were sampled in both coreholes, and (2) the use of statistical K-cluster analysis of remaining sample chemistries in 

order to confirm correlations above and below the unique units. The normal sequence of basalts in coreholes 12 1 

and 123, excluding the unique units, exhibit moderate chemical variation with many overlapping chemical 

signatures that precludes distinction of units on the basis of chemical breaks. Therefore, it was indeed fortunate that 

the two flow units with unique chemical signatures were sampled, analyzed, and provided “key horizon” units for 

control of the stratigraphic correlation. Additional stratigraphic controls, as in this study, included assessments of 

sediment interbeds, natural gamma logs, paleomagnetic signatures, petrography, and radiometric ages. 

The ICPP study involved correlation of units only 1.8 km apart, a significant difference from correlation studies at 

TAN involving coreholes spaced over several km (Figure 1). The location of ICPP is also within a region of the 

INEEL where influence due to nearby eruptive centers is less significant than at TAN. During the TAN study, we 

recognize contributions from numerous eruptive centers and that stratigraphic correlation using basalt chemical 

signatures requires a more robust approach in light of chemical variation within flow groups. Hence, correlations in 

this study rely on the fact that an individual flow unit may not be sampled in more than one corehole, but that 

chemical variations within any flow group can be identified and utilized to correlate units belonging to a related 

sequence. 
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The two deepest coreholes sampled in this study, TCH-2 and 2-2A, were assessed for chemical transitions through a 

long time period (-3-1 Ma). Data from Knobel et al. (1995) are included in the TCH-2 assessment. Variations in K- 

20, La, Hf and Cr vs. depth in TCH-2 (Figure 4) indicate gradual overall changes in trace and incompatible 

elements, and few places with significant chemical spikes. K 2 0  ranges -0.3-1.0 wt. % over the depth range of -50 - 

1 100 ft, with a gradual decrease in overall abundance from 1100 - 580 ft, a zone of higher values from 560 - 490 ft, 

minimum values at -470 ft, and an overall increase from 470 - 80 ft. In contrast, La (-15 - 50 ppm) and Hf (-3 - 9 

ppm) remain fairly low throughout the deeper regions from 1100 - 500 ft, and gradually increase from 500 ft to the 

top of the core. Cr (-100 - 400 ppm) indicates gradual decrease upward from 1100 - 500 ft., a rapid increase at 500 

ft., then another gradual decrease from 420 - 50 ft. These chemical trends and breaks are consistent with temporal 

evolution of the volcanic sequence shown in the correlation diagram of Bestland et al. (this report). Specifically, the 

chemical break at -480 ft  corresponds to a hiatus in basalt accumulation from 2.05 f 0.08 Ma to 1.41 f 0.05 Ma. 

Other age breaks are noted, but are more subtle (see Bestland et al.). 

Significantly greater geochemical variation is evident in corehole 2-2A (Figure 5) .  The range in K20 (4 .1  - 1.5 wt. 

%), is wider and not as systematic as in TCH-2, thus indicating more chemical divergence inherent in sampling over 

a wider agelthickness range. However, ranges in La, Hf and Cr abundances in 2-2A are similar to those in TCH-2 

which suggests that these trace elements are less sensitive during volcanic evolution of the eastern Snake kve r  

Plain. Chemical patterns in 2-2A also exhlbit more sharp chemical breaks and stratigraphic hiatuses (sediment 

interbeds) than in TCH-2. 
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Summary of Flow Group Correlations 

Delineation of flow groups is made possible by assessment of co-variation diagrams of elements with different 

behaviors. This is exemplified in Figure 6 using La vs. MgO and Zr vs. TiOa co-variation diagrams. These diagrams 

illustrate only two of many plots that can be used for chemical separation; however, the La-MgO plot has proved to 

be the most useful in terms of establishing chemical trends within each flow group. Numbers on the diagrams in 

Figure 6 refer to flow group designations determined by chemical means only, i.e., they are not a revision of earlier 

flow group determinations made using gamma logs (e.g. Anderson and Bowers, 1995) or other assessment. The 

numerical sequence goes from younger to older, with modfiers where deemed necessary. For example group 2u and 

21 are the upper and lower members, respectively, of the second flow group to be encountered with depth in all 

coreholes sampled at TAN. The upper and lower members can be distinguished chemically (Figure 6), but there is 

no significant stratigraphic break in paleomagnetic signature or se&ment interbed and both members plot on the 

same chemical trend. 

Figure 7 summarizes the flow group designations made during this study. Flow groups that occur below the deepest 

TAN corehole (TCH-2), i.e., numbers higher than 7 (e.g. see Tables 2-7 for extended flow group designations), 

occur in corehole 2-2A although there are no other coreholes with which to correlate. We suggest that these flow 

group designation be retained as working designations only until more appropriate names can be assigned. For 

example, flow group 1 with members l a  and lb  erupted from Circular Butte (Casper et al., this report) and is 

represented in TAN coreholes but not in corehole 2-2A. As another example, flow group 1.5J occurs in 2-2A 

between group 0.4 and 2, but stratigraphically below flow group 1. It also has a normal magnetic polarity, occurring 

within a sequence that is dominantly reversed, which requires that it be designated as a separate flow group despite 

the single chemical sample (2A-422 in Table 7). Thus 1.5J stands for flow group 1.5 in the numerical sequence with 

a special “J” designation for the Jaramillo normal magnetic interval. 

PETROGENESIS OF BASALTS AT TAN 

Essentially, the La vs. MgO values in Figure 6 illustrate the inadequacy of simple crystal fractionation to account for 

all the variation in trace elements although low pressure fractionation (less than 10 kbar) of olivine and plagioclase 

is important in petrogenesis of eastern SRP tholeiites (Leeman, 1982b). Variations shown in these chemical 
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diagrams support previous work that requires a combination of variable degrees of partial melting followed by 

minor fractional crystallization of olivine and plagioclase. 

The flow groups represented by the current chemical data likely will be revised with additional geochemical, 

paleomagnetic and radiometric age data. Time-transgressive recurrence of chemical types is apparently unrelated to 

spatial distribution (Hughes et al. 1999, in revision), which implies that the petrogenetic processes enabling each 

series are randomly distributed in space and time. This suggests potential crude stratification of the source region 

(Hughes and others, 1997c) whereby various subcrustal lithospheric layers were enriched by different amounts and 

each layer experienced a range in amount of partial melting. 

Evolution of the magmatic source, i.e., enrichment of incompatible elements to yield fractionated REE (light REE 

enriched) and higher total large ion lithophile elements (Rb, Cs, Zr, Hf, Th, etc.) is assumed to be variable as 

indicated by trace element signatures. Crustal contamination may be ruled out as a major contributor on the basis of 

isotopic constraints (Leeman, 1982b and preliminary results of this project) although the broad spread in some trace 

element ratios (such as Th/Yb) suggests that some magmas may have interacted with the lower crust. Isotopic Sr and 

Nd signatures indicate possible involvement of crustal components but the range of Snake River Plain tholeiites 

(Basaltic Volcanism Study Project, 1981; S. Hughes and M. McCuny, unpublished) falls in the realm of enriched 

mantle arrays (Zindler and Hart, 1986). 

Petrochemical data support earlier studies (Leeman, 1982b; Kuntz, 1992; Kuntz and others, 1992) that eastern Snake 

River Plain olivine tholeiites are derived by variable degrees of partial melting from peridotite sources in the 

Subcontinental lithosphere and experienced variable amounts of olivine and plagioclase fractionation in the crust 

prior to eruption. Magmas ascend rapidly without significant crustal residence or chemical interaction, so 

fractionation is enabled more by liquid segregation from coarsely crystalline diktytaxitic networks of plagioclase 

and olivine (and minor Fe-Ti spinel) rather than simple crystal settling in a magma chamber. This process probably 

occurs during flow emplacement, especially in zones of high volatile content (see Casper et al., th~s report). 



Hughes et al. page 11 

References 
Anderson, S.R., and Bowers, B., 1995, Stratigraphy of the unsaturated zone and uppermost part of the Snake River 

Plain aquifer at Test Area North, Idaho National Engineering Laboratory, Idaho: U. S. Geological Survey 
Water-Resources Investigations Report 95-4 130, (DOEAD-22 122) 47 p. 

Basaltic Volcanism Study Project, 198 1, Basaltic volcanism on the terrestrial planets: New York, Pergamon Press, 
1286 p. 

Casper, J.L., Hughes, S.S. and Geist, D.J., (this report) Petrology and Volcanic History of Circular Butte, Eastern 
Snake River Plain, Idaho. 

Geslin, J.K., Gianniny, G.L., Link, P.K., and Riesterer, J.W., 1997. Subsurface sedimentary facies and Pleistocene 
stratigraphy of the northern Idaho National Engineering and Environmental Laboratory: Controls on 
hydrology: in Sharma, S., and Hardcastle, J.H., eds., Proceedings of the 32nd Symposium on Engineering 
Geology and Geotechnical Engineering, p. 15-28 

Gianniny, G.L., Geslin, J.K., Riesterer, J., Link, P.K., and Thackray, G.D., 1997, Quaternary suficial sediments 
near Test Area North (TAN), northeastern Snake River Plain: An actualistic guide to aquifer characterization; 
in Sharma, S., and Hardcastle, J.H., eds., Proceedings of the 32nd Symposium on Engineering Geology and 
Geotechnical Engineering, p. 29-44. 

Quaternaq mafk volcanism, eastern Snake River Plain, Idaho. Geological Society of America Abstracts With 
Programs, v. 29, no. 7, p. A-298. 

magmatism, basaltic volcanic styles, tectonics, and geomorphic processes of the eastern Snake hve r  Plain, 
Idaho, in Link, P.K. and Kowallis, B.J., editors, Proterozoic to Recent Stratigraphy, Tectonics, and 
Volcanology, Utah, Nevada, Southern Idaho and Central Mexico, Geological Society of America Field Trip 
Guidebook, Brigham Young University Geology Studies, vol. 42, part 1, p. 423-458. 

beneath Test Area North, Idaho National Engineering and Environmental Laboratory, Idaho; in Sharma, S., 
and Hardcastle, J.H., eds., Proceedmgs of the 32nd Symposium on Engineering Geology and Geotechnical 
Engineering, p. 59-74. 

Hughes, S.S., Geslin, J.K., and Link, P.K. (1998) Convoluted Quaternary volcanism and sedimentary stratigraphy of 
the northeastern Snake River Plain (SRP), TAN-INEEL, Idaho. Geological Society of America Abstracts With 
Programs, v. 30. 

Hughes, S.S., J.L. Casper, and D.J. Geist (1997a) Potential influence of volcanic constructs on hydrogeology 
beneath Test Area North, Idaho National Engineering and Environmental Laboratory, Idaho. in Proceedings of 
the 3 2nd Engineering Geology and Geotechnical Engineering Symposium, Boise, Idaho, p. 59-74. 

Hughes, S.S., P.H. Wetmore, and J.L. Casper, 1999, in revision, Evolution of Quaternary Tholeiitic Basalt Eruptive 
Centers on the Eastern Snake River Plain, Idaho: submitted to Bill Bonnichsen, Craig White and Mike 
McCurry, editors, Tectonic and Magmatic Evolution of the Snake River Plain Volcanic Province, Idaho 
Geological Survey Bulletin. 

Knobel, L.L., Cecil, L.D., and Wood, T.R., 1995, Chemical composition of selected core samples, Idaho National 
Engineering Laboratory, Idaho: U. S. Geological Survey Open-File Report 95-748, 59 p. 

Kuntz, M. A. and twelve others, 1994, Geologic map of the Idaho National Engineering Laboratory and adjoining 
areas, eastern Idaho: U. S. Geological Survey Miscellaneous Invest. Series Map 1-2330. 

Kuntz, M. A,, Covington, H. R., and Schorr, L. J., 1992, An overview of basaltic volcanism of the eastern Snake 
River Plain, Idaho, in Link, P. K., Kuntz, M. A., and Platt, L. P., eds., Regional geology of eastern Idaho and 
western Wyoming: Geological Society of America Memoir 179, p. 227-267. 

Leeman, W.P., 1982a, Development of the Snake River Plain-Yellowstone Plateau province, Idaho and Wyoming: 
An overview and petrologic model; in Bonnichsen, Bill, and Breckenridge, R.M., eds., Cenozoic Geology of 
Idaho, Idaho Bureau of Mines and Geology Bulletin 26, p. 155-177. 

Breckenridge, R.M., eds., Cenozoic Geology of Idaho, Idaho Bureau of Mines and Geology Bulletin 26, p. 

Reed, M.F., Bartholomay, R.C., and Hughes, S.S., 1997, Geochemistry and stratigraphic correlation of basalt lavas 

Rubin, A.M., 1992, Dike-induced faulting and graben subsidence in volcanic rift zones: Journal of Geophysical 

Hughes S. S., P.H. Wetmore, and J.L. Casper (1997b) Geochemical interpretations of basalt stratigraphy and 

Hughes S.S., R.P. Smith, W.R. Hackett, M. McCurry, S.R. Anderson, and G.C. Ferdock (1997~) Bimodal 

Hughes, S.S., Casper, J.L., and Geist, D.J., 1997a, Potential influence of volcanic constructs on hydrogeology 

Leeman, W.P., 1982b, Olivine tholeiitic basalts of the Snake River Plain, Idaho; in Bonnichsen, Bill, and 

181-191. 

beneath the Idaho Chemical Processing Plant, Idaho National Engineering Laboratory: Environmental 
Geology, v. 30, p. 108-118. 

Research, v. 97, no. B2, p. 1839-1858. 



Hughes et al. page 12 

Rubin, A.M., and Pollard, D.D., 1987, Origins of blade-like dikes in volcanic rift zones: U.S. Geological Survey 

Wetmore P.H., and S.S. Hughes (1997) Change in magnitude of basaltic magmatism determined from model 
Professional Paper 1350, Chapter 53, p. 1449-1470. 

morphologies of subsurface Quaternary lavas at the INEEL, Idaho. Geological Society of America Abstracts 
WithPrograms, v. 29, no. 7, p. A-365. 

based on the correlation of subsurface basalts at and near the Idaho National Engineering and Environment 
Laboratory, Idaho [M.S. thesis]: Pocatello, Idaho State University, 118 p. 

extension on the eastern Snake River Plain, Idaho. Geological Society of America Abstracts With Programs, 
v. 30. 

Wetmore, P.H., Hughes, S.S., Anderson, S.R., 1997, Model morphologies of subsurface Quaternary basalts as 
evidence for a decrease in the magnitude of basaltic magmatism at the Idaho National Engineering and 
Environmental Laboratory, Idaho; in Sharma, S., and Hardcastle, J.H., eds., Proceedings of the 32nd 
Symposium on Engineering Geology and Geotechnical Engineering, p. 45-58. 

Wetmore. P.H., 1998, An assessment of physical volcanology and tectonics of the central eastern Snake River Plain 

Wetmore, P.H.. Hughes, S.S., and Rodgers, D.W. (1998) Late Quaternary basaltic magmatism and the rate of 



Hughes et al. page 13 

Table 1, Summary of chemical analyses performed on core and surface samples from the INEEL. Data represent 
analyses by ICP-AES, INAA, and XRF by ISU and UI laboratories. 

# Major Trace Table' 
Location SamDles Elements Elements Number 

TAN 
Corehole TCH-1 
Corehole TCH-2 
Corehole GIN-5 
Corehole GIN-6 
Corehole TCH-34 

Areas Near TAN 
Corehole 2-2A 
Coreholes near Mud Lake 15 

Surface (mostly Circular Butte) 
Corehole 126-A 

(ML-1, CB-21, CB-21, CB-23) 

Other INEEL' 
Corehole ICPP COR-A-023 
Corehole USGS-80 
Corehole TRA-5 
Corehole USGS-118 (PWA3) 
Corehole CH- 1 
Corehole Argonne-1 
Corehole BG-77-1 (PWC3) 
Corehole C-1A (PWB3) 21 
Corehole STF-PIE-AQ-0 1 (PWD3) 
Corehole WO-2 

23 X X 2 
25 X X 3 
19 X X 4 
8 X X 5 

16 X X 6 

77 
X 

45 
35 

31 
9 

11 
20 
23 
10 
18 

16 
5 

X 

X 
X 

X 
in progress 

X 
X 
X 
X 
X 
X 
*Fe, Na 
X 
*Fe, Na 
*Fe, Na 

X 

X 

X 
X 
x 
X 
X 
Sr, Ba, Zr 
X 

X 
X 

7 

TOTAL 427 

' Indicates basalt geochemistry data table number provided in this report. Although only basalt geochemistry is 
reported in tables, additional data are provided in digital spreadsheet format. 

Although not a deliverable for this project, other INEEL corehole samples were analyzed for major and trace 
elements and included in the digital database. 

PW-series samples collected and analyzed during thesis research by Paul H. Wetmore. 

2 



Hughes et al 

Following Pages: 

Tables 2-7 

Figures 1-7 

Digital Files on ZIP disk: 

1 TAN-Report99.xls - Excel database for Table 1 and other INEEL corehole samples. 

2. Canvas and Encapsulated Postscript files for figures: 
Ssh-tan1 .cvs Ssh-tan1 .eps 
Ssh-tan2.cvs Ssh-tan2 .eps 
Ssh-tan3.m Ssh-tan3 .eps 
Ssh-tan4. CV5 Ssh-tan4.eps 
Ssh-tan5 .CV5 Ssh-tan5 .eps 
Ssh-tan7.cvs Ssh-tan7. eps 
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Table 1 Description and interpretation of sedimentary and pedogenic lithofacies in interbeds 
from cores 2-2A, TAN-CHI & 2. 

Lithofacies Interpretation Description Examples 
Lacustrine Facies 

Massive to 
Laminated Clays 

Laminated Clays & 
Silts 

lnterbedded 
Massive Sand 

Thinly Bedded 
Sand & Silt 

Clays and silty clays, very pale gray, 
very calcareous, mostly massive, 
some laminations. 

Laminated to thinly bedded clays, 
silty clays, pale gray, pale brown, very 
calcareous. 

Bedded, structureless fine to coarse- 
grained sand, some normal grading, 
bioturbation structures common. 

Fine to coarse-grained sand beds, 
interbedded with coarse silts, thin to 
medium bedded. 

D i am ict i t e Massive, pink to pale gray silty clay 
with sand, granules, pebbles, and 
cobbles of basalt and rip-up clasts of 
silty clay. 

Calcareous Paleosol 
Facies 

Fine-g rained 
Calcium Carbonate 

Brown Silty-Clay 

Clay Sand Facies 
(Playa-Lunette) 

Clay Sand & Silt 

Mixed Mud and Silt 

Sand 8 Silt Facies 
(Fluvial-Eolian) 

Sorted Sand & Silt 

Coarse Sand with 
Clay Chips 

Lake bottom bioturbated 

prodelta and distal prodelta 

210-220 ft., 2-2A 
suspension fallout, 1 120-1 140ft., 2-2A 

Prodelta suspension fallout 1094-1 096ft., 2-2A 
874-877ft., 2-2A 

Delta-front, proximal 1030-1 040ft., 2-2A 
prodelta, sediment gravity 
flows 

1050-1 069ft., 2-2A 

Delta-Top, distributary 760-766ft., 2-2A 
channel and interchannel 
deposition 

Lake bottom suspension 
fallout, bioturbated with 
ice-rafted dropstones 

860-870ft., 2-2A 

Ck soil horizons of stage II 940ft., 2-2A 
to Ill development 400ft., 2-2A 

249ft., 2-2A 

Silty claystone to sandy siltstones 
with displacive micrite carbonate 
cement, indurated, very pale yellow to 
very pale gray, open root traces 
common and coated with sparry 
calcite or yellow-brown clay film, 
admixtures of sand and gravel and 
basalt clasts. 

Silty, sandy claystone, 10YR brown to 
5YR reddish brown, weakly 
calcareous to non calcareous, ped 
structures & cutans weak to 
moderately developed, occasional 
calcium carbonate nodules 

Bw to Bt soil horizons 408ft., 2-2A 

940ft., 2-2A 
631ft., 2-2A 

Reworked playa bottom 120ft., 2-2A 
Granular to sand-sized subrounded to clays by aeolian processes 148-151ft., 2-2A 
angular and tabular (rip-ups) clasts of to form lunettes (clay sand 
mud-clay, very pale brown-gray, very dunes) 
calcareous 

Soil A horizons developed 
on lunette and playa muds 
and silts 

1 15-123ft., 2-2A 
155-160ft., 2-2A Silty, sandy claystones, very pale 

brown-gray, very calcareous, mm- to 
cm-scale ped structure, cutans 
common of yellow-stained clay, 
common siltans (silty cutans) 

Aeolian sand and silt from 239ft., 2-2A 
proximal fluvial system 470ft., 2-2A Fine to medium sand, most well 

sorted, common reddish-brown iron 
staining in thick sand beds, weakly to 
non-calcareous. 

Poorly sorted, fine to coarse sand 
with clay chips to small pebble size, 
chip very calcareous 

730ft., 2-2A 

Mixed aeolian, fluvial along 164ft-I83ft, 2-2A 
playa margins 
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Figure 6. Co-variations in La vs. MgO and Zr vs. Ti02 in basalt samples from coreholes 
and surface outcrops located near TAN, Idaho National Engineering and Environmental 
Laboratory. Clusters and trends are used to chemically distinguish flow groups and to 
compare with corehole stratigraphy, paleomagnetic signatures and radiometric ages. 
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2B. Geological Characterization of the Subsurface in TAN area 
2B. 2 Subsurface Sedimentary Research: 
2B. 2.2 Complete summary manuscript on the sedimentary geologv of the northern INEEL and 
vicinity. 

Paleoenvironments of Sedimentary Interbeds in the Pliocene-Pleistocene 
Big Lost Trough (Eastern Snake River Plain, Idaho) 

Erick A. Bestland, Department of Geology, Idaho State University, ID 83209 

Abstract 

Thick successions of Pliocene and Pleistocene sediment recovered from core 2-2A on the INEEL 

site (Idaho National Engineering and Environmental Laboratory) record deposition in lakes, and 

lake deltas, and in aggrading playa-loess-lunette systems with a fluvial and soil component. This 

part of the Big Lost River Trough was a persistent low area that trapped and preserved sediment. 

Thus, unlike other cores and wells in the northern INEEL area such as around TAN (Test Area 

North), 2-2A contains a substantial sedimentary record of past paleoenvironmental conditions. 

These interbeds have been dated by a combination of paleomagnetics and age determinations 

(WAr and 40Ar/39Ar) on basalt flows within 2-2A and by correlation to dated flows in nearby 

cores (TAN-CH1 & 2) .  

Latest Pliocene deposits (-1.7-1.9 Ma) at depth from 958 ft. to 1148 ft. (292-35Om) in 2-2A are 

dated by a combination of the Olduvai paleomagnetic reversal and radiometric age dates. These 

strata record the infilling of a lake that was probably ice free. In contrast, earliest Pleistocene 

lacustrine deposits (estimated at approximately 1.6 to 1.7 Ma) contain both laminated silts and 

clays (lake bottom, prodelta facies) and massive silt with abundant pebble to cobble-sized clasts. 

This diamictite facies is interpreted as representing sedimentation during glacial times when lake 

bottom suspension fallout deposits were mixed with clasts of ice-rafted origin (shore and river 

ice). At least three distinct sequences of probably ice and ice-free conditions are recognized in 

these deposits. Given the time constraints of the deposits and the overall accumulation rates of 2- 

2A, these cycles correspond with the 40 ka glacialhnterglacial cycles recognized from marine 

records. 
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Up-section from the diamictite facies and above the Matuyama-Brunhes reversal (0.78 Ma), a 

thick upper sedimentary interval contains strata that are dominated by playa deposits, lunette 

dunes, fluvial and aeolian sands and silts, weakly developed paleosols, and paludal-lacustrine 

deposits. Taken together, the change from lacustrine dominated deposition during the late 

Pliocene and early Pleistocene to aeolian, playa, and soil dominated deposits in the late 

Pleistocene could indicate either cooling and drying or a lowering of hydrologic base level with 

subsequent lake draining. 

Introduction 

The eastern Snake River Plain is an unusual basin; it is not a fault-bounded rift basin such as the 

nearby Basin and Range basins, nor does it appear to be a volcano-tectonic subsidence feature 

formed above a series of calderas. The modern surface is composed largely of Pleistocene-age 

basalt flows (Hackett & Smith, 1992) with a veneer of variable thickness of loess, aeolian sand, 

playa, and playa margin deposits. Most of these deposits are pedogenically modified to some 

degree. Fresh, Holocene lava flows such as Craters of the Moon and Hells Half Acre, make up a 

significant percentage of the modern surface. 

The eastern Snake River Plain is largely undissected by erosion thus rendering the basin largely 

inaccessible to standard field methods except for wells, well cores, and geophysics. The basin fill 

is dominated by basaltic lava flows of local origin. Sedimentary interbeds of a variety of 

depositional types are present in a number of cores drilled on the INEEL site, although of much 

lesser quantity compared to lava flow units. 

This paper is a progress report on the timing and depositional environments of sedimentary 

interbeds from the upper half of core 2-2A and from cores in the TAN area. This work is part of a 

three year project hnded by DOE-IWRRI grant number DE-FG07-96ID13420. The sedimentary 

interbed stratigraphy reported here, when combined with paleomagnetic data, WAr and 40Ar/39Ar 

age determinations, and geochemical correlations, aims to characterize the vertical and lateral 
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extent of these interbeds. This information will aid in developing hydrogeologic controls of the 

subsurface with particular reference to the contaminant plume emanating from TAN. 

Big Lost River Trough. The Big Lost Trough, into which flows the Big Lost River, is situated 

north of the Axial Volcanic Zone, and south of Basin and Range fault blocks and basins that trend 

perpendicular to the plain (Geslin et al., in press) (Fig. 1). The modern basin floor contains 

Holocene and late Pleistocene fluvial and aeolian deposits that largely lack coarse, gravel-sized 

detritus. This indicates that the Holocene-late Pleistocene Big Lost River as well as the Birch 

Creek alluvial fan have been restricted in their capacity to transport coarse detritus beyond where 

these fluvial systems intersect the Snake River Plain. Holocene surficial deposits indicate a lack of 

large fluvial floods or lacustrine high-stands during the last 10,000 years (Ostenaa et al., 1999; 

Levish et al., 1999). Thus, taking into account the overall grain-size character of the deposits in 2- 

2A and the lack of coarse, braided stream systems, the last 2 m.y. was similar to the Holocene 

transport system. Pebble to cobble detritus has been largely absent from the fluviaVlacustrine 

systems over the central and northern parts of the Big Lost Trough for the last 2 m.y. 

Stratigraphic Framework 

The stratigraphy and age of sedimentary interbeds in core 2-2A were determined from a 

combination of paleomagnetic inclination measurements, WAr and 40Ar/39Ar age dates (Lanphere 

et al., 1994; Lanphere, unpublished data; McIntosh, unpublished data), geochemical correlations 

(Hughes et al., this volume), and the physical stratigraphy of the sedimentary interbeds from the 

cores in the northern INEEL area (Fig. 2). Paleomagnetic inclination of lava flows and sediments 

were determined by D. Champion and a summary is presented in Figure 2. Paleomagnetic 

correlations are based on similar inclination and stratigraphic position of flows and flow groups. 

Ad3’Ar age determinations are from whole rock plateaux (Lanphere et al., 1994). Whole rock 

geochemistry of lava flows has been used to delineate geochemical trends of lava flows and to 

define flow groups (Hughes et al, this volume). This geochemical data has allowed correlation of 

flow groups and has also shown non-correlation of some previously correlated flow groups 

(Hughes et al., this volume). Paleomagnetic reversals in stratigraphic sequences of lava flows and 

40 
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sediment, when combined with radiometric age determinations, delineate major paleomagnetic 

boundaries such as the BmnhesMatuyma (0.78 Ma), MatuymdGauss (2.58Ma), as well as the 

Olduvai reversal (1.77-1.95Ma) (Fig. 2). The ages of these paleomagnetic boundaries are taken 

from Berggren et al. (1995, 1995), as modified from Cande and Kent (1992). 

The physical stratigraphy of both sedimentary interbeds and weathered-oxidized rubble zones 

between lava flows is incorporated in the correlations (Fig. 2). Of particular importance in the 

evaluation and correlation of interbeds are calcareous paleosols, which by analogy to calcareous 

soils from dated geomorphic surfaces (Giles et al., 1966; Machette, 1985; Simpson et al., 1999), 

represent 10,000's to 100,000's of years of soil formation. Thus, much of the geologic time 

represented in these stratigraphic sections is contained in calcareous paleosol horizons. Ash or tuff 

beds are rare in these cores, indicating a lack of significant nearby basaltic pyroclastic eruptions in 

the last 2 m.y. 

Sedimentary Interbeds of Core 2-2A 

As mentioned above, core 2-2A contains the thickest sedimentary interbeds of the JNEEL cores, 

and as such contains evidence of past environmental conditions on this part of the Snake River 

Plain (Forester, 1979; Thompson, 1991). The stratigraphy and sedimentology of the upper half of 

core 2-2A (1400 ft., 427 m) are described in this report following standard field methods for 

paleosols (Retallack, 1988) and sedimentary deposits (Figs. 3-7). In general, the sedimentary 

interbeds fall into four facies groups (Table 1): 1) lacustrine, 2) calcareous paleosols, 3) aggrading 

loess-lunette-playa deposits with weak pedogenic modification, 4) and fluvial-aeolian sand and 

silt. 

Lacustrine Lithofacies. Deposits of lacustrine origin are present in most of the thick 

sedimentary interbeds (Fig. 2). They consist of fine-grained clay, both massive and laminated, 

interbedded silts and clays, bedded sands and silts, and in one interbed, diamictite layers. Five 

divisions of lacustrine facies are recognized (Table 1) with four of the facies following fi-om 

classic Gilbert-type deltas (Gilbert, 1885). Definitive characteristics of lacustrine deposition are 
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indicated by the presence of well-sorted clay and mudstone intervals that are relatively thick (1 0’s 

of cm) and which have no indications of pedogenic modification. These mudstones are thought to 

represent suspension fallout of fine-grained detritus in open, quite water. 

Prograding delta facies are common in lacustrine settings where they are well-preserved due 

largely to the low-levels of destructive wave processes in small to medium-sized lakes (Nemec, 

1990). These deltas consist of the three-fold division of bottom-set (lake bottom or prodelta), 

fore-set, and top-set beds. Bottom-set beds are clayey and bioturbated to laminated. With 

increasing proximity to active deltas, bottom-set beds contain thin gravity flow deposits and grade 

into delta front or fore-set beds. Delta front or fore-set beds are much coarser than bottom-set 

beds and represent the suspension fallout of coarse debris as well as sediment gravity flow 

reworking of these suspension deposits. Top-set beds represent channel and overbank deposits of 

delta distributaries. Paleo lake depths of small lakes can be estimated by the thickness of the fore- 

set and top-set beds (Bestland, 1991). Paleo lake levels can be estimated from the elevation of the 

top-set beds (Anderson & Link, 1998). 

Lacustrine conditions are indicated for the following sedimentary sections of core 2-2A: interbed 

with top at 1340 ft., interbed from 958-1146 ft. (“Olduvai Lake”), interbed from 850-895 ft. 

(n(~1/3N~~1/8NL~NL5/8 R1/3C/~%/80), and the interval from 190 ft. to 223 R. in the upper sedimentary 

interbed. The interval from 958 R. to 1146 R. (Fig. 3) is the thickest and most complete sequence 

(“Olduvai Lake”) and contains abundant ostracodes (Forester, 1979). By analogy with similar 

modern ostracodes, Forester interprets Cundona, rawsoni, and plant remains of Churophytes, 

Nitellopsis, to indicate small, shallow (10-50 ft deep), fresh water lakes and ponds with pH of 

around 8-10, Lacustrine conditions at this site ended with emplacement of overlying lava flows. 

A substantial amount of time elapsed between the “Olduvai Lake” and the lacustrine sequence 

between 850 ft. and 895 ft., as indicated by a well-developed calcareous paleosol situated 

between these two lacustrine sections at 938 ft. depth (Fig. 4). Above this palesol and lava flows, 

laminated clays and silts lie directly on lava at depth of 895 ft. No paleosol features were observed 
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at the sediment-basalt contact, indicating that this surface was inundated by water soon after the 

emplacement of the flow. This lacustrine depositional interval differs from the “Olduvai Lake” due 

to the common occurrence of diamictite layers consisting of pink, massive clayey silt with pebble 

to cobble size fragments of basalt and rip-up clasts of clayey siltstone (Fig. 8). These clasts are 

interpreted as dropstones. Dropstone clasts are most abundant in the massive beds but also occur 

in some laminated beds. Clasts are restricted to the lithologies listed above. This probably 

indicates a local origin, such as from shore ice or from small streams draining areas underlain by 

lava flows. 

Three sequences are delineated on the basis of repeating diamictite-laminated lithofacies (Fig. 4). 

Bases of sequences are defined at the contact between diamictites (above) and laminated silts and 

clays (below). Sequence I11 could be divided into two parts at the break between massive silt and 

granular sand at 860 ft. (Fig. 4). 

Calcareous Paleosol Lithofacies. Soils of arid to sub-humid regions are well-known for their 

distinctive morphologies of calcium carbonate accumulation (Giles et al., 1966). Stages of 

accumulation have been recognized and dated approximately by age estimates of the geomorphic 

surfaces in the American Southwest on which these soils occur (Machette, 1982, 1985; 

McFadden, 1988). It has been found that the time of formation of the calcium carbonate stages 

varies with precipitation levels and dust flux rates (Machette, 1985; Marion, et al., 1985). None- 

the-less, calcium carbonate stages are an approximate indicator of the duration for formation of 

calcareous paleosols, and are widely used in Quaternary Geology as a first order approximation of 

time duration (Birkeland et al., 1991). 

Stages I through I11 of calcium carbonate accumulation are recognized in paleosols from INEEL 

cores and follow stages defined by Giles et al., (1966) as refined by Machette (1985). According 

to these studies, stage I consists of scattered calcium carbonate nodules. Stage I1 and I11 consist 

of coalesced nodules with stage I11 having greater than 50% coalesced nodules. Stage I time of 

formation ranges from 10 ka to 80 ka. Stage I1 time of formation ranges from 50 ka to upwards 
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of 200 ka. And stage I11 time of formation ranges from 100 ka to 500 ka and more. 

On-going studies of Holocene-Pleistocene surficial deposits and soils in the Big Lost Trough have 

identified and dated calcium carbonate morphologies I through I11 (Simpson et al., 1999). Based 

on radiocarbon dates, soils as young as 2 to 2.5 ka have stage I morphologies. Latest Pleistocene 

soils 12 ka to 50 ka with gravel have stage I1 morphology. Older soils (50 ka to 90 ka) have stage 

I to I11 morphologies depending on gravel content; horizons rich in gravel accumulate calcium 

carbonate more rapidly (Simpson et al., 1999). 

In the subsurface of the northern INEEL, paleosols with calcareous horizons occur almost 

exclusively in stratigraphic positions directly above lava flows. These calcareous horizons are 

moderately indurated and therefore have much higher preservation potential than the 

corresponding B and A horizons. Most of these paleosols have had their upper, less indurated 

horizons eroded prior to burial. Displacive micrite is the dominate carbonate precipitate and 

occurs both mixed with clay and as relatively pure nodules that coalesce to form a mottled 

microscopic texture (Fig. 9). 

In several stratigraphic intervals in core 2-2A, clayey, silty horizons interpreted as soil B horizons 

were present above indurated calcium carbonate horizons. The best two examples occur at 630 ft. 

depth (Fig. 5 )  and 938 A. depth (Fig. 4). Both consist of weak to non-calcareous silty clay or 

clayey silt and contain abundant root traces. The non-calcareous quality of these horizons is 

significant because of the dominant presence of calcareous silt and clay in the Big Lost Trough 

depositional system. Thus, the lack of calcareous material in these horizons attests to dissolution 

and leaching of detrital calcium carbonate grains over significant time spans of low dust flux. 

Clay Sand and Silt Lithofacies (Playa-Lunette). Playa basins are a common depositional- 

geomorphic environment in sub-humid to semi-arid climates on gently sloping surfaces where 

ephemeral flooding occurs. These basins are relatively small (1 km diameter and less), roughly 

circular, internally drained depressions which are thought to be important sites of groundwater 
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recharge. Their origin has been a topic of discussion for some time (Gilbert, 1895) and which falls 

into two camps: 1) dissolution and transport of clastic material by infiltrating ground water 

(Osterkamp & Wood, 1987), and 2) aeolian removal of clastic material from the playa floor 

(Gilbert, 1895; Holliday et al., 1996). Build-up of aeolian features proximal to playa margins 

commonly creates crescent-shaped, dune-like features termed lunettes. Deflation of clay 

aggregates from desiccated playa floor deposits has been recognized as both a mechanism for 

playa maintenance and a source of detritus for the associated lunettes (Sabin & Holliday, 1995). 

Playas and lunettes are present in the modern Big Lost Trough (Levish et al., 1999). The Big Lost 

Sinks are ephemeral lakes or playas. Lunettes associated with these playas have distinctive clay 

sand textures which consist of sorted, granular to coarse sand-sized subrounded clay grains. 

Granular to sand-sized clay clasts were observed throughout the 110 A. to 190 A. section of the 

upper sedimentary interbed of core 2-2A (Fig. 7). Two distinct types of clay clasts were observed 

in this section. The most conspicuous are angular, light-colored clay chips of granule to small 

pebble-size. They occur in sandy as well as clayey beds. The second type is more typical of lunette 

clay sand and consist of subrounded, sorted sand-sized grains made of aggregates of clay (Fig. 

9A). 

Much of the upper interbed of core 2-2A (1 13R-190ft) consists of pedogenically modified silty 

clay (Fig. 7, 10). Textural transitions are common in which granule to sand-sized clay clasts of 

primary aeolian detritus grade into larger clay aggregates that consist of pedogenically 

homogenized clay with ped structures (Fig. 11). Silt and fine sand are common constituents in the 

primary clay sand deposits (Fig. 1OA). In some paleosol horizons, these coarser constituents have 

concentrated along ped boundaries forming siltans (cutans defined by silt) (Fig. 1OC). A grain-size 

distribution that is dominated by clay but with significant percentages of silt and sand is typical of 

loess deposits on this part of the Snake River Plain (Forman et al., 1993). 

Ostracodes of the species Candona rawsoni were collected at approximately the 145 A. level of 

core 2-2A (Findeisen & Gianniny, unpublished data). These fossils were analysed by amino acid 
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racemization and dated at approximately 140 ka by correlation with the Little Valley unit of the 

Lake Bonneville sequence (Thackray et al., this volume). This ostracode species occurs in both 

permanent and ephemeral freshwater lakes and ponds which have seasonal salinity variations 

(Forester, et al., 1987), and thus is not incompatible with soil modified playa deposits. 

Sand & Silt Lithofacies (fluvial-aeolian). Sandy beds occur in two basic types: 1) well sorted, 

massive, fine to medium sand, and 2) coarse, poorly sorted and with common granule sized clay 

chips as well as with silt and clay. The fine sand beds are relatively thick, seemingly massive and 

occur in two interbeds in core 2-2A (at 730 ft., and between 370-390 ft). These interbeds are 

iron-stained. The second type of sandy deposit is restricted to the upper interbed where they 

occur throughout the paleosol-dominated part of the section (Fig. 7). They consist of poorly 

sorted fine- grained to granule-sized, small pebble-sized clay chips, and silt. 

The fine, well-sorted sand beds are interpreted as aeolian dunes. In addition to the thick sand 

beds, thin sandy beds of fine to medium sand are common in many of the non-lacustrine interbeds. 

These thin sandy beds probably originated from nearby fluvial channels. Fine sand is common in 

some terrace soils proximal to the Big Lost Trough today. The thick sand beds probably represent 

migrating dunes or dune fields. 

Discussion 

Synthesis of the paleoenvironmental record and chronology of the three sedimentary intervals 

discussed above allow for a comparison of local conditions with the global climatic record (Fig. 

12). From a depositional perspective in which lake sediments are interpreted as indicators of 

wetter periods, the three interbeds, which span the time from 2 Ma to the last few hundred 

thousand years, could indicate a general trend toward cooler and drier conditions. This scenario is 

based on the transition from a lacustrine dominated system between 2 Ma and 1.6 Ma to a playa- 

loess-soil dominated system during the last few hundred thousand years. Furthermore, the 

indication of a change across the Pliocene-Pleistocene transition from lakes that were ice-free to 

lakes with ice support a cooling trend, following the overall global Quaternary climate. This 
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finding, if true, is in concert with the record from the North Pacific, which has the interval from 

2.0-1.6 being a relatively warm interval and which is followed by cooling (Sancetta & Silvestri, 

1986). 

The pollen record from the three studied sedimentary interbeds of 2-2A contradicts the 

interpretation of a simple trend of cooling and drying during this time (Thompson, 1991). In the 

“Olduvai Lake” beds, the abundance of steppe vegetation types, Artemisia and Chenopodiineae 

(sagebrush, greasewood, and saltbrush), is much higher than in the lacustrine beds of the playa- 

loess facies in the upper sedimentary interbed (Thompson, 1991). Likewise, Pinus and Picea (pine 

and spruce) are much more abundant in the lacustrine deposits in the upper sedimentary interval 

than in the “Olduvai Lake”. Thus the pollen record indicates that lacustrine deposition during the 

late Pleistocene is associated with cool to cold, moist conditions, whereas, latest Pliocene 

lacustrine deposition occurred during much drier conditions (Thompson, 1991). It is possible that 

late Pleistocene lakes were associated with glacial periods which were cool and relatively moist, 

whereas the late Pliocene lakes were more permanent features, occurring during both glacial and 

interglacial periods. The pollen record in the “Olduvai Lake” may be dominated by vegetation 

species that existed during longer duration interglacial periods. 

In addition to climatic indicators, the evolution of the Snake River Plain hydrologic system needs 

to be considered. During the Pliocene the western Snake River Plain experienced extensive 

lacustrine deposition (Glenns Ferry Formation, Bruneau Formation). The stratigraphy of the 

Glenns Ferry Formation demonstrates a gradual progradation of the eastern lake margin westward 

over the time span from 3.5 Ma to 1.5 Ma (Repenning et al., 1995). This westward lake-margin 

progradation of over 150 miles from Hagerman on the east to Froman Ferry on the west could 

have contributed to a lowering of the groundwater table upstream. By this reasoning, lakes in the 

eastern Snake River Plain, upstream from the Glenns Ferry lake, may have drained as this lake 

moved west and became restricted in size. 

Conclusions 
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1) The three, thick sedimentary interbeds in the upper half of core 2-2A are divided into a lower, 

lacustrine-dominated interval this is late Pliocene and early Pleistocene in age and an upper, late 

Pleistocene sedimentary interbed that is dominated by playa-loess-paleosol deposits with lesser 

amounts of lacustrine strata. 

2) These sedimentary interbeds are dated by a combination of paleomagnetic data, age 

determinations (mostly WAr and 40Ar/39Ar age dates), and physical stratigraphy. A time span of 

1.9 Ma to 1.8 Ma (Olduvai reversal) is assigned to the lacustrine strata at 958-1 148 ft. (“Olduvai 

Lake”). Early Pleistocene lacustrine strata between 850-895 ft. depth contain prominent diamictite 

facies interpreted as the product of ice-rafted sedimentation and are estimated to span the interval 

from 1.7 Ma to 1.6 Ma. 

3 ) .  Strata in the upper sedimentary interbed (113-251 ft. depth) contain textures and structures 

indicative of deposition in aggrading playa systems with significant loess input. Aeolian reworking 

of playa deposits in lunette-like dunes is indicated by abundant granular to coarse sand-sized clay 

clasts in these deposits, characteristic of playa-lunette systems. Most of the deposits in the upper 

sedimentary interbed were affected by weak pedogenic modification. 
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Figure Captions 
Figure 1 Location map of northern INEEL area with core locations, Big Lost River Sinks, 

and the Axial Volcanic Zone (from Geslin et al., in press). 

Figure 2. 

Figure 3. 

Fence diagram with sedimentary interbeds of cores 2 - 2 4  TAN-CH1 & 2 showing 

flow group correlations from Hughes et al. (this volume), and paleomagnetic data 

(D. Champion, unpublished data) and WAr and 40Ar/39Ar age determinations 

(Lanphere et al., 1994; Lanphere unpublished data; McIntosh unpublished data). 

Sedimentary interbed from 958-1 148 f t  (“Olduvai Lake”). Explanation of symbols 

are shown in Figure 4. Fining-upward sequences with sedimentological 

interpretations are indicated by arrows and corresponding text. 

Figure 4. Sedimentary interbed from 850-940 (“Diamictite Lake”). Sequences I through I11 are interpreted as 

representing deposition during glacial (diamicitite layers) and interglacial (laminated strata) probably 

following the -40 ka climate cyclicity of the late Pliocene-early Pleistocene (Raymo, et al., 1990). 

Figure 5 Sedimentary interbeds from 320 ft, to 746 A. Explanation of symbols are shown in Figure 4. 

Figure 6. 

Figure 7 

Figure 8. 

Sedimentary interbeds from 303-410 R. Explanation of symbols are shown in 

Figure 4. 

The upper sedimentary interbed from 113-25 1 R. Explanation of symbols are 

shown in Figure 4. 

Laminated beds and diamictite fabric from “Diamictite Lake” interbed. A) 

Laminated sand, silt and clay from 884 ft. depth of Figure 4. B) Laminated clay 

and silt from 875 A. depth, Figure 4. C) Diamictite with pebble-size basalt clasts 
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interpreted as dropstones (from 870 ft. depth, Figure 4). 

Figure 9. 

Figure 10. 

Figure 11. 

Figure 12. 

Fabric and structures of clay sand and paleosol facies in the upper sedimentary 

interbed. A) Granular-sized, subangular to subrounded silty clay clasts, interpreted 

as lunette dune deposits. (sample 2-2A-EB-14, Fig. 7). B) Close-up of lunette clay 

sand showing coarse silt between granules of clay clasts (same sample as A). C) 

Transition from clay sand texture to ped structure (sample 2-2A-EB-15, Fig. 7). 

D). Ped structure defined by yellow clay coating root traces and cutan surfaces 

(sample 2-2A-EB-16, Fig. 7). 

Photomicrographs of A) primary, massive silty claystone (sample 2-2A-EB-5, Fig. 

7), B) ped structure in A horizon of a paleosol from the upper sedimentary 

interbed (sample 2-2A-EB-15, Fig. 7), and C) ped structure defined by silt 

accumulations between clay lumps (sample 2-2A-EB-6, Fig. 7). 

Photomicrographs of calcium carbonate textures from the paleosol at the base of 

the upper sedimentary interbed (sample 2-2A-EB-1, Fig. 7). A) Carbonate micrite 

precipitate enclosing pebble and sand clasts. B) Mottled texture of displacive 

micrite precipitate (labeled M). Darker areas consist of a mix of siliciclastic clay 

and micrite (labeled D). Bright areas are sparry calcite cement filling root traces 

and other primary soil voids (labeled S) and concentrations of clay (labeled C). 

Composite stratigraphy from core 2-2A and age dates from cores TAN-CHI-2 

compared to marine 6l80 record (from Raymo et al., 1990). 
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Table 1. Description and interpretation of sedimentary and pedogenic lithofacies in interbeds 
from cores 2-2A, TAN-CH1 & 2. 

Litho facies Interpretation Description Examples 

Lacustrine Facies 

Massive to 
Laminated Clays 

Laminated Clays & 
Silts 

lnterbedded 
Massive Sand 

Thinly Bedded 
Sand 8, Silt 

Clays and silty clays, very pale gray, 
very calcareous, mostly massive, 
some laminations. 

Laminated to thinly bedded clays, silty 
clays, pale gray, pale brown, very 
calcareous. 

Bedded, structureless fine to coarse- 
grained sand, some normal grading, 
bioturbation structures common. 

Fine to coarse-grained sand beds, 
interbedded with coarse silts, thin to 
medium bedded. 

Diamictite Massive, pink to pale gray silty clay 
with sand, granules, pebbles, and 
cobbles of basalt and rip-up clasts of 
silty clay. 

Calcareous Paleosol 
Facies 

Fine-grained 
Calcium Carbonate 

Brown Silty-Clay 

Clay Sand Facies 
(Playa-Lunette) 

Clay Sand & Silt 

Mixed Mud and Silt 

Sand 8 Silt Facies 
(Fluvial-Eolian) 

Sorted Sand & Silt 

Coarse Sand with 
Clay Chips 

Lake bottom bioturbated 210-220 ft., 2-2A 
suspension fallout, prodelta 1120-1 140ft., 2-2A 
and distal prodelta 

Prodelta suspension fallout 1094-1 096ft., 2-2A 
a74-a77ft., 2 - 2 ~  

Delta-front, proximal 1030-1 040ft., 2-2A 
prodelta, sediment gravity 
flows 

Delta-Top, distributary 760-766ft., 2-2A 

1050-1 069ft., 2-2A 

channel and interchannel 
deposition 

Lake bottom suspension 860-870ft., 2-2A 
fallout, bioturbated with ice- 
rafted dropstones 

Silty claystone to sandy siltstones with Ck soil horizons of stage I I  

pale gray, open root traces common 
and coated with sparry calcite or 
yellow-brown clay film, admixtures of 
sand and gravel and basalt clasts. 

940ft., 2-2A 
displacive micrite carbonate cement, to Ill development 400ft., 2-2A 
indurated, very pale yellow to very 249ft., 2-2A 
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Task 2 - Addendum 5 

2B. Geological Characterization of the Subsurface in TAN area 
2B.2 Subsurface Sedimentary Research: 
2B.2.2 Studies of subsurface sedimentary interbeds in the Mud Lake sub-basin: 

Late Quaternary Lake Highstands In The Mud Lake And Big Lost Trough Subbasins Of Lake Terreton, 
Idaho. 

Gianniny, Gary L., Department of Geology, Bucknell University, Lewisburg, PA 17837 
Thackray, Glenn D., Department of Geology, Idaho State University, Pocatello, ID 83209 

ABSTRACT 

Surface and subsurface sediments from the basin of Pleistocene Lake Terreton on the northeastern Snake 

hver  Plain indicate at least four episodes of wetter climate during the last 160 ka. Subsurface lacustrine 

sediments were analyzed from three cores (CB-20,21,23) from the Mud Lake sub-basin of Lake Terreton 

and one (2-2A) from the Big Lost Trough sub-basin on the Idaho National Engineering and 

Environmental Laboratory. The chronology of these cores is constrained by thermoluminescence (TL) 

and infrared stimulated luminescence (IRSL) age estimates from lacustrine sediment, amino acid 

racemization age estimates from ostracodes and gastropods, and AMS radiocarbon dating of lacustrine 

gastropods. 

The Mud Lake cores contain evidence of two lake highstands, including laminated lacustrine clays, 

ostracodes, and gastropods. The first highstand occurred between ca. 120 and 160 ka, documented by a 

140 ka amino acid age estimate on ostracodes and by six TL and IRSL age estimates on lacustrine 

sediment, ranging from 130 f 11 ka (TL, core CB-20) to 153 f 13 (TL, core CB-21). Lacustrine 

sediment from a second highstand has yielded TL age estimates of 88 f 7 ka and 90 f 8 ka, and an IRSL 

age estimate of 84 f 7 ka. Surficial deposits in the Mud Lake and Big Lost Trough subbasins of Lake 

Terreton (Bright and Davis, 1982; Forman and Kauhan, 1997; Sherbondy and Gianniny, 1999; this 

report) indicate later lacustrine deposition around 22 and 0.7 ka (radiocarbon dates and amino acid age 

estimates). 



These temporal records of Lake Terreton highstands suggests cool, moist climatic conditions in the eastern Snake 

River Plain region during marine oxygen isotope stage 6, during latter substages of stage 5 or early stage 4, and 

during stages 2 and 1. The records are partly consistent with other paleoclimatic proxy records. 

INTRODUCTION 

Lake level fluctuations are one of the hallmarks of Pleistocene climate change in the western United States. 

Dramatic fluctuations of lake level and extent are well known from the Bonneville and Lahontan basins, as well as 

smaller basins, and those fluctuations have proven to be useful indicators of climatic conditions. In particular, those 

lakes rose and fell in response to changes in the precipitation to evaporation (PE) ratio. Other large lakes grew not 

as a direct response to climatic fluctuations, but as a result of glacier damming (e.g., Lake Missoula), basalt 

damming (e& American Falls Lake, Idaho), drainage diversions (e.g., Lake Thatcher, Idaho), or other processes. 

The eastern Snake River Plain (ESRP) hosted a large lake or lake complex that responded to late Quaternary 

climatic fluctuations. Lake Terreton, first described by Stearns et al. (1939), occupied several hundred square 

kilometers of the northeastern Snake River Plain in the area of Mud Lake and the Big Lost River Trough, the latter 

now occupied by the Idaho National Engineering and Environmental Laboratory (INEEL). While Lake Terreton has 

long been assumed to have fluctuated in response to Pleistocene glacial-interglacial climatic shifts, neither the actual 

record of lake fluctuations nor the underlying climatic linkages have been thoroughly studied. In fact, the lake- 

climate linkages appear to be quite complex. 

Today, the Big Lost Trough subbasin of Lake Terreton fills in response to increased surface water discharge in the 

Big Lost River system (and secondarily the Little Lost kve r  and Birch Creek drainages) (Geslin et al., 1999, in 

press). The Big Lost Trough subbasin is a groundwater recharge area, several hundred meters beneath which flows 

the ESRP aquifer. In contrast, the Mud Lake subbasin is largely a groundwater discharge area (Spinazola, 1994), 

fed only by small surface water drainages, and its fluctuations may be driven in large part by groundwater recharge 

in the northeasternmost ESRP and Yellowstone Plateau. The linkages between lake levels in these two strongly 

contrasting hydrologic zones is likely complex. If these complexities can be elucidated, the lake-level fluctuations 

and their climatic linkages will be important for understanding late Quaternary climatic processes. 
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Beyond their implications for paleoclimatic reconstruction, lake-level fluctuations in the Lake Terreton basin are of 

particular societal interest for three reasons. First, the northern INEEL lies within the Big Lost Trough subbasin. 

Sensitive facilities, such as Test Area North, would be particularly vulnerable to future lake-level fluctuations. 

Second, groundwater is a critical resource to the economic and ecological well being of southern Idaho. 

Understanding the temporal recharge variability, reflected in lake-level fluctuations, may be an important concern 

for the management of this resource. Third, the Mud Lake subbasin is a heavily cultivated portion of the Snake 

River Plain. Lake-level fluctuations-as well as the arid counterpart of dune reactivation-are of great interest to 

this area. 

Lake-level fluctuations and eolian reactivation are not necessarily concerns of the deep glacial past or future. Two 

studies (Bright and Davis, 1982 and Forman and Kaufman, 1997) have cited evidence suggestive of higher-than- 

present water levels in portions of both subbasins during the past millennium. Forman and Kaufman (1997) also 

cited evidence of eolian reactivation during late Holocene time. 

This paper describes a study of lake-level fluctuations spanning the past ca. 160,000 yr in the Mud Lake subbasin of 

Lake Terreton, with proposed linkage to lake-level fluctuations in the Big Lost Trough subbasin. The study is based 

principally upon sediment records in cores retrieved from the western portion of the Mud Lake subbasin, as well as 

from shallow excavations near the center of that subbasin. We suggest correlation, based on chronologic data, of 

sediments from one Mud Lake highstand to lacustrine sediment in core 2-2A from the Big Lost Trough subbasin. 

While this study leaves many questions yet unanswered, it does reveal an outline of lake-level fluctuations in the 

Mud Lake subbasin. Coupled with results of other recent studies, it contributes to an emerging understanding of the 

history of lake-level fluctuations on the ESRP and the climatic linkages thereto. 

Geologic Setting and Previous Investigations 

The ESRP is a broad, elongate, low-relief topographic depression, representing the major single geomorphic feature 

of eastern Idaho. The depression is underlain by a thick (>lo00 m) sequence of Tertiary and Quaternary rhyolitic 

and basaltic volcanic rocks with intercalated terrestrial sediments. While subaerial stratigraphic exposures are rare, 



the surficial geomorphic expression of the sediment-volcanic rock system serve as an analogue for the subsurface 

sequence, which is revealed in numerous drill cores from the INEEL and surrounding areas. 

Sediments and the lake-level fluctuations recorded within have been studied by several workers. Stearns et al. 

( 1939) were the first to describe sediments of Pleistocene Lake Terreton, though only in reconnaissance fashion. 

Spinazola (1 994) compiled water well logs from across the Mud Lake subbasin for the purposes of hydrologic 

assessment. He constructed a cross-section suggesting a sedimentary sequence as much as 150 m (500 ft.) thick 

beneath the center of the basin. Forman and Kaufman (1 997) described a preliminary chronology of Mud Lake 

fluctuations, suggesting that the latePleistocene expansion was underway by ca. 2 1,200 I4C yr BP and reached up to 

10 m above modern lake level, and a lake highstand 2-4 m above modern lake level occurred less than 1000 yr BP. 

In the Big Lost Trough subbasin, Bright and Owens (1982) focussed on the paleoecology of the INEEL, and cited 

evidence suggestive of a lake highstand in the TAN area ca. 700 14C yr BP. More recently, Levish et al. (1999) 

studied in detail the evidence for Holocene lake highstands on the northern INEEL, concluding that the positive 

evidence for a late-Holocene highstand is restricted to a confined playa in the TAN area. 

Surficial sediments on the northern INEEL and surroundings have also been described by Nace et al. (1979, Scott 

(1982), Olsen and Jepperson (1993), Bartholomay and Knoble (1989, Gianniny et al. (1997), and Mark and 

Thackray (1999, this volume). The surfkial sedimentary system has been found to reflect an interaction of fluvial, 

lacustrine, and eolian processes. Modern fluvial input into either subbasin is minimal, feeding only isolated playas 

in the Big Lost Trough subbasin and ca. 20 km2 (8 mi2) Mud Lake. Eolian activity has had a strong effect on 

sedimentation and geomorphic development during various portions of the Holocene-and likely during previous 

relatively warm, dry periods-redistributing sediment originally deposited in fluvial and lacustrine settings. 

Gianniny et al. (1997) described seven distinct sedimentary facies on the northern INEEL (lake floor, playa bottom, 

playa margin, eolian dune, loess, fluvial channel, and fluvial overbank); this facies framework is used here for the 

study of Mud Lake sediments. 
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METHODS AND RESULTS 

Sediments and associated fauna were described in two areas of the Mud Lake subbasin. Cores from three wells, 

drilled for the environmental assessment of the Jefferson County Landfill site, were described in detail and dated via 

thermoluminescence (TL) and amino acid racemization methods. Sediments were also described in pits excavated 

in the North Lake embayment, near the center of the Mud Lake basin. In addition, we use those age estimates to 

suggest correlation of one Mud Lake lacustrine interval with a similar interval in Core 2-2A in the Big Lost Trough. 

Jefferson County Landfill Cores 

Four sediment cores were retrieved near the western edge of the Mud Lake basin (T6N, R33, Section 13) in 1994 by 

Holladay Engineering, Inc. Since their retrieval and analysis for the purposes of landfill placement and design, the 

cores have been housed in the US Geological Survey core facility at the INEEL. We have described the cores in 

detail, in order to examine the evidence for lacustrine highstands. The log of core CB-20 (Fig. 1) is representative of 

the subsurface sequence in this area. 

Sediment data 

Using grain-size and sediment-structure criteria, we have assigned facies designations to the sediments at each level. 

Facies shifts-from sub-wave-base lacustrine to lake margin to fluvial and eolian-appear to record fluctuations of 

the lake margin. It is possible that some of the coarser sediments interpreted as fluvial were actually deposited by 

eolian processes and vice versa. The sediments record three clear lake highstands, each indicated by the presence of 

laminated, clay-rich sediment at ca. 47-52 m, 28-31 m, and 12-18 m depth (157-173 ft., 93-103 ft., and 40-60 ft.) in 

core CB-20. A thin layer of possible lacustrine sediment also lies at ca. 8 m depth. 

Samples of core sediment were taken for the purposes of biotic analysis and TL, and amino acid dating. Because the 

core holes are closely spaced with respect to the breadth of the basin and reveal a similar stratigraphic sequence, we 

consider samples taken from a particular depth in one core to be representative of that depth within our master log of 

core CB-20. 
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Ostracocle species data 

Ostracode species data for the lacustrine intervals indicate well circulated lakes with seasonal variation in salinity. 

Of particular interest is the presence of Cytherissa cf lacustris in CB-20 at a depth of 54-55 ft. that is only known 

from cold boreal forest lakes with water depths > 3m (Delorme, 1970d; Forester, 1991). Data on species and 

environmental tolerances of ostracodes found in cores CB-20, CB-21, and CB-23 are summarized in Table 1. 

Chronologic data 

The chronology of lake highstands is constrained by thermoluminescence (TL, and companion methods) and amino 

acid racemization age estimates. Additionally, the age of basalt flows near the base of the cores is constrained by 

TL and Ar-Ar age estimates, though these methods have produced ambiguous results. 

TL age data are listed in Table 2. Six TL and infrared stimulated luminescence (IRSL) age estimates indicate that 

the lacustrine sediment at 28-3 1 m (93-103 ft.) depth was deposited between ca. 120 and 160 ka. The lacustrine 

sediment at 12-18 in (40-60 ft) depth yielded TL age estimates of 88 f 7 ka and 90 f 8 ka, and an IRSL age 

estimate of 84 f 7 ka. These dates appear to constrain the two major lake highstands to marine oxygen isotope 

stage 6 and to marine oxygen isotope stage 5 or 4. An oxygen isotope stage 6 highstand would be broadly 

correlative with the Little Valley lake cycle in the Bonneville Basin (e.g., Scott et al., 1983). The stage 5/4 

highstand does not have an apparent correlative in the Bonneville Basin. The lacustrine sediment at 8 m (27 ft.) has 

not been dated. 

TL and Ar-Ar age estimates were obtained in order to constrain the age of the basalt near the base of the cores. The 

results are ambiguous. TL dates of 135 f 13 ka, 161 f 13 ka, and >3 13 f 25 ka indicate the age of thermal resetting 

of the TL signal by the overriding basalt flow. The older of the three dates appears anomalous and may inhcate 

incomplete zeroing of the TL signal. None of these TL age estimates can be considered pertinent to the age of the 

lacustrine sediment itself. In contrast to the TL data, Ar-Ar dates generally indicate older ages for the basalt flows. 

Ar-Ar dates of 238 f 102 ka, 341 f 98 ka, and 477 f 36 ka were obtained on samples from CB-20 and CB- 

23. 
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Correlation to the Big Lost Trough 

Correlation of sediments between the Mud Lake and Big Lost Trough subbasins is hampered by a lack of cored 

sediment in the latter basin for much of the time interval represented by the Jefferson County Landfill cores. 

However, the age estimates for lacustrine sediment in the Jefferson County Landfill cores permit limited correlation 

with sediments and associated biota in core 2-2A, located in the Big Lost Trough subbasin of Lake Terreton. D. 

Kaufman and J. Bright (pers. comm., 1998) report the presence of the ostracodes Lirnnocythere friabilis and 

Candona rawsoni in a sediment sample from 43 m (144 ft.) depth in core 2-2A. These taxa, in fine-grained 

sediment that may represent either lacustrine or playa facies, suggest a shallow, seasonally variable lake with the 

core site proximal to the shore (Table 3 ) .  Amino acid racemization data suggest a correlation of these sediments 

with the Little Valley alloformation in the Bonneville Basin. Thus, the ostracodes suggest a correlation with oxygen 

isotope stage 6 and an approximate age of 140 ka. These age estimates suggest a broad correlation with the 

lacustrine sediment in core CB-20 dated with TL to ca. 130-153 ka. Therefore, higher water episodes in the two 

subbasins may have been broadly correlative. 

Excavations in the North Lake Embayment 

Ten pits were dug along a North-South transect across the dry bed of the North Lake Embayment (Fig. 2). Four of 

these pits were dug on swales where the lake sediments are directly exposed. The other six were dug on dune 

surfaces. Sediment characterization methods included analysis of grain size, color, and composition. Mudcracks 

were the only sedimentary structure found. They indicate a period when the lake became desiccated. 

The pits yielded ninety-four sediment samples taken at 10 cm intervals to depths of nearly two meters. Grain size 

analyses were conducted on 57 samples. These data were obtained through sieve and hydrometer analysis. 

Hydrometer analysis was conducted to measure cumulative percent of sediment size to 8 phi. Cumulative percent 

from 9-14 phi (clay sized) was estimated. Thin sections and slabs of the basalts were used to make petrographic 

descriptions. 

Sediments were also sampled for ostracodes and mollusks. Techniques for separating ostracodes were followed 

according to Forester (unpublished USGS report). Once the ostracodes were picked from the remaining sediments 
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in the sieves, they were identified using criteria such as muscle scars, size, shape, ornamentation, and inner wall 

construction. 

Sediment data 

In the North Lake study area 2-4m of sediment overlie a basal basalt from the Bovo Muerte eruptive centers to the 

northeast of the lake. Three main lithofacies are present in the North Lake sedments (Table 4). The lithofacies were 

described in the field, with subsequent lab analyses of grain size and fossil content. Sediment grain sizes ranged 

from clay-sized particles to medium-grained sand while fossils included gastropods and ostracodes. 

Shore-zone sand facies: 

The shore-zone sand facies was deposited on the basalt bedrock. This facies is composed of a nonfossiliferous, 

medium-grained, poorly-sorted, lithic arenite sand. The facies is typically 0.3 -0.4 meters thick. 

Lacustrine clay facies: 

In all of the areas sampled the sand is overlain by a continuous 2 meter thick layer of lacustrine clay (Fig. 3). This 

second lithofacies is a pale yellowish brown lacustrine clay that contains roots with some rootlets protruding to its 

base. Discontinuous matrix-supported basalt clast layers were found within this clay facies. The basalt clast layer is 

10-15 centimeters thick and contains basalt clasts from granule-size up to 8 centimeters in diameter. The lacustrine 

clay facies also contains extensive mudcracks that extend from the clay’s top to depths of 1.75 meters. At the 

surface of the clay layer these mudcracks form polygons with diameters of approximately 0.3 meters. The 

mudcracks are filled with eolian sand from the facies above. In some cases roots from live grasses also follow the 

mudcracks to the base of the clay, but they are most abundant at the boundary with the overlying eolian sand. 

The uppermost part of this clay contains a 10 centimeter thick bioturbated layer containing ostracodes (Candona 

rawsoni, Limnocythere, Limnocythere staplini, and Cypridopsis vidua) and gastropods ( Gyralus, Menetus, and 

Lymnaea ) which were used to obtain amino acid and radiocarbon dates. 

Eolian sand facies: 



The eolian sand facies is well-sorted medium-grained lithic arenite and has a gradational contact with the underlying 

lacustrine clay facies. The eolian sands occur in longitudinal dunes that trend southwest to northeast, parallel to the 

prevailing wind direction (Nace, 1975b). 

Ostracode and gastropod data 

Ostracodes were found to occur in only one of the ten pits. All of the ostracodes analyzed in this study were present 

in the uppermost 10 cm of the continuous 2 meter thick lacustrine clays in pit 4 (Fig. 3). Seventy-five ostracodes 

from four different species in the lakebed where found in these seQments (Table 5). Species abundances were 

dominated by the Lininocythere sp., followed by Candona rawsoni (See Pie chart). Size variation within species 

\vas most apparent in Limnocythere sp. and possibly in Candona rawsoni sp. 

Gastropods collected in this study were Gyralus deflectus, lymnae, valvatus, Pseudosuccinea columella, and 

.lienetus. Lymnae nnd valvatus sp. were used for dating. Age estimates were determined by amino acid 

racemization at the Amino Acid Geochronology Laboratory at Northern Arizona University under the supervision of 

Dr. Darrell Kaufman . The estimated age of the gastropods from the amino acid racemization is 20+/- 5ka. The 

gastropods are currently awaiting radiocarbon dating at the INSTAAR AMs Radiocarbon Research Laboratory. 

These dates constrain the timing of lake level h g h  stands as inferred from sediment facies described in the 

excavations. 

Summary 

This sedimentary sequence suggests an early stage 2 highstand of lake Terreton followed by the as-yet undated fall 

of the lake level, and the subsequent development of the inter-dune system. These age estimates also define a 

maximum age of the longitudmal dune system on this part of the Snake River Plain. 

CONCLUSIONS 

Ostracode species composition and sedimentary facies from the Mud Lake subbasin indicate four to five episodes of 

wetter climate and associated higher recharge during the last 150,000 years. High lake levels (highstands) occurred 

approximately 130-160 ka, 75-98 ka, 22 ka (Forman and Kaufnian, 1997; Sherbondy and Gianniny, 1999, this 
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study), and 0.7 ka (Bright and Davis, 1982, Forman and Kaufman, 1997). The timing of these lake highstands is 

constrained by a range of dating techniques including thermoluminescence (TL) on lacustrine silts, amino acid 

racemization on ostracodes and gastropods, and l4C AMs on gastropods. These results suggest that extensive lake 

development and recharge availability in the northern portion of INEEL is associated with both longer term glacial- 

interglacial cycles (10,000 to 100,000 yr.) and very short term climate changes (i.e. 100-1000 yr.). 

This emerging chronology of Lake Terreton fluctuations can be partly correlated with lake-level records from the 

Bonneville Basin. The ca. 130-160 ka and ca. 22 ka high water episodes are broadly correlative with the Little 

Valley and Bonneville lake cycles in the Bonneville Basin. These correlations suggest that Lake Terreton responded 

to broad, regional controls. On the other hand, the ca. 75-98 ka highstand has no known counterpart in the 

Bonneville Basin, and may reflect more local climatic controls. 

These findings suggest that the Lake Terreton basin holds rich records of late Quaternary climatic variations. If lake 

fluctuations and other climatically influenced processes are to be understood in this area, additional work is 

necessary. The findings to date suggest that continued attention be paid to both subbasins of Lake Terreton, and that 

additional coring and core analysis is warranted. 
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Table 1 : Taxa, environmental occurrences, valve size, and sample location for ostracodes recovered from cores from 
Wells CB-20, CB-22, and CB-23. Species identifications by Delda Findeisen and Gary Gianniny except those 
identified by Jordon Bright at Utah State University that are marked by an asterisk. 

Candona bretzi Staph ,  1963 
Occurrence: Previous studies by Delorme (1970) have found them in Pleistocene sediments of the Yukon 
(Delorme, 1970~).  
Previously reported adult dimensions 

length: 0.73-0.94 mm (Delorme, 1970~). 
height: 0.36-0.54 mm (Delorme, 1970~).  

Collected instars from CB cores 
length: 0.54-0.67 mm 
height: 0.28-0.35 mm 

Samples in CB cores (depth in feet) 
CB-20: 60.5 

Candona caudata Kaufmann, 1900 
Occurrence: "Canals. lakes, ponds, among grass and weeds. June. Ill., Mass., Wash., Mont." (Tressler, Freshwater 
Biology: p. 686). "..commonly occurs in streams and considerable depth in lakes. On the Canadian Prairies the 
species is concentrated along the southern edge of the boreal forest and in the mixed woods zone as well as along the 
Rocky Mountain foothills and the Cypress Hills. "Worldwide distribution" (Delorme, 1970~). 
Previously reported adult dimensions 

length: 1.13-1.34 mm (Tressler, 1959); 1.19-1.32 mm (Delonne, 1970~). 
height: 0.51-0.63 mm (Tressler, 1959); 0.54-0.66 mm (Delorme, 1970~). 

Collected instar from CB core (n=1) 
length: 0.85 mm 
height: 0.40 mm 

Samples in CB cores (depth in feet) 
CB-20: 159.6 

Candona elliptica Furtos, 1933 
Occurrence: "Muddy, weedy bottoms of lakes and ponds" (Tressler: p. 680) 

'I.. .occurs rarely in the southeastern portion of the Canadian Prairies. Restricted to North 
America"(Delorme, 1970~). 

Previously reported adult dimensions 
length: 0.78-0.90 mm (Tressler, 1959); 0.97-1.07 mm (Delorme, 1970c) 
height: 0.35-0.37 mm (Tressler, 1959); 0.46-0.48 mm (Delorme, 1970c) 

length: 0.58-0.72 mm 
height: 0.29-0.48 mm 

Collected tests from CB cores 

Samples in CB cores (depth in feet) 
CB-20: 40.5, 53.0-54.0, 60.5?, 159.6* 
CB-21: 154.0 
CB-23: 40.5 

Candona ohioensis Furtos, 1933 
Occurrence: "Weedy margins of lakes. Nov. Ohio" (Tressler: p.678). 

"..occurs most commonly in the mixed-woods zone and southern fringes of the boreal 
Canadian Prairies, in lakes. North American distribution"(Delorme, 1970~). 

length: 1.78-2.00 mm (Tressler, 1959); 1.65-2.00 mm (Delorme, 1970c) 
height: 0.82-0.88 mm (Tressler, 1959); 0.76-0.96 mm (Delorme, 1970c) 

length: 0.55 mm 
height: 0.25 mm (n=l) 

Samples in CB cores (depth in feet) 

forest of the 

Previously reported adult dimensions 

Collected instar from CB core 

CB-21: 154.0 
CB-23: 53.0, 162.5 



Candona rawsovii Tressler, 1959 
Occurrence: "..commonly occurs in permanent and ephemeral freshwater and saline lakes and ponds on the prairies 
and forest-prairies transition in the United States and Canada.. . .It does not live in freshwater lakes having little 
seasonal salinity variation" (Forester, R.M., et al., 1987: p.268) ."... occurs commonly throughout the Canadian 
Prairies in both permanent and temporary bodies of water. Distribution Holarctic" (Delorme, 1970~).  
Previously reported adult dimensions 

length: 1.09-1.49 mm (Delorme, 1970c) 
height: 0.59-0.84 mm (Delorme, 1970c) 

length: 0.62-1.10 mm 
height: 0.34-0.60 mm 

Collected tests from CB cores 

Samples in CB cores (depth in feet) 
CB-20: 40.5, 43.3*, 60.5*, 108.0* 
CB-23: 40.5, 53.0, 162.5 

Cytherissa cf lacustris (Sars), 1863 
Occurrence: "...common in deep lakes (greater than 10 ft or 3 m) in the boreal forests of Canada'' (Delorme, 
197Od).". . .lives in dilute, cold, stenotopic, boreal forest lakes" (Forester, 199 l), 20°>water temperature<?l5OC 
(Forester, 1991) 
Previously reported adult dimensions 

length: 0.87-0.96 mm (Delorme, 1970d) 
height: 0.48- 0.59 mm (Delorme, 1970d) 

Collected instars from CB cores 
length: 0.385-0.67 mm 
height: 0.41 mm 

Samples in CB cores (depth in feet) 
CB-20: 54.0-55.5 
CB-23: 53.0 

Eucypris serrata (Muller), 1900 
Occurrence: "This species is restricted [in Canada?] to the southern portion of the interior plains, particularly near 
the Alberta-Saskatchewan boundary 'I (Delorme, 1970a). 
Previously reported adult dimensions 

length: 1.68-1.98 mm (Delorme, 1970a 
height: 0.93-1.12 mm (Delorme, 1970a) 

Collected test from CB core 
length: 1.925 mm 
height: 1.025 mm 

Samples in CB cores (depth in feet) 
CB-23: 40.5 

Limnocytherefriabilis Benson and MacDonald, 1963 
Occurrence: "...has only been encountered occasionally in lakes in the interior plains [of 

Canada?]" (Delorme, 1971). 
Previously reported adult dimensions 

length: 0.48-0.66 mm (Delorme, 1971) 
height: 0.23-0.31 mm (Delorme, 1971) 

length: 0.44 mm 
height: 0.22 mm (n=l) 

Samples in CB cores (depth in feet) 

Collected test from CB core 

CB-20: 53.0-54.0, 54.0-55.5, 60.5, 60.5* 
CB-21: 50.5 
CB-23: 53.0- 

Limnocythere sp. 
Samples in CB cores (depth in feet). CB-20: 43.4 * 
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Table 3: Results of amino acid racemization analyses on Candona rawsoni from Well 2-2A, 114.4', Big Lost 
Trough sub-basin of Lake Terreton, SE Idaho, compared to data from the Bonneville basin Candona spp. Analyses 
performed by Darrel Kaufman at Utah State University. 

Unit 
Glutamic acid 

(Dk)  

Lake Terreton basin, 2-2.4; 144.4' 
UAL-2455A 
UAL-2455B 
UAL-2455D 
UAL-2455E 

Average 

Bonneville basin 
Bonneville 
Little Valley 
Lava Creek 

12-20 
140 
660 

0.439 
0.430 
0.413 
0.432 

0.43h 0.01 

0.26 
0.42 
0.55 

0.249 
0.232 
0.230 
0.216 

0.23 k 0.01 

0.07 
0.19 
0.40+ 0.05 
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Table 5. Ostracodes present in North Lake sediments 

3stracodes 
present 
Candona 
mwsoni 

Limnocythere 

Limnocythere 
staplin i 

Cypriopsis 
vidua 

- 
# 

24 
- 

41 

2 

8 

- 
% 

32 
- 

55 

3 

10 

- 

Occurrence 

Candona rawsoni occurs in permanent ephemeral freshwater and saline 
lakes and ponds on the prairies and forest-prairie transition in the U S .  
and Canada. Seasonal Variability in chemistry and salinity often large 
(Forester et al. 1987). 

Limnocythere lives mostly in saline lakes that exhibit seasonal variability 
in temperature and chemistry (Forester et al. 1987). 

Limnocythere staplini typically lives in carbonate depleted saline waters 
where high Cl- dominated salinity serves as a barrier. The two found had 
ornate tests which may imply a complex ecosystem within a geologically 
stable lake (Forester et al. 1987). 

Cypridopsis vidua lives in marshy, relatively warm areas containing fresh 
to saline water. Seasonal variability of both chemistry and temperature is 
often large (Forester, 1991). 
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Task 2 - Addendum 6 
2C. Geological Characterization of the Surficial Deposits in TAN area 
2. C. I Studies of surface volcanic units 

2. C. I .  2 Provide detailed petrographic, geochemical (major and trace element), isotopic (3-Nd), 
geochronologic and paleomagnetic data on surficial basalt flow units and eruptive centers near TAN that 
will compliment and constrain the subsurface petrographic and geochemical characterization of basalt 
flow units in Task 2.2.1.2 and 2. C. 2.1.3. 

Physical Volcanology and Petrologic Evolution of Circular Butte Volcano, 
East of Test Area North, INEEL 

Casper, Jason L., Hughes, Scott S., Department of Geology, Idaho State University, Pocatello, Idaho 83209- 
8072; and Geist, Dennis J., Dept. of Geology and Geological Engineering, University of Idaho, Moscow, 
Idaho 83844-3022 

ABSTRACT 

Circular Butte volcano is a 1.2 Ma, mostly loess-covered, basaltic shield located east of Test Area North, just inside 
the boundary of the Idaho National Engineering and Environmental Laboratory (INEEL). Field geology, petrology 
and geochemistry is used to interpret magmatic sources, volcanic evolution and stratigraphy, and the influence of the 
shield on stratigraphy beneath the northern part of INEEL. Tumuli, small lava tubes and cyclic textural variations 
indicate an inflationary emplacement mechanism similar to that suggested for other olivine tholeiite basalts on the 
eastern Snake River Plain. Circular Butte lavas are lithologically distinct from other basalts due to the presence of 
notably large (-1.5 cm) plagoclase phenocrysts set in a coarse (1-2 mm) diktytaxitic groundmass. Major and trace 
element trends do not support significant crystal fractionation, but -2X variation in trace elements require variable 
amounts of source partial melting and possibly post eruptive vapor-phase transport during late-stage cooling. 
Geochemical trends in lavas associated with Circular Butte indicate at least two separate magma batches derived 
from an evolved parental source. Incompatible vs. compatible element signatures, relative to those of other basalts in 
the area, record multiple Pleistocene magma sources in the region, thus allowing geochemical distinction of flow 
groups in INEEL coreholes. Distal representatives of Circular Butte lavas sampled in coreholes GIN-5, TCH-1, and 
TCH-2 at Test Area North, but not found in other INEEL coreholes, establish the approximate western limit of the 
volcanic field. 

INTRODUCTION 

The primary goal of this study is to determine the volcanic history of Circular Butte, by 
examining its petrology and volcanology. Circular Butte is a 1.2 Ma (Kuntz and others, 1994) 
olivine tholeiite, basaltic shield volcano located on the northeastern part of the Snake River 
Plain, within the Idaho National Engineering and Environmental Laboratories (INEEL) 
boundaries, just east of the Test Area North (TAN)(Figures 1,2). A secondary goal of this 
project is to relate the petrology of Circular Butte and other shield volcanoes in the study area to 
core samples from TAN, thus, providing a basic model for the subsurface stratigraphy of the 
Circular Butte - TAN area and an approach for hrther research. Ultimately, this study will 
provide more information about Pleistocene volcanism on the eastern Snake River Plain (ESRP). 

researchers (Hughes and others, 1997; Hackett and Smith, 1992; Kuntz and others, 1992; Kuntz, 
Pleistocene and Holocene volcanic centers have been studied in detail by many 
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1992; Greeley, 1982; Leeman 1982a; Leeman, 1982b; Greeley, 1977; Leeman and Vitaliano, 
1976; Leeman and others 1976; Armstrong and others, 1975; Leeman, 1974; Champion, 1973; 
etc.). However, the lack of well-exposed Pleistocene basaltic buttes on the Snake River Plain has 
made it difficult to compile a complete record of this early basaltic volcanism. Accumulation 
and eruption rates for ESRP basalt volcanic centers have been erroneously based on more 
frequently studied Holocene volcanic events. Considering the fact that the Snake River Plain is 
covered by a 1-2 km thick veneer of basalt (Kuntz and others, 1992), an eruptive history for the 
plain based only on the last 15,000 years is likely an oversimplification. 

Rational for this Study 
Recent researchers (Hughes and others, 1997; Reed and others, 1997; Knobel and others, 

1995) have begun to unravel the basaltic history of the ESRP by correlating corehole samples 
geochemically. Other researchers have made attempts to correlate corehole data through 
geophysics (Anderson and Liszewski, 1997; Anderson and others, 1996; Anderson and Bowers, 
1995; Anderson and Bartholomay, 1995; Morin and others, 1992; Anderson, 1991; Bartholomay, 
1990; Anderson and Lewis, 1989) using logs from neutron, gamma-gamma, natural gamma, and 
caliper surveys. Stratigraphic correlations in the subsurface have also been made using 
petrography and paleomagnetism (Anderson and others, 1997; Lanphere and others 1994; 
Lanphere and others, 1993; Kuntz and others, 1980). Inconsistencies between these data sets 
have limited their comparisons; however, these disagreements must be addressed in order to 
establish an overall model for the subsurface stratigraphy. In addition, further research, 
including this study, will provide essential information to help identify the stratigraphy of the 
subsurface near TAN. With this better understanding of the subsurface stratigraphy and the 
volcanic history of the study area, the local hydrologic characteristics can be more clearly 
defined. 

Several studies (Champion and others, 1988; Kuntz and others, 1992; Leeman, 1982b) indicate the 
necessity for further investigation of individual eruptive centers in order to develop a better volcanic model for the 
entire ESRP. Comparing the volcanology and petrology of old and young eruptive centers on the ESRP will help 
define cooling histories, source geochemistry, evolutionary trends in the basalts, and crustal residence times. 
Moreover, other issues, such as aquifer contaminant transport, can be better understood with more knowledge of the 
eruptive mechanisms and volcanic hstory of ESRP basalts which will provide a more realistic picture of aqwfer 
characteristics and plume transport (Hughes and others, 1997). In addition, subsurface correlations based on 
geochemistry of the basalts will define the large-scale stratigraphy in the TAN area and thus how the ground water 
and contaminates flow through the aquifer in a broader scale. 

Scope of this Study 
The focus of this study is to determine the volcanic history of Circular Butte using volcanology, 

geochemistry, and petrography. The volcanic history initiates a better understanding, in general terms, of the 
magmatic source geochemistry, the processes that occurred as magma moved towards the surface, and the basalt 
morphology and geochemistry once it erupted on to the surface. In addition, it is important to determine how 
Circular Butte relates to other buttes in the area. These relations are determined by mapping flow lobes, and 
comparing samples from Circular Butte with samples from other volcanic shields in the area and TAN cores holes 
(Figure 2). 

Circular Butte basalts have a distinct textural difference that will also be addressed in this study. Young 
Holocene basalts, regardless of local variation, have remarkably similar overall chemistry, mineralogy, and texture. 
A typical Snake River Plain tholeiitic basalt is vesicular and has a well-developed, coarse, diktytaxitic macroscopic 
texture (Leeman, 1982a). The most abundant phenocryst phases are plagioclase and olivine, which together can 
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make up as much as 30 percent of the basalt. Circular Butte basalts contain as much as 20 percent plagioclase laths 
up to 1.6 cm in length, making them distinct from basalts found at many other shield volcanoes on the ESRP 
(Lanphere and others, 1994). The Holocene age basalts. which make up the majority of the ESRP, do not typically 
have plagioclase laths as large as this. Thus, the texture of these Circular Butte basalts may indicate a distinct 
petrologic history. 

The overall understanding of Circular Butte and the TAN area will provide insight into the volcanic 
evolution of the ESRP. Scientists working on the SRP will be better equipped to describe volcanic activity on the 
plain and hydrologic condition in the Snake River Plain aquifer. 

SNAKE RIVER PLAIN GEOLOGIC SETTING 

The Snake River Plain is a large arcuate topographic depression covering 40,400 km2 in southern Idaho, 
extending southeast from Payette to Twin Falls, then northeast to Ashton (Figure 2). Drained by the Snake River 
and its tributaries, the 50 to 100 km-wide arcuate basin is 550 km long and rises from an elevation of 700 m (2300 
ft) near Payette to a height of 2,000 m (6,600 ft) near Ashton (Kuntz, 1992). Near Twin Falls, the Snake Rwer Plain 
is partitioned into eastern and western halves that are structurally, hydrologically, and lithologically distinct. The 
western Snake River Plain (WSRP) is bounded by normal faults that trend subparallel to the Basin and Range 
normal faults. The WSRP is filled with 1.7 km of Tertiary and Quaternaly sedimentary fill, older silicic volcanics, 
and basalt (Malde and Powes, 1962; Malde, 1991). The eastern Snake River Plain (ESRP) is a topographc basin 
that transects Basin and Range faulting. The ESRP is largely filled with 1-2 km of Quaternary basalt containing thin 
sedimentary interbeds and covering older Miocene-Pliocene silicic volcanics (Hackett and Smith, 1992). Figure 3 
illustrates a schematic cross-section of the subsurface of the ESRP. 

The ESRP is bounded by the Basin and Range province to the north and south, and the Yellowstone plateau 
to the northeast. Mountains north of the ESRP consist of Paleozoic to Mesozoic age sedimentary rocks, Tertiary 
intrusive granitic rocks, and Eocene volcanic rocks. Mountain ranges south of the ESRP have Proterozoic to early 
Mesozoic age sedimentary units, and minor bimodal late Tertiary volcanic deposits (Link and others, 1988). 
Quaternary rhyolitic and basaltic rocks are present both south and north of the plain and in the active Yellowstone 
plateau (Kuntz, 1992). Precambrian through Mesozoic rocks found in the adjacent mountain ranges are absent from 
the ESRP (Pierce and Morgan, 1992). 

The surface of the ESRP is made up of fissure-erupted basalts which are variably 
obscured by sediments. Vents and fissures representing crustal extension line up sub-parallel to 
the Basin-and-Range faulting. Although extension of the Basin-and-Range province is 
accomplished by movement along multiple range-bounding normal faults, extension on the 
ESRP is most likely taken up by numerous dike injections (Hackett and Smith, 1992). 

High magnetic intensity, high heat flow, and low seismicity relative to the surrounding Basin-and-Range 
province characterize the ESRP. Detailed gravity mapping shows a regional crustal thinning of the Basin-and- 
Range province and the ESRP. However, seismic profiles indicate the crust beneath the ESRP is thicker than that 
beneath the flanking Basin-and-Range province (Mabey, 1982). This greater thickness may be due to a relatively 
dense anomalous intermediate layer in the midsection of the crust (Sparlin and others, 1982). 

A dense mid-crustal intrusion emplaced approximately 10 Ma, and later dikes and sills, 
provided a heat source for the volcanism that has taken place on the ESRP. This same intrusion 
may have increased the density of the ESRP crust, causing subsidence relative to the surrounding 
Basin-and-Range crust (Sparlin and others, 1982). Other mechanisms for the subsidence of the 
ESRP include: 1) thermal contraction as the passed North American plate over the Yellowstone 
hotspot, and 2) loading with volcanic rocks and sediments. Flexure along the plain supports 
subsidence by as much as 4.5 to 8.5 km relative to the Basin-and-Range over the past 10 Ma 
years (McQuarrie and Rodgers, 1998; McQuarrie, 1997). Saltzer and Humphreys (1 997) 
describe a deep, narrow, low velocity region centered below the ESRP using seismic 
tomography . 
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Pierce and Morgan (1992), and Smith and Braile (1995) summarized the five main 
models that have been proposed for the formation of the Snake River Plain: 
1. 

2. 
3. 

4. 

The ESRP is an eastward propagating rift in the lithosphere, which reduced pressure and caused melting of the 
asthenosphere (Myers and Hamilton, 1964, Hamilton, 1987); 
Volcanism occurred along a preexisting crustal flaw (Eaton and others, 1975); 
The ESRP is located along a right-lateral transform fault between the northern and southern portions of the 
Basin-and-Range (Christiansen and McKee, 1978); 
A meteorite impact caused the eruption of large volumes of flood basalts on the ESRP (Alt and others, 1988, 
1990); 

5 .  ESRP is the surface expression of the passage of the North American plate over a stationary thermal mantle 
plume (Leeman, 1982a, Armstrong and others, 1975; Morgan, 1972, 1981; Smith and Sbar, 1974; Rodgers and 
others, 1990; Malde, 1991; Draper, 1991; Pierce and Morgan 1992). 

The most widely accepted model for the formation of the ESRP is the thermal mantle plume hypothesis (# 5). A 
combination of time-transgressive silicic volcanism from northern Nevada to Yellowstone along the ESRP, seismic 
activity dispersion around the plain (Figure 4), changes in late Tertiary stream drainage directions, and the presence 
of a geode dome beneath the center of Yellowstone all are interpreted as evidence that the SRP is the track of a 
thermal mantle plume (Pierce and Morgan, 1992; Anders and Sleep, 1992). 

Basaltic Volcanism 

fissure flows, and major tube fed flows (Greeley, 1977 and 1982, Champion, 1973). Shields and cones were 
produced by sustained fissure eruptions that became more localized with time. Growth of shield volcanoes on the 
ESRP often involved the formation of a summit lava lake, which filled and drained in a piston-like fashion, 
occasionally breaching the vent and draining onto the flanks of the shield. Shields are mostly composed of large 
tube-fed pahoehoe lava flows with near vent flows made of shelly or slab pahoehoe (Kuntz and others, 1992). The 
surface flows are extremely irregular as observed on fresh Holocene flows at Hells Half Acre and Wapi lava fields. 
The irregularities in these flow surfaces are the result of a complex combination of tubes, channels, tumuli, collapse 
depressions and other related features (Figure S)(Hughes, 1997). 

Compound lava flows are made up several flow units. Flow units are individual lobes of lava formed during the 
same eruption period over a short period of time. Contrary to compound lava flows which are thought to be the 
product of low effusion rates (Walker, 1972), simple lava flows result from one continuous gush of lava and are 
typically associated with higher effusion rates. The most prevalent types of flows on the ESRP are compound lava 
flows (Greeley, 1982). Table 1 provides a complete description of ESRP lava flow scale terminology. 

The ESRP represents basaltic plains volcanism, which is the result of the accumulation of shield volcanoes, 

Basaltic eruptions on the ESRP produce both simple and compound lava flows (Kuntz and others, 1992). 

Many of the largest shield volcanoes are located near the plain axis where, as suggested by Kuntz and 
others (1992) magma generation is highest. Individual shield volcanoes on the ESRP cover areas up to 400 km2, 
have volumes of 1 to 7 km3 averaging 5 km3 and may have spread as much as 35 km from their vents (Kuntz, 1992). 
Shield-forming events lasted on the order of months. Based on these figures, Kuntz and others (1992) calculated 
that there must be nearly 8000 shields in the ESRP, assuming that eruption rate was constant and that the recurrence 
interval of shield forming events was every 1000 years. Kuntz (1992) concludes that the ESRP basalts are composed 
at least 95% coalescent shield volcanoes. 
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Table 1. Definitions of the lava flow terminology after Welhan and others, 1997. 

Lava Flow 
Element 

Flow Unit 

Compound Lava 
flow 

Flow Group 

Super Group 

Composite 
Group 

Internal subdivisions of flow units based on texture, porosity and permeability. 

Represents Single “gush’ of lava during the same part of an eruptive sequence 
(Greeley, 1982). Basic mappable lithologic unit, divisible by chilled flow margins 
(Welhan and others, 1997). 

A group of flow units from the same eruptive center but showing a significant break 
in texture. The flows issue from a single vent, but have a distinct break (Walker, 
1972). 

A single lava field, groups of flow units. For example, all the lavas erupted from 
Hells Half Acre lava field would make one flow group. 

Describes the lateral and vertical aggregate of lava flow groups on a regional scale 
that may have originated from several different vents of similar age. For example, the 
map units Qbe and Qbc from Kuntz and others (1994). 

Anderson’s regional subsurface stratigraphic groupings based on natural gamma logs, 
measured paleomagnetism, and radiometric ages and petrography (Anderson 199 1, 
Anderson and others 1996). 

Cinder-cone forming eruptions on the ESRP are smaller and shorter lived than shield forming ones. 
Cinder-cones cover areas 1 to 50 km2, have volumes of 0.05 to 2 km3 and likely formed from sustained eruptions 
lasting on the order of weeks (Kuntz, 1992). Cinder-cones often form as secondary features to the main shield- 
building events and they precede the major shield-building episode. 

The volumetric contribution of fissure eruption features is minimal because they represent the first stage in 
shield-building eruptions on the plain. A fissure forms with small eruptions taking place all along its length. As the 
small eruptions progress, they dam the eruptive paths for the lava until the majority of the fissure system shuts 
down. A shield then begins to form at a single location on the fissure covering up the initial fissure-fed lava. The 
association of Wapi lava field with the Kings Bowl fissure system is an excellent example of this type of volcanic 
building process (Greeley, 1973). 

surface water, but may be present in relatively high SiO, systems. Hydrovolcanic deposits are present throughout 
the SRP and are mostly associated with the Snake River; however, some occur near shallow lakes, such as the 
phreatomagmatic volcanic deposits near Mud Lake (Womer and others, 1982). At several locations on the ESW, 
basalt poured into channels of the Snake River forming large basalt pillow lava dams (Malde, 1971; Malde, 1962). 

profound implication for the water flowing through the volcanic sequence (Figures 5 & 6). As younger lavas and 
sediments bury the initial flow, these features become the controlling factor for the ground water flow. These same 
features control the distribution of sediments, which become aquicludes once they are below the water table 
(Hughes, 1997). 

Other major volcanic features on the plain include tephra deposits, which are usually associated with near 

The combination of extensive flow distances, irregular flow surfaces, fissures, dikes, and sills have a 
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Petrography 
Basalt on the ESRP is typically olivine tholeiitic in composition, with the exception of minor evolved latitic 

compositions at Craters of the Moon, Cedar Butte, and other locations (Hughes and others, 1997; Leeman 1982c; 
Kuntz and others, 1982, 1986, 1992). Tholeiitic basalts of the ESRP generally contain olivine ( F o ~ ~ - ~ ~ ) ,  
clinopyroxene (augite to ferroaugite), plagioclase (An70.50), titanomagnetite, ilmenite, apatite and brown glass. Most 
of the basalts sampled from the plain have a coarse intergranular texture with olivine and plagioclase phenocrysts 
ranging from .5 to 3mm. Other basalts on the ESRP are sub-ophitic to ophitic intergranular and diktytaxitic. The 
average olivine tholeiite on the plain shows little variation in chemical composition and has a fairly uniform texture. 

rocks contain seriate microphenocrysts and microlites of olivine ( F o ~ ~ . ~ ~ ) ,  Plagioclase (An25.60), clinopyroxene, 
titanomagnetite, ilmenite, and apatite. The groundmass of these basalts is typically opaque because of finely 
disseminated titanomagnetites. The evolved rocks typically show disequilibrium textures with resorbed crystal 
boundaries. Pumice and rhyolitic fragments, along with plutonic and metamorphic xenoliths ranging in size from 1 
mm to 0.5 m in diameter are found in many of the evolved basalts (Leeman and others, 1976). These xenoliths 
make up a very small percentage of the total volume of the flows. 

Evolved ferrobasalts of the ESRP are typically hypocrystalline with crystals greater than Smm. These 

Major and Trace Element Compositions 

basalt, represented by younger volcanic fields is undifferentiated, uncontaminated olivine tholeiite basalt. A 
fractionated latitic variant of basalt is represented by COM rocks, which have a SiOz ranging 44 to 54%. Craters of 
the Moon lavas have very few disequilibrium textures, and their chemistry can be accounted for mostly by crystal 
fractionation. The third type is also observed at the Craters of the Moon and is referred to as the contaminated type 
basalt. These rocks have a SiOz ranging from 49 to 64% and commonly have visible inclusions of rhyolitic pumice 
and gneissic granulite (Leeman, 1982a). 

Three types of basalt characterize the ESRP (Leeman 1982a). The Snake River Plain Type (SRPT) of 

In general, the tholeiitic basalts of the ESRP fall into a very narrow range of major and trace element 
geochemistry. Petrochemical and experimental studies suggest that the SRPT olivine basalts are derived by partial 
melting of spinel lherzolite in the mantle at depths of 40 to 60 km with little fractionation occurring before or during 
eruption (Leeman, 1974). Partial melt of mantle source rocks at various depths and the fractionation of olivine and 
plagioclase account for minor variations in SRPT basaltic magmas. 

Evolved basalts on the ESRP exhibit a wide range in major and trace element geochemistry. Fractionation 
of olivine, plagioclase, clinopyroxene, and Fe/Ti oxides along with possible crustal contamination, are dominant 
factors controlling the chemistry of the more evolved basalts on the ESRP. 

METHODS OF INVESTIGATION 

Field Methods 

Sampling Methods 

Butte and TAN study area (Figure l), and INEEL coreholes around TAN and Circular Butte. Surface samples were 
designated by initials (JC or JLC), followed by one or two letters that represent the butte and associated flows (e.g. 
CB for Circular Butte), plus a reference number. Buttes that were previously unnamed were assigned a letter and 
corehole samples were labeled according to well name and depth (e.g. TCH-1 - 24). 

Rock samples were collected from three locations: Circular Butte, ot-.zr volcanic buttes in the Circular 

Surface samples were collected using a sledgehammer (7.2 or 1.3 kg) to remove weathered rind and to 
crush the rocks into clean rock chips of manageable sizes (5  to 10 cm) for petrologic preparation and hand samples. 
Outcrops were described, numbered, located on a map and by GPS and photographed to keep a detailed record of 
each location. Field descriptions included flow direction characteristics; thickness and width of flow lobes; 
phenocryst type, abundance, and orientation; and any other distinctive characteristics of the outcrop. 
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Cores were sampled using a 3 kg sledgehammer to remove 10-20 cm sections of core, which were then 
logged and documented according to distinct mineralogy or physical characteristics. A preliminary description of 
each sample (mainly of rock color, texture and general mineralogy) was also documented. 

petrologic comparison. Sites were selected according to proximity to Circular Butte, possible vent location, outcrop 
exposure, and accessibility. Outcrops located near vents and flow margins were sampled for each butte, if possible. 
Sampling was done mostly at or near the surface of the flows due to a lack of crosscutting exposures. Loess, sand, 
or other basalt flows obscure many lava flow surfaces leaving only the vent areas exposed for sampling. 

unaltered massive interiors. Cores were logged and samples were described based on mineralogy, color, 
vesiculation, and distinct characteristics. 

Samples from buttes and their associated flows near Circular Butte and TAN were collected for regional 

Major flow units in all available cores from TAN and Circular Butte areas were sampled within their 

Circular Butte samples were collected from around the vent, within sections of overlapping lobes, and in 
the most distal regions of each exposed flow. Sample locations were selected based on the availability of exposures 
and locations relative to each other. 

Field Mapping 

Circular Butte flows were mapped using 1:24,000 aerial photos and topographic maps. Much of the 
mapping was based on topographically high ridges with rare scattered outcrops of basalt. Mapping using a Trimble 
GPS receiver was performed to acquire map data in areas that are smaller than the mappable scale on the normal 
1 :24,000 maps. Distal margins of the Circular Butte lava field were interpreted mainly by a change in vegetation, 
furthest exposures of basalt, and topography. 

measurements, GPS control points, and sample locations. These features were located and mapped out using the 
Trimble GPS. The GPS data was downloaded at the ISU Geology Department’s GIS laboratory and differentially 
corrected against the base station at the INEEL. 

Mapped features included vertical exposures of basalt, distinct lobe boundaries, field flow direction 

Laboratory Procedures 
Rock Descriptions 

Hand-samples were described using a Unitron No. 10670 1 binocular microscope and 10X-hand lens. 
Samples ranged from 1 to 10 kg and were described in terms of color, groundmass, mineralogy, and texture. 
Phenocrysts were described in terms of mineralogy, volume percentage in the rock, orientation relative to one 
another, and size. 

Thin-sections were described using a Nikon LABOPHOT-POL petrographic microscope. Each tlun- 
section was evaluated in terms of crystallinity, granularity, mutual relationships of grains, mineralogy, and texture. 
Phenocrysts were described in terms of volume percentage of the rock, morphology (euhedral, subhedral, anhedral), 
integrity, size, distinctive characteristics, and texture. Observations that would suggest emplacement conditions, 
such as inclusions in phenocrysts, vesicle boring, and alteration rinds, were also noted. Groundmass was described 
in terms of crystallinity, overall mineralogy, and texture. Photographs were taken of representative and distinctive 
textures and mineral assemblages. 

Preparation for Geochemical Analysis 

Ideally, most of the weathering and contaminant sources were removed in the field. Weathered surfaces and lichens 
were removed in the laboratory using a 1-kg sledgehammer and 3-cm thick by 40-cm diameter steel plate, which 
was cleaned using a wire brush and an air hose to loosen and remove any stray bits of sample that were previously 
prepared. A small fragment of the sample was initially crushed to “precontaminate” the cleaned plate. After 
precontaminating the plate, the excess powder was removed and the remainder of the sample placed on the plate and 
crushed. 

Geochemical preparation involved removal of contaminants and reduction of the samples to a powder. 
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Two variations of the above procedure were used on all surface samples to geochemically evaluate the 
amount of caliche contaminant in the basalt. These two procedures are as follows: 
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.\4ethod J 

Caliche as vesicle-filling was removed by hand when possible, but most of it could not be reasonably 
removed by hand. The samples were then crushed down to approximately 8-mm gravel whtch was then 
recovered with a clean brush and a 30 ml aliquot was taken to the wet geochemistry laboratory. It was then 
subjected to two 1/2 hour baths of 7% nitric acid in an ultrasonic cleaner. This step removed any remaining 
caliche and calcite in the sample. Clay-sized material was decanted off, dried, and saved for possible future 
study After the acid cleansing, the sample was rinsed three times in deionized water to remove remaining 
acid and to wash out any remaining clay-sized material. The cleaned samples were then dried overnight in 
an oven at 90°C to drive of the remaining water. Dried material was pulverized in the alumna-plate 
shatterbox, which took from 8 to 15 minutes, depending on the total amount of sample, the size of the chips 
and the competency of the rock. The powder was then transferred to polyethylene vials for further 
processing for ICP-AES and INAA chemical analysis. 

Method 2 

Caliche as vesicle-filling was removed by hand when possible but most of it could not be reasonable 
removed. The samples were crushed to approximately 8-mm gravel. This gravel was then recovered with a 
clean brush, passed through a sample splitter, and a 30 ml aliquot was pulverized in the tungsten-carbide- 
plate shatterbox. This pulverization process took 2-4 minutes. The powder was then placed in a 
polyethylene vial for further processing for ICP and INAA. 

Core samples, which did not require the removal of caliche, were prepared by method 2, with the exception 
that pulverization took place in the alumina-plate shatterbox. 

ICP-A ES’ 

A Jobin-Yvon 70C Inductively Coupled Plasma - Atomic Emission Spectrophotometer (ICP-AES) was 
used to determine abundances of major and minor oxides and three trace elements within the rock samples. The 
concentrations of the following elements were determined by 1CP (reported in wt. YO unless otherwise noted): SOz, 
TiO?, A1203, FeO, MnO, MgO, CaO, Na20, K20, P205, Ba (ppm), Zr (pprn), and Sr (ppm). Sample powders were 
weighed out in 0.1-g aliquots and then mixed with 0.5 g of dehydrated Lithium-Metaborate (LiB02) flux. The 
sample and LiB02 were mixed thoroughly using a metal spatula. Mixed material was then transferred to a graphite 
crucible and fused in a muflle furnace at 1025°C for 20 minutes. Four samples were fused simultaneously. While 
the samples were in the furnace, four clean polyethylene beakers were filled with 100 ml of 7% HN03 solution. 
Each hot graphite crucible was removed and the melt was swirled twice to loosen the sample bead and gather all 
smaller molten beads, then the melt was dumped into the acid solution. The sample solution was allowed to stir on a 
stir plate for 10 to 15 minutes, or until the sample had dissolved completely. The solution was then removed from 
the stir plate and poured into a clean polyethylene bottle labeled with the sample name and date. 

An aliquot of each solution was diluted to prevent spectral overwhelming and clogging the ICP. Dilution 
involved filling a 25 ml volumetric flask with the digested acid solution which was then poured into a 250-ml 
volumetric flask and topped off with Sc-spiked 7% nitric acid solution. At this point, the sample was ready to be 
processed through the ICP for major and trace element data. Both simultaneous and sequential spectrometers were 
used to determine the abundance of the elements. 

Error for ICP-AES analysis is reported at a 95% confidence level and is as follows: Si, Ti, Al, Fe, Mn, Ca, 
Sr, are within 2%; Ba is within 3%; Na, P, and Zr are within 5%; and K is within 10%. Standards used to create the 
calibration curves include USGS standards BHVO- 1, AGV- 1, RGM-1, QLO- 1, G-2, and secondary standards 
developed at Idaho State University. 

LM4A 

Instrumental Neutron Activation Analysis (INAA) was used to determine abundances of 19 trace elements 
and 2 major oxides in the rock samples. The following elements were determined by INAA (reported in ppm, unless 
otherwise noted): FeO (wt.%), NazO (wt. %), Sc, Cr, Ni, Co, Rb, Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, 
Th, and U. 
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An aliquot of 0.6 g to 0.8 g of pulverized sample, measured to the nearest ten-thousandth gram, was placed 
into a labeled 2/S-dram reactor-safe lab grade polyethylene vial. This vial was then heat-sealed using a soldering 
iron and placed in a 2-dram reactor-safe polyethylene vial, which was in turn heat-sealed for activation. The sample 
name and weight were written on the outside of the 2-dram vial. USGS standards such as BCR-1 and BHVO-1; and 
NIST standards such as SRM1633-A and SRM1633-B, as well as in-house standards such as CRB-1 and BPL-1 
were encapsulated following the same procedure. These samples and standards were then sent to the Oregon State 
University Radiation Center were they were activated for two hours at 1 megawatt (with a neutron flux of 3x10” 
n/cm2/sec) in the TRIGA reactor. 

clean chemwipe, and checked for surface radiation contaminants. As the samples were cleared for surface 
contamination, they were placed in a Pb-shielded storage rack for easy access during gamma counting. Gamma ray 
spectral data for standards and samples were collected in the ISU Geology INAA laboratory using two high purity 
germanium (HPGe) gamma detectors coupled to a multi-channel analyzer. Data reduction was accomplished using 
ISU in-house software. 

Each sample and standard was counted three separate times at lfferent decay intervals to obtain maximum 
statistics for each nuclide analyte. First counts of 2k to 4k seconds were made as soon as samples were received 
(approximately 5 days after activation) to measure the abundances of short-lived radionuclides of Na, Sm, La and U. 
Second counts between 6k and 10k seconds began approximately 10 days after activation to detect abundances of 
Ba, Rb, Nd, Yb and Lu. Long counts between 20k and 40k seconds began 30 to 40 days after activation. This count 
interval was best for detecting long-lived nuclides of Fe, Sc, Cr, Co, Ni, Cs, Ce, Eu, Tb, Ta, Hf and Th. 

Analytical uncertainties are as follows: Ni and U (20% -40%); Rb, Cs and Nd (10% - IS%); Tb and Ba (5% 
- 10%); La, Yb, Lu, Hf, Ta, Cr, and Th (2% - 4%); Sc, Co, Ce, Sm and Eu (<1%). Uncertainties were estimated 
from gamma counting statistics (precision) and numerous analyses (accuracy) of well-known rock standards. 

included, plagioclase, olivine, and Fe/Ti oxides, and a sample of vesicle-filling caliche. 

Activated samples were than returned to ISU where they were removed from packaging, swiped with a 

Mineral separates from two samples were also analyzed for trace element geochemistry using INAA. They 

Electron Microprobe Analyses 

Two samples from Circular Butte were analyzed at University of Utah using an electron microprobe to 
determine major element concentrations in olivine, plagioclase and FeiTi - oxides. Samples were collected from 
two different regions on Circular Butte, within the vent region and distal portion of a lava flow. The following 
elements were analyzed in the plagioclase, olivine and spinel: SiOz, A1203, Fe203, CaO, Na20 and K20; the olivine 
and spinel were also analyzed for MnO and MgO. A core and rim analysis for each of the plagioclase and olivine 
grains was performed when possible. A total of 14 plagioclase, 11 olivine and 8 spinel sites were analyzed. 

Mineral Separates 

analyzed by INAA. Samples were crushed using techniques described above, except the gravel was taken to a finer 
size of -1mm using the hammer and plate only. The sample was then sieved and washed, and the 120 mesh size 
cleaned using a strong magnet. Residual nonmagnetic gravel was then mixed into a heavy liquid (lithmm bromide) 
to get olivine to sink and plagioclase to float. Both the olivine and plagioclase separated material was thoroughly 
washed to prevent contamination from the heavy liquid. The olivine residual was very carefully cleaned using a 
strong hand magnet. Olivine left after a second magnetic separation was considered usable olivine mineral separate. 
The floated material in the heavy liquid was further cleaned using a Franz magnetic susceptibility separator to 
further separate light-colored minerals. The light-colored mineral sample from the Franz was considered usable 
plagioclase mineral separate. The Fe-Ti oxide mineral separate was collected from the finest gravel material 
obtained during sieving. This material was cleaned using at least ten passes with a hand magnet. Caliche separate 
was collected using a sampling needle to pick caliche from the vesicles in the basalt. Residual material from each of 
the first two magnetic separations was also analyzed. 

Two samples from Circular Butte (JC-CB-29 and JC-CB-3 1) were prepared for mineral separates to be 



Casper et al. page 11 

Mineral samples were encapsulated and activated using the procedures described above. Samples were 
handled and stored in the same manner and sequentially counted for lk, 10k, and 30k seconds to achieve optimum 
counting statistics. 

955% pure: however, the Fe-Ti oxides were more on the order of 60% pure mineral phases. 
Mineral separates derived from this method were not pristine. Olivine and plagioclase samples were 85- 

VOLCANOLOGY 

Circular Butte volcano is a 1.2 Ma basalt shield on the ESRP. Younger lava flows and lake deposits have 
covered up much of Circular Butte’s distal regions. The surface of the plain around Circular Butte is extremely flat 
due to the recent lake activity. Many of the lava flows exposed above late Pleistocene lake levels are covered by 
eolian sand and loess. Thus, many of the detailed features of the Circular Butte are obscured, leaving only the major 
topographic expression, which represents an area 21 km’. This leads to a volume calculation of -1.75 km3 at a 
minimum. These estimates fall well below Kuntz’s (1992) estimates of 100 to 400 km2 and 5 km3 for a typical 
ESRP shield volcano. Much of Circular Butte lava be obscured by other more recent geologic deposits. 

Circular Butte is subdivided topographically into three sections relative to the position of the vent (Figure 
7). The greatest volume of basalt lava from Circular Butte appears on the western and northern flanks composing 
two different topographic regions. The northern flank appears to have the greatest volume of lava with nearly 4.5 
times the amount of basalt present relative to the southern flank, and the western flank has nearly 2.0 times as much 
lava as the southern flank. The main eruptive vent is elongate NW to SE extending 350 X 200 meters. The south 
flank of the butte is concave with an average slope of 0.78 and the north flank is convex with an average slope of 
1.11 (Figure 8). 

A lava flow lobe represents a single gush of lava, although it may go through several cycles of deflation 
and inflation. Circular Butte lobes overlap one another forming thicker constructs of lava (Figure 9). Lobes 
exposed closer to the vent appear to be thicker than the lobes further away from the vent. However, the most distal 
flows from Circular Butte are covered, and thus not present for comparison. There exists a general pattern where 
flows closer to the vent form a step-type topography down slope which represents overlapping flow lobes (Figure 
10). An apparent decrease in lobe travel distance could be due to increased viscosity or lower volume of material 
being erupted from the volcano as it evolves. The lobe fronts that form the step type topography are 0.25 m to 2.5 m 
in thick, but flow lobes can be traced over their full length to further constrain this range. The largest mappable lobe 
is approximately 20m long although the most northern flow is 3.20 km from the vent as expressed by topography. 

The basalt features found on Holocene volcanic fields on the ESRP (Figure 5 )  are similar to basalt features 
found on Circular Butte. However, many of these basaltic features are smaller and strongly weathered at Circular 
Butte. 

Lava flow channels on Circular Butte are typically 0.5 to 2m high and show significant levee building and 
abundant breaching structures. The levees represent multiple flows that were captured by the channel occasionally 
breaching it thus building the levees higher. Although, there are few good examples of lava tubes present, several 
0.1 to 0.3m tube openings exist on the south side of the vent area (Figure 11). 

Near the vent on the north and south sides of the butte, there are two bulldozed pits were it is possible to 
view the extremely frothy crystal-rich, scoriaceous material ejected from the vent. The material is crudely layered in 
10 to 30 cm thick beds that occasionally form ripples and folds. Commonly, the material in these bulldozed pits is 
scoriaceous agglomerate rubble that is probably the result of multiple spatter and spill out events (Figure 12). 

Two main flow textures are present on the exposed face of the larger lobe fronts. One texture exhibits 
parallel zones of vesicle-poor basalt that forms 2- to 5-  cm thick raised ridges separated by 10- to 40- cm thick 
highly-vesiculated, plagioclase-phyric basalt (Figure 13). The second texture is exposed as a group of sub-parallel 
raised ridges that may crosscut the aphyric texture but are not texturally difference from the main basalt. The ridges 
that form the second texture are frequently associated with stretched vesicles (Figure 14). Many of the basalts have 
been weathered so extensively that it is difficult to discern the textural details. 

The importance of larger scale features such as large lava tubes and perimeter fractures cannot be 
determined because of the surficial geological processes. However, speculation relating the size and shape of 
Circular Butte to petrologic evolution is presented in later chapters. 



Casper et al. page 12 

Other buttes in the area are volcanically similar to Circular Butte, although direct comparisons are difficult because 
many of these buttes are even more subdued by lacustrine and eolian activities. Therefore, comparisons between the 
buttes will focus on the petrology and geochemistry of their basalts. 

PETROGRAPHY AND MINERALOGY 
Circular Butte lavas are gray to black and range from diktytaxitic with very few rounded vesicles to 

extremely vesicular. They are typically holocrystalline aphanitic with phenocrysts of plagioclase and olivine, and a 
microcrystalline fine-grained groundmass that is either inequigranular or subophitic. Phenocrysts often occur as 
single or multiple phase glomerocrysts (of olivine, plagioclase, and magnetite) up to 1.5 cm dmmeter. Large 
plagioclase phenocrysts ranging from 0.1 mm to 1.5 cm are a distinct feature of Circular Butte basalts and often 
cluster in rosette or star shapes (Figure 15). Olivine phenocrysts range from 0.1 to 3 mm and frequently form 
glomerocrysts up to 1 cm. 

The groundmass in these basalts consists of plagioclase (20-45%), olivine (6-20Y0), pyroxene (1-10%), Fe- 
Ti oxides (1-15%), apatite (-l%), and glass (<1%), excluding vesicle void space. The size and orientation of 
plagioclase grains varies dramatically although no significant signs of alteration or weathering are evident. Texture 
varies from inequigranular microcrystalline (undistinguishable with a petrographic scope)(Figure 16) to 0.5 mm 
equigranular grains of plagioclase, olivine and pyroxene. 

Groundmass plagioclase range in size from microcrystalline to -0.5 mm. Groundmass olivine ranges from 
microcrystalline to -1.0 mm in diameter. Pyroxenes are not common in the Circular Buttes basalts as phenocrysts 
and are mostly microcrystalline. The groundmass of Circular Butte basalts consists of many mineral phases that are 
present as phenocrysts and secondary minerals like apatite and Fe-Ti Oxides. 

formed through weathering processes and basalt interaction with water. Most of the Circular Butte samples have 
caliche in the vesicles occurring as concentric rings of yellowish brown, high birefringence fibrous material (Figure 
19). Zeolites and calcite grains are also found within the vesicles. 

Accessory secondary mineral phases like caliche are present in the void space of these samples. They are 

Plagioclase 
Most plagioclase crystals are lath-shaped and euhedral with high integrity (Figure 17) although many appear ragged 
with angular edges and cellular texture (Figure 18). Plagioclase has baveno, and albite-carlsbad twins. Very little 
zoning is evident but when present it is normal. Laths are randomly oriented, but locally they appear to be oriented 
in the same direction when associated with microcrystalline veins in the samples (Figure 21). Microcrystalline veins 
are evident at both the hand-sample (Figure 22) and thin-section (Figure 21) scale. Plagioclase grains have An,(> - 
An,* composition based on Michel-Levy method and And3 to 

Most plagioclase grains have accessory inclusions of apatite (Figure 27), and/or iron-titanium oxides (Figure 20). 
Olivine inclusions in plagioclase are rare but apatite inclusions predominantly occur in the smaller plagioclase grains 
with greater concentrations near the edges of the plagioclase grains. Iron-titanium oxide inclusions are usually. 

according to microprobe analysis. 

Olivine 

Olivine commonly contains fractures (Figure 23) with iddingsite rinds (Figure 24). Phenocrysts and groundmass 
grains are generally equant and subhedral with mehum to high integrity. Compositions calculated by 2V range 
from F o ~ ~  to Fog7 without any visible zoning. Inclusions of Fe-Ti oxides are present as equant grains that 
occasionally exhibit a dark red hue (Figure 25). 

Olivine phenocrysts are frequently green to yellow but may have a reddish rim due to iddingsite alteration. 

Pyroxene 

Pyroxene in thin-section is brown to yellowish in plain light and yellow in polarized light and is essentially 
unaltered all of the Circular Butte samples. When present, pyroxene is microcrystalline but can rarely be as large as 
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.4 mm in diameter. Visible grains of pyroxene are typically subhedral to anhedral with high integrity, occasionally 
showing cleavage. Unzoned pyroxene dominates the matrix in subophitic samples. 

Opaque Oxide Minerals 
Iron-titanium oxides, titanomagnetite and ilmenite, can range in size from microphenocrysts to 0.4mm in diameter 
and occur as equant or needle-like forms in thin-section often showing red fringes. Some samples have elongated 
clusters of these oxides that apparently crosscut other textures in the rock (Figure 26). Ilmenite and titanomagnetite 
are identified in thin-section by their shape. No microprobe data was collected for these minerals from Circular 
Butte basalts. 

Apatite 

Apatite occurs as inclusions in plagioclase usually accumulating near the edges of the plagioclase grains, 
but it may also be present in the groundmass. Apatite grains range in length up to 0.05 mm (Figure 27). The fact 
that apatite is located along the edges of plagioclase grains, which are frequently surrounded by void space, has 
significant implications for magmatic crystallization and waterhock reaction geochemistry. 

Glass 

red to black coating on some mineral grains. It may also be present as black to gray feathely crystals between 
grains. 

Although glass is not common in any of the thin-sections described, where present it commonly occurs as a 

BULK CHEMISTRY 

basalt samples and 15 samples from buttes in the TAN area were analyzed for bulk rock major and trace element 
geochemistry. 

area range in Si02 from 44.7 to 48.4 (Table 2). All of the neighboring buttes sampled fall withm the main ESRP 
group of basalts based on silica content (Figure 32 and 33) although a significant amount of major element variation 
is observed between the Circular Butte basalts and the TAN area basalts (Figure 33). 

ESRP basalts are geochemically similar in many respects to continental flood basalts and plume type mid- 
ocean ridge basalts (P-MORB) based on major and trace element binary diagrams (Figure 28). ESRP type basalts 
tend to be lower in Si02 and K20  (Figure 29) and higher in major oxides such as FeO, TiOz, A1203, MgO, Na20, 
and P205 than MORB and within plate basalts from around the world. Basalts from the ESRP are geochemically 
transitional between P-MORB and continental flood basalts. A ternary plot of SiOz, MgO and FeO shows that the 
ESRP samples tend to fall in a cluster with the lowest Si02 values and generally lower FeO than other continental 
flood basalts (Figure 30). P-MOB type basalts tend to be lower in FeO and higher in SiOl than the ESRP basalts. 

Trace element geochemistry for the ESRP basalts is distinctive, particularly the Circular Butte basalts, from 
other continental flood basalts and other basalts around the world. Spider diagram plots of the trace elements show 
basically the same trend as those seen in other continental flood basalts; however, La, Ce, Nd, P205, Sm, Tb, and Yb 
are all more abundant in the ESRP basalts (Figure 3 1). Strontium depletion in ESRP basalt is evident and the 
processes responsible for this trend appears to have occurred early in the ESRP volcanic evolution in order to get the 
tight cluster of Sr values. Other trace elements fall within the same compositional range as the suite of basalts 
described. 

Samples from the ESRP and surrounding buttes are distinguished from each other based on binary plots 
comparing Cr to La and Cr to P205 These plots can are used to compare basalt surface samples to those basalts 
obtained from the INEEL coreholes (Figures 34 and 35). These two plots appear to provide the most separation 

Chemical analyses are listed in Table 2 and CIPW norms are listed in Table 3 .  A total of 33 Circular Butte 

Rocks from this study are predominantly olivine basalts based on the CIPW norms. Samples in tlus study 
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between sample clusters, although other binary plots are used to compare the data as well. These plots show that 
some of the core samples fall within the same geochemical range as samples from the surface. However, lacking 
other physical, chemical and petrological data, very few of these samples can be related unequivocally based on 
geochemical binary plots. 

Circular Butte Geochemistry 

FeO ranges from 13.9 to 16.57 percent and averages 14.9. Thus, Circular Butte has one of the lowest silica contents 
and one of the higher FeO contents for the ESRP (Figure 32). The TiOz and P205 values are also higher then many 
of the other non-evolved buttes on the ESRP. A CaO-MgO co-variation diagram shows only a significant change in 
CaO with change in MgO (Figure 36). Extensive weathering and caliche infiltration in these samples have affected 
the CaO abundances. Remaining element trends can be explained with as little as 2 percent variation in mineralogy. 
The change in the element enrichment from the least evolved to the most evolved sample (Figure 37) can be 
explained by small differences in bulk rock mineralogy. 

of data points that is higher in REE than other surface samples from the TAN area (Figure 38). Spider diagrams 
(Figure 39) also show that Circular Butte samples have higher concentrations in many of the trace elements than 
basalts from the TAN area. However, there is overlap Between Circular Butte and TAN basalts in the REE (Figure 
38). 

relative to other trace elements. Ba appears to fall on the expected trend line associated with the other spider 
diagram trace elements will Cs, Th and K all tend to be depleted relative to the expected trend (Figure 39). Sr also 
appears to be depleted relative to the expected trend of the other spider diagram trace elements. However, there is 
no significant Eu anomaly in the REE diagram. 

from transects show increase in A1203 and decrease in FeO away from the vent (Figure 40), but there are no 
meanine l  trace element trends with distance from the vent (Figure 41). Within the ESRP group, Circular Butte 
basalts form their own distinct geochemical package that is separate from the other basalts in the TAN area. To 
develop correlations in the subsurface of the study area geochemistry. core logs, petrographic work and geophysical 
data must all be used in conjunction with one another. Geochemical anomalies seen in the data from the TAN area 
provide some characterization of the source for the basaltic magma in this area. This will be further discussed in the 
conclusion of this thesis. 

The SiOz content of Circular Butte basalts ranges from 44.7 to 46.6 percent and averages 45.8; while the 

Rare earth element (REE) geochemical data from Circular Butte samples forms a tight and dlstinct package 

Several trace elements plotted in the spider diagram, Cs, Th, K, Ta, and Sr, show anomalous behavior 

Geochemical trends observed may represent changes through time and/or &stance from the vent. Samples 

Microprobe Analyses 

4. Plagioclase and olivine were selected based on their appearance and relative position. The Fe-Ti oxides were 
selected based on their shape and location. Phenocrysts analyzed in Circular Butte basalts tend to fall within the 
general range of phenocrysts found elsewhere on the Snake River Plain by Leeman (1974) and Bates (in press). 

core as CaO and A1203 decreases. In contrast, NaaO increases away from the core and FeO shows no significant 
change. These variations indicate that plagioclase anorthite content ranges from An44 to An64 with an average value 
of Ans9. Although the plagioclase laths in Circular Butte basalts are distinctively large, their geochemistry falls 
within the range of plagioclase phenocrysts in basalt on the Snake River Plain (Figure 43). 

Olivine in these basalts range in composition from Fo55 to F o ~ ~  and average around F065. Olivines also 
show a small, -1 percent, variation in core chemistry and have a small, but significant, chemical zoning from the 
core to rim. FeO increases and MgO decreases with decreasing SiOz from core to rim (Figure 44). No significant 
variation in calcium is apparent in these olivines. 

Opaques oxide minerals in Circular Butte basalts can be divided into two groups based on shapes (elongate 
vs. equant) and geochemistry (FeO vs. TiOz). These two different opaque groups are identified based on 
proportions of FeO and Ti02 in Figure 45. Higher Ti02 values are usually associated with elongate opaque crystals, 

Microprobe data for plagioclase, olivine, and Fe-Ti oxides from two different samples is provided in Table 

The plagioclase core data clusters within a 2% range(Figure 42). However, SiOz increases away from the 
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which are interpreted to be ilmenite based on shape. The high FeO values occur in equant or cubical crystals, which 
are interpreted to be titaniferous magnetite based on shape. 

Trace Element Analyses of Mineral Separates 

coefficients (KD), presented in Figure 47, do not always agree because the mineral separate samples were 
contaminated by glass and other residuum that could not be removed during separation. However, the data allow 
rough estimates of “effective” KD values and what elements are depleted from the melt during crystallization. 

Figure 46 is a spider diagram of the trace elements determined using INAA. The Fe-Ti oxides produce the 
most unpredictable data because they are most contaminated by the residual material and glass. Keeping in mind the 
Fe-Ti oxide contamination the plagioclase appears to preferentially take on Ba, Sr, and Zr while the olivine 
preferentially takes the Ta, Ce, Hf, Tb, Yb and Sc. This data used in conjunction with the major element data will 
help determine what minerals were most dominant in the evolution of these basalts. 

Mineral separate trace element data are presented in Table 5 .  Expected and calculated partitioning 

DISCUSSION 
The volcanology, petrography, and geochemistry of Circular Butte indicate that it is somewhat similar to 

other buttes on the Snake River Plain but these parameters diverge from typical SRP systems. A sigruficant factor in 
the volcanology of the TAN and Circular Butte region is that it is largely obscured by eolian loess and sand deposits. 
Thus, its mappable size and volume are well below the average. The presence of large plagioclase phenocrysts is 
not typical of ESRP tholeiitic lavas although this textural feature occurs in a few other ESRP eruptive centers. 
Geochemically, Circular Butte basalts have higher overall abundances of incompatible elements relative to other 
ESRP tholeiites. 

Volcanology 

Flow structures on Circular Butte, such as lava tubes, tumuli, lava channels and cyclic vesiculation, indicate 
an inflationary emplacement mechanism, wluch is similar to that observed at older and younger volcanic fields 
elsewhere on the Snake Rwer Plain. Many of these features are much smaller than those observed at other volcanic 
fields or they are obscured by weathering and sediment cover. The diminished average size of volcanic features is 
probably due to their proximity to the vent area, while the more hstal larger flow features have been covered or 
weathered beyond recognition. The fact that these structures are present indicates that the Holocene volcanic fields, 
which have been studied in greatest detail, may be representative of eastern Snake River Plain basaltic volcanism 
through time. 

Circular Butte’s geographic extent is not fully accounted for because much of it is lies at depth beyond its 
mappable topographic area. Basalts sampled in TAN coreholes Gin-5, Tch-1 and Tch-2, in the depth interval 0 - 
139 ft, are geochemically and petrologically similar to Circular Butte basalts. Based on these surface to corehole 
comparisons, the westerly extent of Circular Butte lava field lies beyond Tch-2 (Figure 2). However, The absence 
of coreholes to the north, east, and south of Circular Butte makes determining its full dimensions unfeasible. Basalts 
from Circular Butte are not found in cores from 2-2A south of TAN or Mud Lake east of Circular Butte (see report 
by Hughes and others). 

Circular Butte’s mapped shape indicates that the majority of lavas flowed north and west. The north and 
west limbs of the Circular Butte shield are probably tube fed flows, similar those observed at Shoshone lava field 
(Kuntz and others, 1992). The apparent absence of Circular Butte flows south and east is possibly the result of the 
lack of subsurface data although the current topographic profile does not indicate significant flow in these directions. 
Pre-emptive topography may have allowed considerable amounts of lava from Circular Butte to flow to the south 
and east considering that the flows would be below current surface level in these directions. Based on crude volume 
calculations of Circular Butte compared to an average basalt shield on the Snake River Plain, approximately to 
of this volcano is not accounted for by surface exposure. 

Petrography 
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Large phenocrysts (1 to 2 cm) of plagioclase are not common in Snake River Plain basalts, however they 
are present in the basalts at Circular Butte and a few other tholeiitic shields near the INEEL. Circular Butte 
plagioclase phenocrysts are geochemically similar to plagioclase found in common ESRP basalts. This indicates 
that the plagioclase at Circular Butte probable formed under conditions similar to those at other eruptive event on 
the eastern Snake River Plain. 

Plagioclase phenocrysts could not have developed at depth because disequilibrium textures are vertically 
absent, delicate radial structures prevail, and very few broken crystals are evident in thin-sections. If the plagioclase 
phenocrysts had formed at depth, they would have become geochemically unstable as they approached the surface 
and should show abundant disequilibrium textures. The radial structures would not have been able travel large 
distances without breaking and large plagioclase laths could not have stayed intact during eruption from depth. 
Plagioclase phenocrysts were, however present in the basalt as it was erupted because they are found in scoriaceous 
material near the vent. They are also associated with glass injection features, and they occasionally are aligned in 
the flow direction. Scoriaceous spatter material near the vent has large phenocrysts that grew prior to vesiculation. 
Thus, they were present as the basalt was degassing in the neck of the volcano and ejected up to the surface. 

plagioclase phenocrysts. These features likely formed as the basalt crust began to cool and fracture and lava was 
forced into cooling quenched. Often the glass injection features show plagioclase aligned in the direction of flow 
associated with them. 

These observations support a scenario in which plagioclase formed before eruption or degassing. The lack 
of significant zoning in mineral phases indicates that they grew quickly while in equilibrium with the magma. Other 
mineral phases appear to have formed near surface because they are much smaller and do not have intergrowth 
textures with the plagioclase. However, some of the smaller plagioclase phenocrysts do have many of these other 
mineral phases present as inclusions. Apatite and Fe-Ti oxides are the most abundant inclusions in plagioclase, and 
Fe-Ti oxides are the most abundant inclusions in the olivine. Apatite appears to be one of the last mineral phases 
formed because it occurs as very small needle-like minerals in the groundmass and within the fringes of the smallest 
plagioclase grains. 

Two different cooling histories are associated with these basalts. The first period of cooling took place at 
depth forming large phenocrysts, and the second period of cooling took place at the surface during eruption. Thus, 
there are large phenocrysts of plagioclase in a fine groundmass, consisting of olivine, pyroxene, Fe-Ti oxides, 
apatite and a second population of smaller plagioclase. 

Injection features are evident as glassy groundmass adjacent to coarse holocrystalline basalt with large 

Geochemistry 

indicate evolved magmatic sources for the eastern Snake River Plain. Alkali elements (K, Rb, Cs), Sr, and Th 
exhibit moderate enrichments compared to more enriched incompatible elements (Ba, REE, Hf, Ta, Zr) (Figure 3 1). 
These variable enrichments might be explained by invoking source region that has undergone multiple evolutionary 
processes, An evolved lithospheric source probably represents the combined effects of early tertiary subduction 
(low Ta/La and Ti/Zr ratios) and Miocene-Pliocene passage of the yellowstone hotspot (Leeman, 1982~). 

Circular Butte shows no geochemical evidence of siguificant crystal fractionation based on major elements 
vs. MgO (Figure 36). Scatter of CaO vs. MgO data is probably the result of abundant caliche infiltration in Circular 
Butte basalts affecting the bulk rock geochemistry. Other slight variations in geochemistry are likely the result of 
post-eruptive differences in crystal contents of samples collected, variation in partial melting of the source, and 
vapor-phase transport of incompatible elements during late-stage lava cooling. 

The absence of Eu anomalies in the REE patterns further indicate that plagioclase fractionation is 
insignificant. Thus, plagioclase must have formed quickly and the magma chamber did not stagnate long enough for 
fractionation to take place. The presence of a negative Sr anomaly (Figure 39) indicates the influence of plagioclase 
or other Sr-compatible phases in the source region. Often a negative Sr anomaly is an indication of shallow crustal 
fractionation; however, Circular Butte basalts have no other indication of shallow fractionation. The fact that these 
Sr values are tightly grouped suggests source-related control. 

core samples from the TAN wells (Figure 48), and they are most likely related to multiple batches of magma for the 

Geochemical signatures for INEEL corehole basalts (Hughes, unpublished data; Reed and others, 1997) 

Circular Butte basalts show at least two distinct geochemical trends in La vs. MgO that are correlative to 
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Circular Butte basalts. Thus, in order to get the grouping and variation seen in Figure 48 there must be at least two 
partial melting events for these basalts. Mantle processes (source enrichment and partial melting) will have a large 
effect on the amount of La in the basalts, but small amounts of subsequent crystal fractionation, which will have 
large effect on MgO without in significantly affecting La. However, these trends may indxate the combined effects 
of minor olivine fractionation and La enrichment by late-stage vapor transport. 

The chemical variations also correlate with the different lobes located on the Circular Butte (Figure 48). 
Basalts sampled from the southwestern lobe all are related to the CB trend 1, and basalts from the southern lobe are 
related to CB trend 2 (Figure 7). There are some outlying points to the chemical trends, which tended to be samples 
collected from either the rim or a distal point on the lobes. 

explained by accumulation and/or fractionation processes alone (Figure 38) and they do not follow either chemical 
trend of Circular Butte lavas. In order to get 2X variation in REE, different amount of partial melting must be taking 
place at the source. Thus, the basalts of other buttes in the TAN region are probably not all derived from the same 
magma chamber. Instead, they must have formed because of varying amounts of partial melt, and each batch of 
partial melt ascended rapidly from depth to produce chemically distinct buttes. Many of these buttes have 
overlapping geochemistry (Figure 38) indicating that they were derived from similar sources. Multiple sources for 
buttes so closely spaced indicates that the crustal residence time must be short so that small magma batches can 
make it to the surface without freezing in place or mixing. 

Incompatible element enrichments in Circular Butte basalts relative to other basalts near TAN cannot be 

SUMMARY AND CONCLUSIONS 
Volcanological features for buttes on the ESRP, including Circular Butte, indicate comparable eruptive 

mechanisms and it is reasonable to make evolutionary comparisons between buttes on the plain. However, 
differences in eruptive volumes, and major and trace geochemistry indicate signlficant differences in where the 
basalt originated and what happened to it between the source and the surface. 

Magmatic source regions must have undergone several evolutionary steps based on trace element 
geochemistry. The fact that ESRP basalts show variable enrichments in incompatible and alkali elements reflects a 
complicated evolutionary scenario for the ESRP lithospheric mantle. 

Large phenocrysts gives Circular Butte basalts a unique physical appearance that may have had an effect on 
formation and development of the volcanic field related to viscosity and lava flow dynamics. These large 
phenocrysts must have formed at depth; however, chemical similarities of the plagioclase observed in Circular Butte 
lavas and in lavas from other buttes on the plan indicate that they formed fairly near surface. The many large well- 
developed cross- and star-llke features associated with plagioclase also indicates that they could not have formed at 
great depths because these features would not have stayed intact. Plagioclase phenocrysts were continually in 
equilibrium with the melt based on textural relations and geochemistry of mineral separates and microprobed grains. 
The trace element geochemistry indicates that the basalt must have come to the surface fast enough that multiple 
magma batches could not mix and multiple geochemical trends could be preserved. Thus, the residence times must 
have been extremely short and plagioclase phenocrysts must have developed quickly near surface. 

Butte lavas that is similar to that of other older and younger ESRP lavas. Thus, it is conceivable that using Holocene 
and a few Pleistocene volcanic fields to characterize the entire package of eastern Snake River Plain Basalts may 
have some validity. 

The lack of data to the north, east and south makes it impossible to determine the full extent of Circular 
Butte. However, data from the TAN cores indicates that Tch-1 represents the furthest westward extent of the lava 
field. 

Geochemical signatures indicate an evolved magmatic source variably enriched in incompatible elements 
(Ba, REE, Hf, Ta, Zr), and moderate enrichment in alkali elements (K, Rb, Cs), Sr, and Th for ESRP basalts. 
Enriched incompatible elements in Circular Butte basalts relative to other ESRP basalts near TAN indicate separate 
sources of magma. In fact, Circular Butte appears to have at least two different magmatic source trends within its 
eruptive history. This also indicates a short crustal residence time to prevent magma mixing in the Circular Butte 
basalts. 

Flow structures, lithology and petrography inhcate an inflationary emplacement mechanism for Circular 
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Major elements, REE, and trace element data do not support fractional crystallization as a primary 
mechanism of element variation. Instead variations seen in major elements and the -30-40 percent range in 
incompatible elements is related to variations in the amount of partial melting, phenocryst abundance in the samples, 
and possibly post-eruptive vapor-phase transport. 
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Figure Captions 

Figure 1. Map of the study area showing the general location of the INEEL, with some of the major facilities, 
located on the eastern Snake River Plain. 

Figure 2. Geologic map of basaltic shields, vents, and lavas (shaded areas), selected well sites (filled circles) and 
sample locations (filled squares) around Test Area North, INEEL. Unshaded regions are fluvial, 
lacustrine, and eolian surficial sediments. Geology map symbols after Kuntz et al. (1994). 

Figure 3. A generalized cross-section of the crust beneath the ESRP from Yellowstone to the Nevada-Idaho Border. 
After Smith and Braile (1993). 

Figure 4. Map showing the locations and ages of the silicic volcanic fields associated with the Yellowstone hotspot 
and the seismic parabola defined by seismic activity. After Anders and Geissman (1989) and Hughes and 
others (1996). 

Figure 5.  Some lava flow features typically found on the ESRP basalts. 

Figure 6. The volcanic sequence on the ESRP after Greeley (1977) and Hughes and others (1997). 

Figure 7. Map showing flow lobes and three main topographic sections of Circular Butte. 

Figure 8. Cross-sections of Circular Butte showing the asymmetrical shape of Circular Butte and preferred flow 

Figure 9. Lobe fronts range from 0.3 m in the foreground to 1.4 m in the background. These 

Figure 10. Lobe fronts form a step topography that is evident in the background. Lobe fronts become smaller and 

directions. 

lobe fronts constitution the most prominent basalt outcrops for sampling. 

less prominent further away from the vent. 

Figure 1 1. Weathered lava tube at Circular Butte. Scoriaceous material is surrounding this tube and abundant loess 

Figure 12. Scoriaceous material near the vent, that is crudely layered and shows secondary spatter. The red writing 
is also present covering many of the subtle features. 

pen is for scale 
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Figure 13. View of a series of inflation / deflation ridges found on the weathered surfaces of Circular Butte Lavas. 

Figure 14. View of second ridge feature associated with cooling tacky surface of the basalt. These ridges are all 

Figure 15. Star shaped intergrowth of plagioclase laths. 

Figure 16. An example of microcrystalline texture. 
Figure 17. Euhedral high integrity plagioclase laths 

Figure 18. A euhedral low integrity plagioclase phenocryst. 

Figure 19. The high birefringent material filling the vesicle is caliche. 
Figure 20. Plagioclase phenocryst with small Fe-Ti oxide inclusions. 
Figure 2 1. Oriented plagioclase laths (indicated by the blue arrow) in a microcrystalline vein in a samples. The red 

Figure 22. Scanned thin-section showing microcrystalline zone at a hand sample scale. 

Figure 23. Fractured olivine phenocryst. 

Figure 24. Olivine phenocrysts showing iddingsite alteration. 

Figure 26. Olivine phenocryst showing several Fe-Ti oxide inclusions. 
Figure 27. Fe-Ti oxide crosscutting the overall texture of the sample except vesicles. 

Figure 27.5, Plagioclase phenocryst edge showing the presents of apatite microphenocrysts. 

Figure 28. Ternary diagrams showing where Circular Butte basalts fall in relation to other chemically distinct 

Figure 29. Major element comparison between Circular Butte and TAN basalts to other basalts around the world. 

Figure 30. Major element ternary diagrams relating FeO, MgO and SiOs for SRP type basalts to basalts from around 
the world. 

Figure 3 1. Spider diagrams comparing eastern Snake River Plain basalts (ESRP), Columbia River Basalts (CREi), 
and 3 other basalts from around the world. 

Figure 32. Comparison of Si02 content and Mg# for ESRP, Circular Butte (CB), TAN area, and Mud Lake (ML) 
core basalts. Also shown in this diagram is Craters of the Moon (COM) basalts and deep core basalts. 

Figure 33. Detail of Figure 32 focusing on the average ESRP basalt and where the other study area basalts fit into 
this chemistry. 

Figure 34. La Vs. Cr comparison of surface and core samples in the northern INEEL region. Core samples that fall 

These ridges are made more prominent by weathering. 

sub-parallel and are enhanced by weathering processes. 

arrow is indicating the direction of flow. 

basalts from around the world. 

near the eochemical signatures of the surface samples are labeled depth in feet. Surface Samples (CB= 
Circular Butte; Ant= Antelope Butte; LR= Lava kdge;  E, G, U, B, D, F, = Unnamed buttes in TAN 
area). Core Samples (2-2A, GIN-5, GIN-6, TCH-1, TCH-2). 

Figure 35. La Vs P205 comparison of surface and core samples in the study area. Core samples that fall near the 
geochemical signatures of the surface samples are labeled with depth in feet. Surface Samples (CB= 
Circular Butte; Ant= Antelope Butte; LR= Lava Ridge; E, G, U, B, D, F, = Unnamed buttes in TAN 
area). Core Samples (2-2A, GIN-5, GIN-6, TCH-1, TCH-2). 

associated with this data. All of the trends are approximately flat with the exception of CaO, which is 
the result of caliche contamination. 

Figure 37. Comparison between an “evolved sample and a Less-evolved basalt sample from Circular Butte. The 

Figure 36. Variation diagram showing the relation of major oxides to MgO and the least squares best-fit lines trends 

elements are organized from most enriched to most depleted depicting relative mobility of elements were 
the most active in the evolution of this basalt. 
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Figure 38. Rare earth element (REE) plot of Circular Butte and TAN area basalts. The Circular Butte trends are all 

Figure 39. Spider diagrams showing the relation of Circular Butte, TAN. 

Figure 40. Variation in A1203, FeO and CaO plotted relative to distance from the vent at Circular Butte. Two 

contained within the shaded area and other basalts are shown as individual trends. 

different lobes are shown for consistency. The Filled diamonds are samples 1-9 and are from the lobe 
SE of the vent and open squares are samples 15-23 and are from the lobe SW of the vent. 

Figure 4 1. Variation in Eu, Ta, and Hf plotted relative to distance from the vent at Circular Butte. Two different 
lobes are shown for consistency. The Filled diamonds are samples 1-9 and are from the lob SE of the 
vent and open squares are samples 15-23 and are from the lob SW of the vent. 

lines. 

from ESW basalts. Plagioclase field after Bates (in press) Leeman (1974) 

phenocrysts. 

distinctive groups. 

Figure 42. Plagioclase core and rim microprobe data for A1203, FeO, CaO and Na20 vs. Si02 with associated trend 

Figure 43. Ternary diagram of Circular Butte plagioclase phenocrysts and their relation to plagioclase phenocrysts 

Figure 44. Binary diagram showing the relation of MgO to FeO from the core to the rim of Circular Butte olivine 

Figure 45. Binary diagram showing the relation of MgO to FeO in opaque minerals. This graph shows two 

Figure 46. Spider diagrams of trace element concentrations for plagioclase, olivine, and Fe-Ti oxides. 
Figure 47. Graph of expected (A) and calculated (B) partition coefficients for Circular Butte basalts. These results 

Figure 48. Co-variation of La vs. MgO indicates at least two trends (magma batches) associated with Circular Butte 
are limited by the purity of the mineral separate samples. 

volcanism. The CB Trend 1 is associated with the southwestern lobe and the CB trend 2 is associated 
with the southern lobe in Figure 7. 

List of Tables 
Table 2. Chemical analyses of basalts from Circular Butte and TAN area. Major oxides are given in weight % and 

were determined using ICP-AES. In addition, the trace elements are given in PPM and were determined 
using INAA except were noted. 

Table 3. CIPW Norms for Circular Butte Basalts. 
Table 4. Showing the Micro probe data for Circular Butte basalts. 

Table 5 .  Trace element analyses by INAA of mineral separates from Circular Butte Basalts. 
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2C. Geological Characterization of the Surficial Deposits in TAN area 
C. 2 Studies of surface sedimentary units 
C.2. I Hydrologic characterization of sedimentary facies in the Test Area North region, 
Idaho National Engineering and Environmental Laboratory, eastern Idaho. 
(1.2. I .  1 Complete report describing the variation in saturated hydraulic conductivity in 
sedimentary facies in the northern INEEL and implications for groundwater flow. 

Hydrologic Characterization of Sedimentary Facies in the Test Area North Region, Idaho 
National Engineering and Environmental Laboratory, Eastern Idaho 

Linda E. Mark and Glenn D. Thackray, Department of Geology, Idaho State University, Pocatello, 
ID, 83209. 

ABSTRACT 
A contaminant plume of trichloroethylene (TCE) and other pollutants is currently migrating within 
the Snake River Plain aquifer below Test Area North (TAN) in the northern Idaho National 
Engineering and Environmental Laboratory (INEEL). In order to possibly remediate the plume, it is 
necessary to quantify the hydrologic characteristics of the surfcial sediments, which are analogous to 
the sedimentary interbeds. The hydrologic and grain size characteristics of the six surfkial 
sedimentary facies were investigated. Statistical analysis of the grain size data indicates that it is 
difficult if not impossible to identiiji the individual sedimentary facies, with the exception of the 
channel facies, by grain size analysis alone. Statistical analysis of the hydraulic conductivity data 
shows that it is difficult to dstinguish individual hydrologic facies with the notable exception of the 
channel facies. The field-saturated hydraulic conductivity of the dune, interfluve, lake floor, loess, 
and playa bottom facies lie in a broad range from 10-' * c d s  to c d s ,  and the hydraulic 
conductivity of the channel facies ranges from lo+' cm/s to lo-' c d s .  Therefore, the sedimentary 
facies, with the exception of the channel facies, may impede groundwater flow, but the channel facies 
readily transmits water. 

INTRODUCTION 
Remediation of the plume of trichloroethylene (TCE) and other pollutants migrating within the Snake 
River Plain (SRP) aquifer below Test Area North (TAN) in the northern Idaho National Engineering 
and Environmental Laboratory (INEEL) necessitates quantification of the hydrologic characteristics 
of the sedimentary interbeds. The objective of this research is to characterize the hydrologic 
properties of surfcia1 sedimentary facies, which are analogous to the sedimentary interbeds. 
Study Area 
This study focuses on hydrologic characteristics of the surficial and shallow subsurface sediments 
within the northern portion of the Idaho National Engineering and Environmental Laboratory 
(INEEL). The INEEL is located witlun the northwestern eastern Snake River Plain (ESRP), Idaho. 
Specifically, the study area extends from Circular Butte to just north of the Naval Reactor Facility 
(NEW). See Mark (M.S. thesis, in progress) for a detailed map of the study area. 

Geologic Setting and Previous Studies 
The eastern Snake River Plain (ESRP) is a curvilinear topographic depression, stretclung from Twin 
Falls, Idaho, northeast about 300 km to Ashton, Idaho. The ESRP is dominantly bounded by Basin 
and Range topography. A number of authors have suggested a hot-spot origin for the downwarped 
ESRFJ, in part based on the east-younging age progression of rhyolitic volcanism on the ESRP as well 
as the eastward progression of Basin and Range faulting (Morgan, 1972; Smith and Sbar, 1974; 
Armstrong and others, 1975; Suppe and others, 1975; Blackwell, 1989; Rodgers and others, 1990; 
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Malde, 1991; Pierce and Morgan. 1992; Hackett and Smith, 1992). Other possible origins of the 
ESRP include a crustal flaw (Eaton and others, 1975), a rift (Myers and Hamilton, 1964, p. 97; 
Hamilton, 1987), or lithospheric extension related to regional stresses (Christiansen and McKee, 
1978). 

The ESRP is underlain by thick basaltic and rhyolitic volcanic sequences interbedded with and 
overlain by comparatively thin sedimentary deposits. The TAN region contains sedimentary deposits 
of eolian, lacustrine, and fluvial origin. This basalt-sediment sequence overlies rhyolitic ignimbrites 
(Anderson and Bowers, 1995). These Tertiary and Quaternary volcanic sequences are over 3,000 
meters thick (Doherty and others, 1979). At TAN, individual basaltic lava flows are as much as 30 
meters (100 feet) thick, and the sedimentary interbeds are as much as 9 meters (30 feet) thick 
(Anderson and Bowers, 1995). 

The top 60 meters (200 feet) of the volcanic-sedimentary sequence at TAN is unsaturated; below this 
depth lies the SRP aquifer, which extends from about 60 meters to 270 meters (200 feet to 885 feet) 
below the surface (Anderson and Bowers, 1995). Although intact basalt is relatively impermeable, the 
subsurface basalt at the INEEL is characterized by numerous fractures that promote high hydraulic 
conductivities. In locations where the basalt is highly fractured, there may be “unrestricted avenues 
for vertical and horizontal flow” (Anderson, 1991). Interflow zones that exist between some 
successive basalt flows contain loose basalt in the form of cinders, rubble, and clinkers that provide 
many interconnected voids through whch water can flow (Spinazola, 1994). Many of the rubble 
zones found below the surface of the SRP are thought be buried aa, which has a higher effective 
porosity than any other lava type (Nace and others, 1975). 

The sedimentary interbeds at TAN are much thinner than the interbeds in other regions of the INEEL 
(Kaminsky and others, 1994). Only two of the sedimentary interbeds at TAN are regionally extensive 
(Sorenson and others, 1996). At TAN, the vadose zone and upper regions of the SRP aquifer (to a 
depth of 150 meters) contain a sequence of 22 basalt flows, consisting of 10 basalt-flow groups, 
interbedded with 5 to 10 sedimentary interbeds (Anderson and Bowers, 1995). Basalt-flow groups are 
defined as one or more basalt flows that came from a brief, single or compound eruption (Kuntz and 
others, 1980). The basalt makes up 90% of the 150 meters, and the 5 to 10 sedimentary interbeds 
only make up 10% of this sequence. This basalt-sedimentary sequence is capped in most locations 
with a thin layer of surficial sediment. Where surfcial sediment exists, it is as much as 19 meters (63 
feet) in thickness and averages 11 meters (36 feet) in thickness (Anderson and Bowers, 1995). 

Sedimentary Facies 
Surfkial sediments at the INEEL are analogous to the sedimentary interbeds. Surface features that 
make up the sedimentary system in the TAN region consist of lake floor and associated deposits from 
Pleistocene Lake Terreton, modern playas, eolian dunes, loess deposits, and alluvial channels and 
floodplains of the Big Lost River and Birch Creek. The sedimentary interbeds contain deposits of 
fluvial, eolian, and lacustrine origin (Nace and others, 1975; Reed and Bartholomay, 1984). Geslin et 
a1 (1997, pg. 19) identified sedimentary interbeds of playa bottom, playa margin, lake margin, lake 
floor, and sediments likely to be of fluvial origin in core obtained from TAN. It is likely that the 
sedimentary interbeds were laid down in a depositional basin very similar to the modern basin 
(Bartholomay, 1990). 

The grain size characteristics of both the surficial sediments and the sedimentary interbeds are highly 
variable. The sedimentary interbeds contain sand, silt, clay, and gravel (Bartholomay and Knobel, 
1989; Bartholomay and others, 1989; Nace and others, 1975; Reed and Bartholomay, 1994). With 
the possible exception of very coarse gravel, the sedimentary interbeds represent the same range of 
grain sizes as the surficial sediments (Nace and others, 1975). 

For the purpose of this study, the surficial sediments were originally divided into seven principle 
surfkial sedimentary facies for the TAN area, as defined by Gianniny and others (1997). These are 
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the dune, loess. fluvial channel and braidplain, fluvial overbank, playdake Terreton margin, playa 
(sinks) bottom, and Lake Terreton bottom facies. Field observations do not support the existence of a 
fluvial braidplain facies within the study area, so the fluvial channel and braidplain facies was 
renamed the fluvial channel facies. Instead of using the overbank facies designation, the interfluve 
designation was used for the large areas of fine-grained sediments between fluvial channels, some of 
which are overbank sediments. The origin of some of these fine-grained sediments is difficult to 
distinguish in the field, so they are collectively referred to as the interfluve facies. 

The playa / Lake Terreton margin facies was later de-emphasized for a number of reasons. First of 
all, sediments likely to be of playa / Lake Terreton margin origin make up only a small fraction of the 
surfkial sediments in the study area. Compared with the other six facies, their areal extent is very 
small. Secondly, the playa / Lake Terreton margin sediments are largely indistinguishable from the 
dune sediments, which also commonly encircle portions of the playas and possibly the former Lake 
Terreton. In order to maintain the playa / Lake Terreton margin facies, a somewhat arbitrary 
distinction between the playa / Lake Terreton margin sediments and the near-playa dune sediments 
would have had to be made. Due to both the small geographic extent of the playa / Lake Terreton 
margin sediments and their similarity to the dune sediments, it was decided that the playa / Lake 
Terreton margin facies should be de-emphasized so that more fruitful research could be performed on 
the other six, more hydrolopally relevant facies. 

Purpose of Study 
A contaminant plume of TCE, radioactive waste, and other hazardous compounds is currently 
migrating beneath TAN, in the northern portion of the INEEL. The INEEL is a Department of 
Energy facility, started in 1949, whose primary purpose is to study nuclear and nonnuclear energy. 
Aquifer hydrogeology at TAN needs to be better understood so that the plume does not adversely 
affect irrigation and drinking water supplies. The fractured basalt beds that dominate the aquifer 
generally have high hydraulic conductivities, but little is known about the hydrologic properties of the 
sedimentary interbeds. The objective of this research is to characterize the hydrologic properties of 
the surface and shallow subsurface sedlmentary units, which are analogous to the sedimentary 
interbeds, in order to better understand the aquifer hydrogeology. 

Studies of the sedimentary and volcanic sequences in the TAN area (e.g. Nace and others, 1975; 
Anderson and Bowers, 1995; Sorenson and others, 1996) have not sufficiently characterized the 
hydrogeology of the sediments, specifically their hydraulic conductivity, in order to understand the 
flow7 of water and contaminants within the SRPA. Nace and others’ (1975) paper describes the 
Quaternary surfkial sedlments and some of the sedimentary interbeds at the INEEL in terms of their 
sedimentologic and mineralogic / chemical characteristics, but does not attempt to describe their 
hydrologic properties. Anderson and Bowers (1995) describe the stratigraphy of the upper part of the 
SRP aquifer and the unsaturated zone at TAN. However, the paper does not discuss the hydrologic 
properties, lithology, or mineralogy of the sedimentary interbeds. Sorenson and others (1996) detail 
the hydrogeology at TAN, but treat the sedimentary interbeds as homogenous units. 

The range of variability within the sedimentary interbeds has not been sufficiently studled in order to 
accurately understand the aquifer hydrogeology. Indeed, the sedimentary interbeds are known to 
range from clay-rich sediments to well-sorted sand (Geslin and others, 1997). Therefore, hydraulic 
conductivity of the sedimentary interbeds may vary from 10-9-10-6 c d s  for the clay interbeds to 
10.’ cm/s for the well-sorted sand interbeds ( e g ,  Fetter, 1994). The difference in hydraulic 
conductivity between the sedimentary interbeds and the fractured basalt, as well as hydraulic 
conductivity differences within each of the units, must be known in order to accurately calculate the 
velocity of water flow and the potential path of the contaminants within the aquifer. According to 
Anderson (199 1), “Sedimentary interbeds may facilitate or retard vertical flow dependlng on grain 
size and sorting characteristics.” Some of the sedimentary beds may act as aquitards that slow the 
spread of the pollutants, whereas others may readily transmit contaminated water. Therefore, the 
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surficial sediments should be characterized in terms of their variability in hydraulic conductivity. 
This study utilizes Guelph permeameter tests and grain size analyses to do so. 

In order to better understand the hydrologic role that the sedimentary interbeds play within the Snake 
kve r  Plain aquifer, it must also be determined whether the sedimentary facies can be correlated with 
hydrologic facies. For the purpose of this study, a hydrologic facies is a single sedimentary facies or a 
group of sedimentary facies that are statistically distinguishable from other hydrologic facies based on 
their measured field-saturated hydraulic conductivity and/or hydraulic conductivity estimated from 
grain size analysis. 

Additionally, it is necessary to quantify the degree to which carbonate buildup (caliche development) 
may affect the hydraulic conductivity of the sediments. The presence of carbonate buildup within the 
sedimentary sequences may effectively slow or stop vertical water movement in these regions. 

Hypotheses tested 
I hypothesize that the variability in the sedimentary facies leads to multiple order of magnitude 
variations in the hydraulic conductivity of these sediments. Ad&tionally, I hypothesize that the 
individual sedimentary facies can be correlated with hydrologic facies; each sedimentary facies has its 
own unique hydrologic properties. 

Methods 
Methods used are outlined below. For a more detailed description of the methods, see Mark (M.S. 
thesis, in progress). 

Site Selection 
The selection of field sites was initially based on sedimentary facies descriptions from Gianniny and 
others (1 997). Representative field sites were identified using existing aerial photographs and maps 
(e.g., Kuntz and others, 1994) in addition to field observations. Wherever possible, sites were located 
within selective transects in order to gain a maximum understanding of the surfcial sediment 
distributions. For example, in order to characterize the hydrologic characteristics of the playa (sinks) 
bottom facies, sites were chosen along transects from the center of each selected playa to the edge of 
the playa; in order to characterize the hydrologic characteristics of the dune facies, sites were chosen 
along the strike as well as perpendicular to the strike of representative dunes. Sites had to be 
undisturbed and vehicle accessible, with a minimum thickness of 0.7 meters of the sediment in 
question, so that the Guelph permeameter would not be affected by the underlying material. 
Sediment Collection 
At each site, a small pit (approximately 0.6 meters wide and 1.0 meter deep) was dug with hand tools 
in order to examine the sediment within the pit, determine the best depth at which to perform Guelph 
permeameter tests, and collect samples from the same depth as the Guelph permeameter tests. 
Approximately 600 to 1000 grams of sediment were collected with a hand trowel at the depth at 
which each Guelph permeameter test was to be performed. Larger samples of coarse sand and gravel 
dominated sediment were collected. Additional samples were collected in areas where hydraulic 
conductivity was to be determined solely using grain size analysis. 

Guelph Permeameter 
The field-saturated hydraulic conductivity of each of the sedimentary facies, with the exception of the 
channel facies, was determined at each of the selected field sampling locations using a Guelph 
permeameter. The Guelph permeameter is a constant-head permeameter that is based on the 
Marriotte principle. Using a constant head, the steady-state rate of water infiltration is measured in 
order to determine the field-saturated hydraulic Conductivity. The Guelph permeameter’s stated 
operating range is cm/s to cm/s. The Guelph permeameter method is discussed in 
Reynolds and Elrick (1987). At each non-channel site, a minimum of one Guelph permeameter test 
was performed, usually at approximately 30 centimeters depth. If a layer with pronounced carbonate 
build-up that was thick enough to test with the Guelph permeameter was present at the site, then one 
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test was performed within the layer, and another Guelph permeameter test was performed outside of 
the carbonate buildup horizon. 

Carbonate Analysis 
Carbonate analysis was performed on 15 samples in order to determine their mass percent of calcium 
carbonate. Additionally, it was performed in order to examine the difference in grain size 
distribution, if any, in samples containing their original calcium carbonate and those samples whose 
calcium carbonate had been removed. 

Samples were air dried and split, and then approximately 150 g of sediment was weighed to the 
nearest 0.01 g and was placed in a pre-weighed 1000-ml beaker under a fume hood. Approximately 
25 ml of 10% HC1 was added to the sediment in the beaker and stirred. This step was repeated until 
no visible reaction between the HCl and the sediment was observed and the pH remained at 
approximately 1 after the solution was allowed to sit for a few minutes. The beaker was then allowed 
to sit overnight, after which the superfluous liquid was siphoned off. Deionized water was then added 
to the beaker, the solution was stirred, and this step was repeated until the HCl and calcium chloride 
were removed. Finally, the superfluous liquid was siphoned off, and the beaker and sediment were 
oven-dried at 95 degrees C. The beaker and its contents were then taken out of the oven, allowed to 
cool to approximately room temperature, and weighed. The difference in the mass of the post-HC1 
sediment and the pre-HC1 sediment mass corrected for hygroscopic moisture is the mass of calcium 
carbonate removed. 
Hygroscopic Moisture Correction 
A hygroscopic moisture correction was performed on each sample for which grain size analysis was 
performed. A 2 5 0 4  beaker was pre-weighed to the nearest 0.01 g, and an auxiliary 10 to 15 g air- 
dried sediment sample was placed in the beaker. The beaker and sample were then re-weighed to the 
nearest 0.01 g in order to calculate the mass of the sample. The sample was then oven dried at 95 
degrees C overnight, allowed to cool to approximately room temperature, and then re-weighed. The 
mass of the oven-dried sample was divided by the mass of the air-dried sample in order to determine 
the hygroscopic moisture correction. 

Grain Size Analvsis on samples not treated with HC1 
Samples were air-dried and split, and then approximately 150 g of sediment was weighed to the 
nearest 0.01 g for samples that did not contain particles larger than coarse sand. For samples that 
contained larger sediment sizes, larger samples were used according to the specifications in the 
American Society for Testing Materials method D 422-63 (ASTM, 1986). Non-channel samples 
were then wet-sieved using a 3.5 phi sieve. The sediment passing the 3.5 phi sieve (the fine fraction) 
was collected in a large (12 to 16 liter) bowl and allowed to settle overnight. The sediment remaining 
on the sieve (the coarse fraction) was then placed in a 95 degree C oven until dry. It was then re- 
weighed, and if the coarse fraction exceeded 10% of the total mass of the sample, it was dry sieved for 
15 minutes in a stack of sieves with 0.5 phi increments using a Ro-Tap sieve shaker. 

After settling, the water was siphoned off of the fine fraction that passed through the 3.5 p h  sieve, 
and it was dried overnight in a 95 degree C oven and then weighed. If all of the fines (the sediment 
left in the bottom pan after dry sieving plus the sediment passing the 3.5 phi sieve upon wet sieving) 
exceeded 10% of the total mass of the sample, then a 40 to 50 g portion of the fines was deflocculated 
and hydrometer analysis was performed on it according to the procedure in ASTM method D 422-63 
(ASTM, 1986). 

Grain Size Analysis on samples treated with HC1 
Samples were air-dried and split, and approximately 150 g of sediment was weighed to the nearest 
0.01 g. Carbonate analysis was then performed on the sample. The sample was then re-weighed after 
the calcium carbonate analysis was performed, with the difference in weight representing the amount 

specifications: if the sample was sandy, approximately 100 g (weighed to the nearest 0.01 g) was 
of carbonate removed. The sample was then separated into two parts aCCOrdmg to the following 
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placed into one 250 ml beaker (to be put into the sedimentation cylinder), and the remaining sediment 
(50 g or less) was weighed to the nearest 0.01 g and put it into the second 250 ml beaker. If the 
sample was silty or clayey, approximately 40 to 50 g of the sample was weighed to the nearest 0.01 g, 
and it was put it in one 250 ml beaker (to be put into the sedimentation cylinder), and the remainder 
of the sample was weighed to the nearest 0.1 g and put it into the second 250 ml beaker. The samples 
in all of the beakers were then deflocculated according to ASTM method D 422-63 (ASTM, 1986). 

Hydrometer analysis was then performed on the fine fraction (the 100-g sample for sandy sehments 
and the 40 to 50 g sample for silty and clayey sediments) following ASTM method D 422-63 (ASTM, 
1986). Following hydrometer analysis, the sample that was in the sedimentation cylinder was 
combined with the corresponding sample in the other beaker that did not go into the sedimentation 
cylinder. The combined sample was then wet sieved, oven dried, and weighed. If the portion 
remaining on the sieve was more than 10% of the total mass of the sample, it was then dry sieved for 
15 minutes in a stack of sieves with 0.5 phi increments using a Ro-Tap sieve shaker. 

Estimation of Hvdraulic Conductivitv from Grain Size Analysis 
The hydraulic conductivity of the channel facies was determined solely from grain size analysis. 
Because the channel sediments consist mainly of sand and gravel, their hydraulic conductivity is 
commonly too high to measure with a Guelph permeameter. Additionally, it was found that uniform 
auger holes could not be cored at many of the channel sites, thus necessitating a method other than 
the Guelph permeameter for determining hydraulic conductivity. Therefore, grain size analysis was 
performed on the channel facies, and the Shepherd (1989) method was used to estimate their 
hydraulic conductivity from their grain size distribution. 

Statistical Analysis 
Descriptive statistics, including confidence level, were determined for the nest of 15 Guelph 
permeameter measurements at site 39. A normal probability plot was also created in order to test for 
normality. The confidence level was used to determine the error on the Guelph permeameter tests. 

Statistical analysis were performed on the log Kfs / K data in order to determine the degree to which 
the sedimentary facies exhibit similar hydrologic properties. Where possible, the statistical software 
package SPSS was used. An ANOVA test, which assumes equal variances and normality, and 
Tukey’s (1953) Honestly Significant Difference (HSD) test, were used in order to indicate how the 
sedimentary facies are grouped into hydrologic facies. The Kruskal-Wallis (1 952) non-parametric 
test, whch does not require equality of variances, was used in combination with Dunn’s (1964) post- 
hoc test as a second method of determining how the sedimentary facies are grouped into hydrologic 
facies. 

The ANOVA test could not be used for the grain size data because it would have violated the 
assumptions of the test. Therefore, the Kruskal-Wallis (1952) non-parametric test and Dunn’s (1964) 
post-hoc test were used in order to determine the similarity or dissimilarity of the grain size 
parameters tested for the six sedimentary facies. 

RESULTS 
Grain size analysis was performed on samples from all six facies, and field-saturated hydraulic 
conductivity data in the form of Guelph permeameter tests were obtained for all of the facies with the 
exception of the channel facies. For the channel facies, estimates of hydraulic conductivity were 
obtained from grain size analysis. Carbonate analysis, in order to measure the mass percent of 
calcium carbonate in the sediment, was performed on samples from the dune, loess, and lake floor 
sedimentary facies. 

Hydraulic Conductivity Results 
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A total of one hundred Guelph permeameter tests, which measure the field-saturated hydraulic 
conductivity of the sediments, were successfully completed. A table of these results is in Appendix 1. 
See Mark (M.S. thesis, in progress) for locations of the Guelph permeameter tests and sediment 
sampling sites. 

Eighty Guelph permeameter measurements were successfully completed at unique locations and 
depths within the lake floor, loess, interfluve, playa bottom, and dune facies. Of these, three of the 
Guelph permeameter measurements from the dune facies were outside of the Guelph permeameter's 
stated operating range of lo-* ' c d s  to ' c d s .  However, due to the proximity of these results to 
the Guelph permeameter's stated operating range, they were used in the statistical analysis of the 
data; to exclude these three measurements from the data pool would be to skew the data. Only four 
Guelph permeameter tests were performed in the playa / lake margin areas. Their results are listed in 
Appendix 1. Research was limited in these areas due to the reasons discussed previously. 

The hydraulic conductivities of 24 sites within the channel facies were determined using grain size 
analysis and the method of Shepherd (1989). One Guelph permeameter test was successfully 
completed within the channel facies. However, due to previously discussed problems with performing 
Guelph permeameter tests within the channel facies, I do not believe that the results of this test are 
accurate. Therefore, this site was not used in the statistical analysis. Table 1 displays descriptive log 
Kfs statistics for each of the six facies. 

Gueluh uermeameter reueatabilitv test 
A nest of 15 Guelph permeameter measurements were obtained at site 39, wluch is located in the 
middle of the modem playa on the western side of Howe Point, in order to estimate the repeatability 
of the Guelph permeameter tests within the suficial sediments at the INEEL. The results of these 15 
tests are contained in Appendix 1. Table 2 displays the descriptive statistics for these 15 tests that 
were performed at a depth of 23 to 24 cm BLS within a small (approximately 4-meter diameter) 
circular area. 

A normal probability plot of log Kfs of the playa bottom nest data indicates that the log Kfs of these 
data are normally distributed (Appendix 2). The descriptive statistics for the nest data indicate, with 
95% confidence, that the error on the Guelph permeameter tests within the playa bottom at the 
INEEL is +/- lo-'* c d s .  Therefore, it may be assumed that the error on Guelph permeameter tests 
within other sedimentary facies at the INEEL is similar to that of the playa bottom facies. 

Lake Floor Log Kfs Statistics Playa Bottom Log Kfs Statistics 
Mean -3.3 Mean -2.8 
Median -3.2 Median -2.9 
Standard Deviation 0.6 Standard Deviation 0.4 
Sample Variance 0.3 Sample Variance 0.1 
Skewness -1 .O Skewness 1 .I 
Range 2.2 Range 1.2 
Minimum -4.7 Minimum -3.3 
Maxim urn -2.5 Maximum -2.1 
Count 21.0 Count 10.0 
Confidence Leve1(95.0%) 0.3 Confidence Leve1(95.0%) 0.3 

Loess Log Kfs Statistics Dune Log Kfs Statistics * 
Mean -3.1 Mean -2.5 
Median -3.0 Median -2.4 
Standard Deviation 0.5 Standard Deviation 0.4 
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Sample Variance 0.2 
Skewness -0.3 
Range 1.7 
Minimum -4.0 
Maximum -2.2 
Count 20.0 
Confidence Leve1(95.O0/~) 0.2 

Sample Variance 0.2 
Skewness 0.1 
Range 1.3 
Minimum -3.1 
Maximum -1.8 
Count 17.0 
Confidence Leve1(95.0%) 0.2 

Interfluve Log Kfs Statistics 

Mean -3.0 
Median -3.1 
Standard Deviation 0.4 

Skewness 0.1 
Range 1.4 
Minimum -3.7 
Maximum -2.3 
Count 12.0 
Confidence Leve1(95.0%) 0.3 

Sample Variance 0.2 

Channel Log K Statistics 
(Shepherd Method) 
Mean -1.5 
Median -2.0 
Standard Deviation 1 .o 
Sample Variance 0.9 
Skewness 1 .o 
Range 3.2 
Minimum -2.3 
Maximum 0.9 
Count 24.0 
Confidence Leve1(95.0%) 0.4 

* Three of the log Kfs values in this data set are slightly outside of the stated operating range 
of the Guelph permeameter. However, because they are within log -0.2 of the stated 
operating range, it was decided that they should be included within the data set. Their 
exclusion would have skewed the results. 

Table 1 : Descriptive statistics for Guelph permeameter data for each facies. 

Playa Bottom Nest Log Kfs Statistics 
Mean -3.2 

Median -3.2 

Sample Variance 0.1 

Range 1.4 

Standard Deviation 0.3 

Skewness -0.5 

Minimum -4.0 
Maximum -2.6 

Count 15.0 
Confidence Leve1(95.0%) 0.2 

Table 2: Descriptive statistics for the 15 nested Guelph permeameter tests at playa bottom site 39. 

Statistical analvsis of facies Kfs data 
Statistical analyses were performed on the log Kfs / K data in order to determine the degree to which 
sedimentary facies act as hydrologic facies. That is, I investigated the degree to which the 
sedimentary facies exhibit similar hydrologic properties. A single-factor analysis of variance 
(ANOVA) test was performed on the log Kfs data from the Guelph permeameter tests in the lake 
floor, loess, interfluve, playa bottom, and dune facies as well as the log K data from the channel 
facies. The three coarsest channel sites, two of which are located in the modern Big Lost kver 
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channel and one of which is located in a gravel pit, were omitted from this statistical test because 
their presence would have violated the ANOVA test’s assumption of equal variances and normality. 
The ANOVA test indicates at least one significant difference in mean log hydraulic conductivity 
between the six facies (F5,95 = 23.021, p < 0.001; degrees of freedom between groups = 5, degrees of 
freedom within groups = 95, F distribution = 23.021, and asymptotic significance is less than 0.001) . 
Based on log Kfs / K, Tukey’s (1953) Honestly Significant Difference (HSD) post hoc test indicates 
that the sedimentary facies are grouped together into the following hydrologic facies: 

[-- I 1. 
[ -1 2. 

-1 3. 
Lake Floor Loess Interfluve Playa Bottom Dune Channel 

The first hydrologic facies is composed of the channel sedimentary facies, the second hydrologic 
facies is composed of the interfluve, playa bottom, and dune sedimentary facies, and the third 
hydrologic facies is composed of the lake floor, loess, interfluve, and playa bottom sedimentary facies. 

The Kruskal-Wallis (1 952) non-parametric test, which does not require equality of variances, was 
also used in order to determine the degree to which the sedimentary facies act as hydrologic facies. 
For the Kruskal-Wallis (1952) test, the three coarsest channel sites were included because this test 
does not require equality of variances. Like the ANOVA test, this test also indicates that there is at 
least one significant difference in mean rank log hydraulic conductivity between the six facies (x25 = 
61.003, p <0.001; chi-squared statistic with 5 degrees of freedom = 61.003, asymptotic s ig~ icance  is 
less than 0.001). Dunn’s (1964) post-hoc test indicates that the sedimentary facies are grouped into 
the following hydrologic facies: 

1 2. ___ I 1. 

1 3. 
Lake Floor Loess Interfluve Playa Bottom Dune Channel 

Based on Dunn’s post-hoc test on log hydraulic conductivity, the first hydrologic facies is composed 
of the dune and channel sedimentary facies, the second hydrologic facies is composed of the loess, 
interfluve, playa bottom, and dune sedimentary facies, and the thrd hydrologic facies is composed of 
the lake floor, loess, interfluve, and playa bottom sedimentary facies. 

Grain Size Analysis Results 
Grain size analyses were performed on 96 sediment samples from the 6 sedimentary facies and the 
playa / lake margin area. Thirty of these were matching paired samples in which one sample from 
each pair was treated with hydrochloric acid prior to grain size analysis, and the other sample 
underwent standard grain size analysis. The results of these carbonate analyses and its effect on 
measured grain size are discussed later. The grain size data were entered into a spreadsheet, and the 
data were plotted in the form of cumulative percent coarser grain size curves. See Appendix 3 for a 
sampling of the cumulative percent coarser grain size curves. See Mark (M.S.  thesis, in progress) for 
all of the grain size data. 

After the grain size data were plotted, the grain sizes (phi) at the 5, 16, 50, 84, 90, and 95 percent 
intervals were read off of the cumulative percent coarser graphs. In addition, the mean grain size, 
sorting, and skewness, as defined by Folk and Ward (1957), were calculated, and the d90 (cm) as well 
as the d50-d90 (mm) grain size intervals were determined. The phi 16, 50, and 84 were chosen 
because they are used to determine the mean grain size and are hence important grain size 
parameters. Additionally, the phi 95 grain size was chosen because it, combined with those 
previously mentioned, is used to determine the sorting. Finally, the d90 (cm) grain size was chosen 
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because this is the grain size than Hazen (1893) suggested is the most important in controlling 
hydraulic conductivity. Likewise, the d50-d90 (mm) interval was chosen because it was suggested by 
Alyamani and Sen (1993) to be the interval most important in controlling hydraulic conductivity. 
These grain size data are in Appendix 4. Table 3 describes the sorting and the skewness of each of 
the facies as determined by standard grain size analysis (without previously being treated with 
hydrochloric acid). The implications for sedimentology are discussed in Mark (M.S. thesis, in 
progress). 

Loess 

Dune 

Playa Bottom 

Lake Floor 
Interfluve 
Channel 

Facies I Sorting 
Typically poorly sorted to very poorly 
sorted 
Typically poorly sorted to very poorly 
sorted 
Typically poorly sorted to very poorly 
sorted 
Typically poorly sorted 
Typically poorly sorted 
Ranges from moderately sorted to very 
poorly sorted 

Skewness 
Typically strongly fine-skewed 

Strongly fine-skewed 

Typically strongly fine-skewed 

Strongly fine-skewed 
Typically strongly fine-skewed 
Ranges from strongly coarse-skewed 
to strongly fine-skewed 

Table 3 : Sorting and skewness results for each of the six facies. 

Statistical analyses were performed on the standard grain size analysis data (samples not treated with 
HC1) in order to determine the similarity or dissimilarity of the sedimentary facies. In addition, these 
analyses were performed in order to determine the degree to which the hydrologic facies correlate to 
the grain size distributions of the sedimentary facies. A single-factor analysis of variance (ANOVA) 
parametric test could not be used for these data because it would violate the assumptions of the test. 
Therefore, only the Kruskal-Wallis (1952) non-parametric test and the associated Dunn’s (1964) 
post-hoc test could be used. A Kruskal-Wallis test was performed on each of the following 
cumulative percent coarser grain size parameters for the six sedimentary facies: phi 5, phi 16, phi 50, 
phi 84, phi 90, and phi 95. Additionally, Kruskal-Wallis tests were performed on the following 
calculated grain size parameters: the mean, sorting, skewness, and the d50-d90 (mm) interval. These 
intervals were chosen for the same reasons as discussed previously. 

Table 4: Statistical results for the Kruskal-Wallis non-parametric grain size tests. 

With the exception of the Kruskal-Wallis test for sorting, all of the Kruskal-Wallis tests indicated at 
least one significant difference in the tested grain size parameter between the six facies. This means 
that, for all of the tested grain size parameters with the exception of sorting, there is at least one 
statistically significant difference in the tested grain size parameter between facies; all of the facies 
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are not identical with respect to the tested grain size parameter. Table 4 displays the statistical results 
for the Kruskal-Wallis grain size tests. 

Phi 5 

Phi 16 

Phi 50 

Phi 84 

Phi 90 

Phi 95 

Mean 

Skewness 

1 1. 
I 2. 

1 3.  ______ 
[ 

[ -  
Lake Floor Loess Interfluve Playa Bottom Dune Channel 

[ 1 1. 
1 2. ~ ~ _ _ _  [ 

[- 1 3. 
Lake Floor Loess Interfluve Playa Bottom Dune Channel 

t 1 1. 
1 2. 

-1 3.  ________ 
[ 

[-- 
Lake Floor Loess Interfluve Playa Bottom Dune Channel 

[--- 1 1. 
I 2. 

Lake Floor Loess Interfluve Playa Bottom Dune Channel 
[--- 1 1. 

1 2. 
Lake Floor Loess Interfluve Playa Bottom Dune Channel 

[--- 1 1. 

t- I 1  

I 2. 
Lake Floor Loess Interfluve Playa Bottom Dune Channel 

[ 1 2. 
I 1 3. 
Lake Floor Loess Interfluve Playa Bottom Dune Channel 

[ I [- 1 1. 
[ 1 2. 
Lake Floor Loess Interfluve Plava Bottom Dune Channel 

[ 1 1. 
1 2. 

--] 3. ____ 
[ 

Lake Floor Loess Interfluve Playa Bottom Dune Channel 

Table 5: Results of Dunn’s post-hoc tests performed on grain size data. 

Dunn’s (1964) post-hoc tests were run for each of the grain size parameters with the exception of the 
sorting. This test was run in order to determine whch of the facies are different with respect to the 
tested grain size parameter. The results of these tests are in Table 5. 

Carbonate Analysis Results 
Mass percent of carbonate 
Carbonate analysis was performed on 15 samples, 5 each from the dune, lake floor, and loess facies 
(Table 6). Calcium carbonate content for the dune, lake floor, and loess samples tested ranges from 
12% to 57% by mass. The dune facies, which has the lowest percentage of calcium carbonate of the 
three facies, averages 15% calcium carbonate by mass and ranges from 12% to 19% by mass. The 
lake floor facies averages 32% calcium carbonate by mass and ranges from 12% to 44% by mass. 
The loess facies, which contains the highest percent of calcium carbonate of the facies tested, 
averages 36% calcium carbonate by mass and ranges from 23% to 57% calcium carbonate by mass. 
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Carbonate effects on measured grain size 
Grain size analysis, using wet-sieving, dry-sieving, and hydrometer analysis as outlined in the 
methods section and as detailed in Mark (M.S. Thesis, in progress), was performed on 15 matching 
pairs of samples. For each pair of samples, 1 sample was not treated with HC1 and the matching 
sample underwent carbonate analysis (was treated with HC1). Grain size analysis was then performed 
on the 15 matching sample pairs in order to determine the effect, if any, that the carbonate content 
had on the measured grain size of the sample. The cumulative percent coarser grain size graphs for 
the fifteen paired samples are in Appendix 3. Based on a visual comparison of the cumulative percent 
coarser grain size curves for the 15 pairs, the change in measured grain size distribution appears to be 
insignificant. Although a minor change in grain size distribution is usually present within each pair, 
there is not a uniform trend either within the tested facies or between the three facies. 

Lake Floor 
Lake Floor 

Loess 
Loess 
Loess 
Loess 
Loess 

62 40 44 
64 65 32 
25 40-45 23 
26 20 36 
29 20-27 36 
29 75 57 
66 40 29 

Table 6: Results of carbonate analysis. Percent CaC03 is mass percent. 

DISCUSSION 
Hydraulic Conductivity 
Guelph permeameter repeatability test 
As expected, a normal probability plot of the Guelph permeameter log Kfs playa bottom site 39 nest 
data indicates that the log Kfs results from these tests are normally distributed (Appendix 2). The 
error on the Guelph permeameter tests, with 95% confidence, was therefore determined to be +/- 10- 

c d s .  However, this is probably an upper limit for the error on the Guelph permeameter tests, 0 2  

because the 15 Guelph permeameter tests performed for the repeatability test were spread out in a 
circle approximately 4 meters in diameter. Some of the variability in Kfs is likely due to real geologic 
and hydrologic variability within the four-meter diameter circle, rather than all being due to Guelph 
permeameter error. 

Facies Kfs Data 
Statistical analyses were performed on the hydraulic conductivity data in order to determine the 
degree to which sedimentary facies act as hydrologic facies. These statistical results indicate that 
there are three hydrologic facies, some of which overlap. However, there is a discrepancy as to the 
exact breakup of these three facies. Clearly, some of the sedimentary facies are very similar in terms 
of their hydraulic conductivity. The ANOVA test is the more powerful of the two tests; it is better at 
finding differences that exist. The Kruskal-Wallis (1952) test is slightly less (5%) capable of finding 
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differences (Andrews, 1954). Therefore, the results from the ANOVA test followed by Tukey's 
(1953) Honestly Significant Difference (HSD) test may be more meaningful. With Tukey's post hoc 
test, the channel sedimentary facies is its own hydrologic facies; the interfluve, playa bottom, and 
dune sedimentary facies combine to form a second hydrologic facies; and the lake floor, loess, 
interfluve, and playa bottom sedimentary facies act as a third hydrologic facies. Therefore, the 
channel sedimentary facies is the only sedimentary facies, as defined in the field, that is also 
hydrologically distinct; the other sedimentary facies can be grouped with hydrologically similar facies 
into broad and overlapping hydrologic facies. However, the hydrologic facies, as defined by the 
Kruskal-Wallis test followed by Dunn's (1964) post hoc test, are identical to four of the statistical 
groupings based on grain size, as discussed later. 

Grain Size Analysis 
Sorting and Skewness 
There is not a statistical difference in the sorting between the six facies. However, as shown in Table 
3, the loess, dune, and playa bottom sedimentary facies are all characterized by sorting that is 
typically poorly sorted to very poorly sorted. The lake floor and interfluve sedimentary facies appear 
to be slightly better sorted; however, they are still typically poorly sorted. The channel sedimentary 
facies is locally the best sorted; it ranges from moderately sorted to very poorly sorted. 

All of the sedimentary facies, with the exception of the channel facies, are typically strongly fine- 
skewed. The channel facies ranges from strongly coarse-skewed to strongly fine-skewed. I believe 
that the predominance of strongly fine-skewed deposits is at least in part due to the reworking of fine 
sand and silt by fluvial action and subsequent deposition of the fine material in lakes and playas. The 
original source of this fine material may be glacial outwash or upwind fluvial deposits that are 
transported downwind as eolian loess and fine sand. Additionally, pedogenesis in the form of 
carbonate buildup and clay formation may also cause the sediments to be fine-skewed. The large 
percentage of fine sand and silt withm the sediments also leads to their characterization as being 
poorly sorted. 

Discussion of grain size analysis statistical results 
The Kruskal-Wallis (1952) test was performed on different grain size parameters within the 
sedimentary facies. These grain size parameters include the phi 5, phi 16, phi 50, phi 84, p h  90, phi 
95, mean, sorting, skewness, and d50-d90 (mm) grain size parameters. These results indicated at 
least one significant difference in all cases in the tested grain size parameter between the six facies, 
with the exception of the sorting grain size parameter, which did not show at least one significant 
difference. This means that statistically, the sorting is the same for all six facies, but that statistically 
each of the other grain size parameters tested are different for at least one facies. For example, for the 
phi 5 parameter, at least one facies has a statistically different phi 5 from the other 5 facies. 
Therefore, it was necessary to perform the Dunn (1964) post-hoc test for each of the grain size 
parameters except for the sorting, which was already proven to be statistically the same for each of the 
six facies. 

The results of Dunn's (1964) post-hoc tests are identical for the phi 5, phi 16, phi 50, and d50-d90 
(mm) grain size parameters. These four parameters led to identical groupings of sedimentary facies 
based on the tested grain size parameters. The first grouping consists of the dune and channel 
sedimentary facies, the second grouping consists of the loess, interfluve, playa bottom, and dune 
sedimentary facies, and the third grouping consists of the lake floor, loess, interfluve, and playa 
bottom facies (Table 5). These groupings are also the same as the results for the post-hoc test on the 
mean grain size with the exception of the lack of the dune facies within the first grouping for the 
mean grain size. In addition, these results are identical to the results yielded from the Kruskal- 
Wallace test followed by Dunn's (1964) post-hoc test on the Kfs / K data, which led to the 
identification of the hydrologic facies. They are also similar to the groupings identified from the 
Tukey's HSD (1953) Honestly Significant Difference post-hoc test on the log Kfs / K data. The only 
difference between the log Kfs / K hydrologic facies groupings with the ANOVA test followed by 

13 



Tukey's test and the phi 5, phi 16, phi 50, and d50-d90 (mm) sedimentary facies groupings is that the 
hydrologic facies only have the channel sedimentary facies in the first hydrologic facies and do not 
contain loess in the second hydrologic facies. This similarity between the statistical results from the 
grain size analysis tests and the log Kfs / K tests suggests that there is a correlation between the phi 5, 
phi 16, phi 50, d50-d90 (mm), and mean grain sizes and the Kfs of the sediments. The relationship 
between grain size and Kfs / K is further investigated in Mark (M.S. thesis, in progress). Clearly the 
lake floor, loess, interfluve and playa bottom facies are all very similar both hydrologically and 
sedimentologically. 

The results of Dunn's (1964) post-hoc tests on phi 84, phi 90, and phi 95 are also identical. These 
three grain size parameters only produced two groupings (Table 5): the first grouping consists of the 
channel facies, and the second grouping consists of all of the other sedimentary facies. Clearly, the 
channel facies is distinct from the other sedimentary facies based on its lack of very fine grain sizes. 
However, some of the similarity seen in the phi 90 and phi 95 range is likely due to the grain size 
analysis method; many of the phi 90 and phi 95 values are really maximum grain sizes. Differences 
in grain size between the channel and dune facies are not seen in the coarse grain sizes (phi 5, p h  16, 
phi 50) and d50-d90 (mm), but are seen in the fine grain sizes (phi 84, phi 90, and phi 95), in 
addition to the mean grain size and skewness. 

The post-hoc results for skewness are significantly different from the other post-hoc results. The 
channel sedimentary facies as well as the loess and interfluve facies are grouped together by 
skewness, and the lake floor, loess, interfluve, playa bottom, dune, and channel sedimentary facies are 
grouped together by skewness. As seen in Table 3, the channel facies has a very wide range of 
skewness. However, it is somewhat surprising that the loess and interfluve facies grouped with it. 

Carbonate Analysis 
Mass percent of carbonate 
Carbonate analysis was performed in order to determine the mass percent of carbonate on a select 
number of samples for the three facies that are thought, based on field observations, to have the 
highest percentage of calcium carbonate. Analysis was performed on 15 samples, 5 each from the 
dune, loess, and lake floor facies. Based on the five samples, the dune facies averages 15% calcium 
carbonate by mass; the lake floor facies averages 32% calcium carbonate by mass, and the loess facies 
averages 36% calcium carbonate by mass (Table 6). Based on field observations, the lake floor and 
loess facies were expected to have more calcium carbonate than the dune facies. The high 
percentages of calcium carbonate within the lake floor and loess facies imply the presence of a better 
developed Bk horizon within these facies, as well as an apparent longer time since stabilization. That 
is, the channel, playa bottom, dune, and interfluve facies have apparently been more recently active, 
and, thus, have experienced less soil formation. 

Carbonate effect on measured grain size 
Carbonate analysis followed by grain size analysis was performed on 15 paired samples in order to 
determine the effect, if any, of carbonate buildup on measured grain size within the dune, loess, and 
lake floor sedimentary facies. It was determined through visual examination of the grain size data 
that although there is often a minor difference in grain size distribution between the samples within 
each pair, the difference is usually not consistent between pairs or between facies. Therefore, the 
measured grain size distribution does not appear to be significantly affected by either the presence of 
absence of carbonate buildup. 

CONCLUSIONS AND IMPLICATIONS FOR HYDROLOGIC STUDIES 
Ultimately, it is usually relatively easy to distinguish the sedimentary facies in the field. The ease by 
which the sedimentary facies are identified is in large part due to geomorphologic clues in the modern 
sedimentary system. However, grain size analysis shows that it is very hard to distingwsh individual 
facies except for the channel facies based on grain size alone. Therefore, the channel facies should be 
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distinguishable in core based on grain size alone, but the other sedimentary facies cannot reliably be 
distinguished based on grain size alone. Other factors, such as sedimentary structures or biota, are 
likely to be more reliable in identlfying sedimentary facies in core. 

Statistical analyses on log Kfs / K shows that it is difficult to distinguish individual hydrologic facies 
except for the channel facies due to the overlap between the other hydrologic facies. With the 
exception of the channel sediments, the Kfs for all of the surficial sediments lies in a broad 
continuum between lo-’ * cm/s and ’ c d s .  The K of the channel facies ranges from lo* cm/s to 

c d s .  The Kfs / K of surficial sediments are representative of the range of K values of non- 
cemented and non-lithified sediments observed in subsurface cores. Surficial Kfs / K results should 
not be used to estimate the K of core that is heavily cemented or excessively compacted. Thus, the 
sediments of the northern INEEL may largely act to impede groundwater flow, with the notable 
exception of the channel facies. 

The surfkial channel sediments at the INEEL are laterally continuous ribbons of high hydraulic 
conductivity. Subsurface channel sediments are expected to be similar. In the central INEEL, 
channel sediments cover a broad area, and although channel sediments only make up a small fraction 
of the surface area in the northern INEEL, their implications for groundwater flow may be 
significant. On the surface, at least, they frequently cut through regions characterized by low Kfs. 
The channel facies may represent a rough sedimentary analogue of a basalt rubble zone. 
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APPENDIX 1 

Facies 

Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 

Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 

Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 

Facies 

23 
23 
24 
24 
24 
25 
25 
26 
26 
27 
27 
28 
28 
29 
29 
30 
30 
31 
66 
66 

Site # Depth of Guelph Test I Method used to 
Sample Collection determine Kfs / 

(cm) K 
23 Guelph 
52 Guelph 
20 Guelph 
50 Guelph 
78 Guelph 
31 Guelph 
78 Guelph 
25 Guelph 
55 Guelph 
38 Guelph 
73 Guelph 
40 Guelph 
79 Guelph 
25 Guelph 
75 Guelph 
36 Guelph 
70 Guelph 
40 Guelph 
41 Guelph 
80 Guelph 

1 
2 
3 
3 
4 
5 
6 
11 
11 
12 
19 
19 
19 
40 
41 
42 
68 

7 
8 
9 
10 
16 
17 
18 

30 
32 
28 
49 
34 

30(?) 
31 
20 
40 
32 
30 
50 
52 
29 
32 
38 
35 

29 
29 

30(?) 
30(?) 
30(?) 

30 
31 

Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph* 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph* 
Guelph 
Guelph 
Guelph* 
Guelph 

Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 

Log KfsIK 
(cm/s) 

-3.5 
-2.7 
-2.7 
-3.7 
-3.7 
-2.8 
-3.4 
-4.0 
-3.3 
-2.5 
-3.0 
-2.9 
-3.1 
-2.2 
-2.9 
-2.7 
-3.0 
-3.7 
-2.7 
-2.6 

-2.8 
-3.0 
-3.0 
-3.0 
-3.0 
-2.3 
-1.9 
-2.1 
-3.1 
-2.4 
-2.4 
-2.5 
-1.8 
-2.3 
-2.7 
-1.9 
-2.2 

-2.8 
-3.0 
-2.5 
-2.9 
-3.3 
-2.8 
-3.0 

KfsIK 
(cm/s) 

0.000319 
0.001809 
0.001 940 
0.0001 91 
0.00021 5 
0.001 437 
0.000382 
0.0001 11 
0.000469 
0.002897 
0.000929 
0.001 275 
0.000779 
0.00601 5 
0.001 183 
0.002059 
0.000974 
0.000223 
0.001 957 
0.00231 0 

0.001747 
0.000978 
0.000904 
0.00091 8 
0.001 113 
0.005232 
0.012858 
0.007096 
0.000877 
0.004008 
0.004342 
0.002827 
0.0 1 6965 
0.0051 56 
0.001913 
0.012474 
0.00681 9 

0.001 642 
0.001 099 
0.003486 
0.001 405 
0.00051 5 
0,001 705 
0.000904 

Site # Depth of Guelph Test / Method used to Log KfdK KfdK 
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Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 

Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 

Interfluve 
Interfluve 
Interfluve 
1 nt erfl uve 
Interfluve 
interfluve 
Interfluve 
Interfluve 
Interfluve 
Facies 

37 
38 

39.01 
39.02 
39.03 
39.04 
39.05 
39.06 
39.07 
39.08 
39.09 
39.1 

39.1 1 
39.12 
39.13 
39.14 
39.15 

20 
20 
20 
21 
21 
22 
22 
22 
59 
59 
60 
60 
61 
61 
62 
63 
63 
64 
64 
65 
65 

32 
34 
44 
45 
45 
47 
50 
53 
55 

Site # 

Sample Collection 
(cm) 
32 
27 
23 
24 
23 
24 
23 
24 
23 
23 
24 
24 
24 
24 
24 
24 
24 

25 
36 
75 
20 
70 
17 
35 
73 
46 
80 
40 
75 
42 
70 
41 
26 
72 
60 

81.5 
42 
80 

70 
68 
30 
15 
50 
30 

34.5 
64 
20 

determine Kfs / 
K 

Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 

Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 

Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Guelph 
Gueiph 
Guelph 

Depth of Guelph Test / Method used to 

(cm/s) 

-2.1 
-3.1 
-3.3 
-3.1 
-3.3 
-3.2 
-3.3 
-3.1 
-4.0 
-3.0 
-3.1 
-3.1 
-3.3 
-2.6 
-3.1 
-3.5 
-3.3 

-2.5 
-2.9 
-3.3 
-2.7 
-3.4 
-2.7 
-3.4 
-3.8 
-3.1 
-3.6 
-3.2 
-4.2 
-3.1 
-4.7 
-3.1 
-3.0 
-3.0 
-3.3 
-3.6 
-3.0 
-4.3 

-3.2 
-2.5 
-2.9 
-3.7 
-2.8 
-3.3 
-2.8 
-3.3 
-2.4 

Log Kfs/K 

(cm/s) 

0.008385 
0.000854 
0.000474 
0.000885 
0.000518 
0.000598 
0.000561 
0.000761 
0.0001 09 
0.001041 
0.000772 
0.00071 7 
0.000483 
0.002642 
0.000709 
0.000296 
0.000561 

0.002938 
0.001 183 
0.000557 
0.002037 
0.000390 
0.0021 57 
0.000361 
0.0001 59 
0.000714 
0.000252 
0.000567 
0.000070 
0.000866 
0.00001 9 
0.000862 
0.000893 
0.001 11 3 
0.000460 
0,000227 
0.001087 
0.000053 

0.000592 
0.003368 
0.001 137 
0.0001 80 
0.001566 
0.000491 
0.001 608 
0.000512 
0.003929 

Kfs/K 
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I nterfl uve 
I nterfl uve 
Interfluve 

Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 

Playa/La ke Margin 
Playa/La ke Margin 
Playa/La ke Margin 
Playa/Lake Margin 

Channel 

Lake Floor? 

55 
57 
58 

Gravel # 1 
Gravel # 2 
Gravel # 3 

33 
33 
35 
43 
43 
46 
46 
46 
48 
48 
49 
49 
49 
51 
52 
52 
52 
54 
54 
54 
56 

13 
14 
15 
36 

33 

50 

Sample Collection 

69 
36 
40 

(cm) 

Surface 
Surface 
Surface 

73 
48 to 60 

50 
48 
85 
38 
52 
76 
50 
100 

11 to26 
26 to 44 
44 to 46 

60 
30 
63 
100 
39 
69 
56 
41 

30 
29 
30 
23 

76 

57 

determine Kfs / 
K 

Guelph 
Guelph 
Guelph 

Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 
Shepherd 

Guelph 
Guelph 
Guelph* 
Guelph 

Guelph 

Guelph 

(cm/s) 

-3.4 
-2.3 
-3.2 

-0.1 
0.9 
0.0 
-0.3 
-0.6 
-2.3 
-2.2 
-0.8 
-2.3 
-2.2 
-2.3 
-1.9 
-2.1 
-0.6 
-2.1 
-1.6 
-0.7 
-2.3 
-2.2 
-2.3 
-1.8 
-2.2 
-2.3 
-1.4 

-2.3 
-2.0 
-1.9 
-3.4 

-2.0 

-2.3 

(cm/s) 

0.000388 
0.004602 
0.000582 

0.794328 
7.943282 
1 .oooooo 
0.501 187 
0.251 189 
0.005012 
0.00631 0 
0.1 58489 
0.005012 
0.00631 0 
0.005012 
0.01 2589 
0.007943 
0.251 189 
0.007943 
0.0251 19 
0.1 99526 
0.005012 
0.00631 0 
0.005012 
0.01 5849 
0.00631 0 
0.005012 
0.03981 I 

0.005399 
0.01 01 58 
0.01 3581 
0.000444 

0.009979 

0.005239 

* Indicates that this Kfs value is outside of the operating range of the Guelph permeameter as stated 
in the Guelph permeameter operating instructions. 
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APPENDIX 2 

-2 

-2.2 

-2.4 

-2.6 

-2.8 

2 -3 
Y 
0 
0 
1 

-3.2 

-3.4 

-3.6 

-3.8 

-4 
-2 

Normal Probability Plot for log Kfs of Site 39 Playa Nest Data 

y = 0.2838~ - 3.21 8 

-1.5 -1 -0.5 0 0.5 

Normal Scores (for n=15) 
1 1.5 2 
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APPENDIX 4 
Facies 

Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 

Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 

Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 

Site # 

25 
25 
25 
26 
26 
27 
28 
29 
29 
29 
29 
30 
31 
66 
66 
3 
3 
3 
3 
5 
12 
19 
19 
40 
41 
41 
68 
68 
6 

42 
7 
8 
9 
10 
16 
17 
18 
37 
38 
39 
20 
20 
21 
21 
59 
61 
61 
61 
61 

Method Phi5 _. . L L  -*  ueprn 01 
Sample 
40-45 
40-45 

90 
20 
20 
70 
40 

20-27 
20-27 

75 
75 
30 
40 
40 
40 
30 
30 
45 
45 
30 
30 
30 
30 
30 
30 
30 
35 
35 
35 
35 
35 
35 
30 
30 
30 
30 
30 
30 
30 
25 

25-30 
25-30 

24 

80 
40 
40 
70 
70 

66-70 

Exact 
N-HCI Wet 

HCI 
N-HCI Wet 2.6 
N-HCI Wet 

HCI 
N-HCI Wet 0.3 
N-HCI Wet 0.6 
N-HCI Wet 1.6 

HCI 2 
N-HCI Wet -2.1 

HCI 1.7 
N-HCI Wet 3 
N-HCI Wet 
N-HCI Wet 2.3 

HCI 2.2 
N-HCI Wet 1.6 

HCI 1.6 
N-HCI Wet 1.6 

HCI 1.6 
N-HCI Wet 1.7 
N-HCI Wet 1.8 
N-HCI Wet 1.6 

HCI 1.6 
N-HCI Wet 1 . I  
N-HCI Wet 1.5 

HCI 1.5 
N-HCI Wet 1.5 

HCI I .6 
N-HCI Wet 1.7 
N-HCI Wet 2 
N-HCI Wet 
N-HCI Wet 
N-HCI Wet 1.6 
N-HCI Wet 1.6 
N-HCI Wet 2.7 
N-HCI Wet 3.5 
N-HCI Wet 3.5 
N-HCI Wet 1.6 
N-HCI Wet 2 
N-HCI Wet 2.5 
N-HCI Wet 3 

HCI 2.9 
N-HCI Wet 3.6 
N-HCI Wet 3.6 
N-HCI Wet 3.6 
N-HCI Wet 3.5 

HCI 3.5 
N-HCI Wet 

HCI 3.5 

Phi5 Ph i l6  Phi50 
Minimum Exact 

3.5 3.6 
3.5 3.6 

3.6 
3.5 3.6 
3.5 3.6 

2.1 
2.8 
2.9 
3.1 
2.1 
2.5 
3.6 

3.5 3.6 
3.5 
3.5 
2.1 
2.1 
2.2 
2.1 
2.3 
2.6 
1.9 
1.9 
1.8 
2.1 
2 
2 
2 

2.3 
2.6 

3.5 3.6 
3.5 3.6 

2.2 
2.2 
3.6 
3.7 
3.7 
2.1 
3.1 
3.6 
3.6 
3.6 
3.8 
3.8 
3.8 
3.7 
3.7 

3.5 3.6 
3.7 

Exact 
4.1 
4 

4.1 
4.1 
4.1 
3.9 
3.9 
4.3 
4.2 
4 

3.9 
4.1 
4.1 
4.1 
4 

2.9 
2.8 
3.2 
3.1 
3 
4 

2.6 
2.6 
2.7 
3.1 
3.1 
2.7 
2.8 
3.1 
4 

4.1 
4.1 
3.7 
3.9 
4.3 
4.3 
4.3 
3.2 
4.1 
4.2 
4.2 
4 

4.4 
4.4 
4.4 
4.3 
4.1 
4.2 
4.5 
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Facies Site# Depth of Method Phi5 Phi 5 Phi 16 Phi 50 

Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Interfluve 
Interfluve 
Interfluve 
Interfluve 
I nterfl uve 
I nterfl uve 
Interfluve 
Interfluve 
Interfluve 
I nterfl uve 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 

Playa/Lake Margin 
Playa/La ke Margin 
Playa/La ke Margin 
Playa/La ke Margin 

Lake Floor ? 
Lake Floor ? 
Lake Floor ? 

62 
62 
64 
64 
65 
65 
34 
44 
45 
45 
50 
53 
55 
55 
57 
58 

Gravel # 1 
Gravel # 2 
Gravel # 3 

33 
33 
35 
43 
43 
46 
46 
46 
48 
48 
49 
49 
49 
51 
52 
52 
52 
54 
54 
54 
56 
13 
14 
36 
15 
49 
50 
51 

Sample 
40 
40 
65 
65 
42 
80 
67 
30 
15 
50 

31-36 
65 
20 
70 
35 
40 

Surface 
Surface 
Surface 

Exact 
N-HCI Wet 3.5 

HCI 3.5 
N-HCI Wet 3.6 

HCI 3.6 
N-HCI Wet 
N-HCI Wet 3.5 
N-HCI Wet 2.6 
N-HCI Wet 3.5 
N-HCI Wet 1 .I 
N-HCI Wet 3.5 
N-HCI Wet 2.4 
N-HCI Wet 2.2 
N-HCI Wet 3.5 
N-HCI Wet 1.9 
N-HCI Wet 3.5 
N-HCI Wet 2.1 
N-HCI Dry -5 
N-HCI Dry -5.8 
N-HCI Dry -4 

73 N-HCI Dry 
48 to 60 N-HCI Dry 

50 N-HCI Dry 
48 N-HCI Dry 
85 N-HCI Dry 
38 N-HCI Dry 
52 N-HCI Dry 
76 N-HCI Dry 
50 N-HCI Dry 
100 N-HCI Dry 

11 to 26 N-HCI Dry 
26 to 44 N-HCI Dry 
44 to 46 N-HCI Dry 

60 N-HCI Dry 
30 N-HCI Dry 
63 N-HCI Dry 
100 N-HCI Dry 
39 N-HCI Dry 
69 N-HCI Dry 
56 N-HCI Dry 
41 N-HCI Dry 
30 N-HCI Wet 
30 N-HCI Wet 
25 N-HCI Wet 
30 N-HCI Wet 
80 N-HCI Wet 
68 N-HCI Wet 

86-105 N-HCI Wet 

-4 
-3.8 
0.1 
-1 

-2.9 
-0.8 
-1.3 
-0.9 
-1 .I 
-0.8 
-3.9 
-1.8 
-2.8 
-3.5 
-0.4 
-0.4 
-0.8 
-2 

-2.9 
-1.5 
-2.3 
1.5 
1.7 
1.5 
1.3 
2.6 
2 

1.4 

3.5 

Minimum Exact 
3.7 
3.7 
3.8 
3.8 
3.6 
3.7 
3.2 
3.7 
3.2 
3.7 
2.9 
3.2 
3.7 
3.2 
3.7 
2.9 
-4.3 
-5.4 
-3.7 
-3.6 
-3.4 
0.8 
0.2 
-1.9 
0.2 
-0.3 
0.3 
-0.5 

0 
-3.4 
-0.5 
-1.9 
-2.8 
0.7 
0.3 
1 

-1.3 
-2.1 
0.3 
-1.6 

2 
2.2 
2 

1.7 
3.6 
3.1 
2.3 

Exact 
4.2 
4.4 
4.4 
4.6 
4.2 
4.3 
4.1 
4.2 
4.1 
4.3 
3.8 
4 

4.2 
4.1 
4.2 
4 

-2.9 
-3.3 
-3 

-2.6 
-2 
1.6 
1.2 
-0.3 
1.6 
1.2 
1.4 
0.7 
0.9 
-2 
0.9 
0.3 
-1.2 
1.8 
1 . I  
1.8 
0.5 
1.3 
1.6 
0.2 
2.8 
3.1 
2.7 
2.5 
4.1 
4.1 
3.8 
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Facies Phi 84 
Exact 

6 
4.4 
6.1 
5.3 
4.9 

Phi84 Phi90 Phi90 Phi95 
Maximum Exact Maximum Exact 

7.6 
5 5.7 
8 

7.1 
5.4 

Phi 95 
Maximum 

8.4 

Mean 
Exact 

4.6 
4.0 
4.6 
4.3 
4.2 

3.9 
5.2 
5.1 

Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 

Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 

Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 

8.4 
8.3 

5.7 
8.5 8.5 8.5 

8.3 
8.3 
8.3 
8.5 
8.3 
8.3 
8.4 
8.4 
8.3 
8.3 

4.9 
8.3 
7.9 

6.5 
8.3 
8.3 
8.5 
8.3 

8.5 
8.3 

5.4 
6.1 
6.6 
6.8 
4.1 
3.9 
7.6 
4.2 
7.6 
8 

4.7 
3.8 
7 

7.4 
4.3 
3.6 
4.6 
4.4 
8.5 
4.5 
4.6 
4.4 
8.2 
8.4 
8.4 
8.4 
7.5 
7.7 
6.4 
8.5 
4.7 
8.3 
8.3 

7.5 
8 

4.4 
4.6 
4.7 
4.8 
3.0 
2.9 
4.3 
3.1 
4.3 
4.9 
3.1 
2.8 
3.8 
4.2 
3.1 
2.8 
3.1 
3.3 
5.0 
4.1 
4.1 
3.4 
4.8 
5.4 
5.5 
5.5 
4.3 
5.0 
4.7 
5.4 
4.1 
5.5 
5.5 

8.4 
8.3 

5.1 
4.1 4.4 

8.4 8.4 
5.4 5.7 

8.4 
8.4 
8.4 

8.4 
8.4 
8.4 

6 
8.3 

8.1 
8.3 
8.4 8.4 

6.2 5.5 
7 

7.8 
8.3 

8.3 
8.3 
8.4 
8.5 8.5 

8.1 

7.7 

4.6 
4.7 
4.5 

8.4 

8.4 
8.4 
8.4 
8.4 
8.4 
8.4 

8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.3 
8.5 

7.6 

5.5 
8.5 

5.8 
8.4 
8.4 
8.5 
8.5 

8.4 
8.4 
8.5 
8.5 

8.5 
8.5 
5.6 
7.9 

5.5 
4.5 
5.2 

5.9 6.1 
8.4 
8.4 

8.4 
8.4 8.4 
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Facies 

Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Interfluve 
I n terfl uve 
Interfluve 
I n t erfl uve 
I nterfl uve 
I nterfl uve 
I nterfl uve 
Interfluve 
Interfluve 
Interfluve 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 

8.5 
8.4 

8.4 
6.9 
6.6 
8 

8.1 
5.8 
7.8 
6.3 
8.4 
7.2 
8.2 
0 
2 

2.4 
1.3 
1.8 
2.5 
2.3 
1.5 
2.7 
2.5 
2.4 
2 
2 

2.2 
1.9 
1.8 
1.8 
2.8 
2.3 
2.5 
2.3 
2.4 
2.5 
2.2 

Phi84 Phi84 Phi90 Phi90 Phi95 Phi95 Mean 
Exact Maximum Exact Maximum Exact Maximum Exact 

6.2 7.6 8.3 4.7 
7.9 8.3 8.3 5.3 

8.5 8.5 
8.4 8.4 

8.4 8.4 
8.2 8.4 8.4 5.3 

5.6 8.3 4.3 
5.5 4.5 
6.8 4.7 
7.3 5.1 
4.6 3.8 
6.5 4.6 
5.4 4.4 
7.5 4.9 
6.2 4.7 
6.7 4.5 
0.7 -2.2 
1.6 -2.4 
2 -1.6 

0.7 -1.8 
1.6 -1.3 
2.3 1.6 
2 1 . I  

1 .I -0.4 
2.5 1.4 
2.3 1 .I 
2.1 1.3 
1.8 0.7 
1.8 0.9 
1.8 -1.2 
1.8 0.7 
1.6 0.0 
1.4 -0.9 
2.5 1.7 
2 1 .I 

2.3 1.7 
2 0.4 

2.2 0.5 
2.3 1.4 
1.9 0.2 

PlayaILake Margin 4.2 
Playa/Lake Margin 8 
Playa/Lake Margin 3.7 
Playa/Lake Margin 8.1 

Lake Floor ? 5.9 
Lake Floor ? 8 
Lake Floor ? 7.1 

7.7 

8.1 

8 

7.3 

1 .I 
2.6 
2.9 
1.8 
2.2 
2.8 
2.7 
1.9 
2.9 
2.8 
2.6 
2.4 
2.2 
2.6 
2.2 
2.1 
2.1 
3 

2.6 
2.7 
2.5 
2.6 
2.7 
2.4 

8.4 

8.3 
8.3 

8.3 

8.4 
8.3 
8.3 

8.3 
8.4 

4.3 
8.3 

7.5 
8.4 
8.4 

8.3 
8.3 
8.3 
8.4 
8.4 

3.0 
4.4 
2.8 
4.1 
4.5 
5.1 
4.4 
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Facies Mean Sorting Sorting 
Maximum Exact Maximum 

1.3 
0.5 
1.5 
1.2 
0.7 
2.8 
1.7 
2.4 
2.2 
3.2 
2.5 
1.3 
1.4 
1.7 
1.7 
1.5 

2.4 
0.9 

Sorting 
Descriptive 

Poorly Sorted 
Moderately Well Sorted 

Poorly Sorted 
Poorly Sorted 

Moderately Well Sorted 
Very Poorly Sorted 

Poorly Sorted 
Very Poorly Sorted 
Very Poorly Sorted 
Very Poorly Sorted 
Very Poorly Sorted 

Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 

Moderately Sorted 
Very Poorly Sorted 

Poorly Sorted 
Very Poorly Sorted 
Very Poorly Sorted 

Poorly Sorted 
Poorly Sorted 

Very Poorly Sorted 
Very Poorly Sorted 

Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 

Very Poorly Sorted 
Moderately Sorted 
Moderately Sorted 

Poorly Sorted 
Very Poorly Sorted 
Very Poorly Sorted 

Poorly Sorted 
Poorly Sorted 

Very Poorly Sorted 
Very Poorly Sorted 

Poorly Sorted 
Very Poorly Sorted 
Moderately Sorted 

Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 

Moderately Sorted 
Poorly Sorted 
Poorly Sorted 

Skewness 
Exact 

Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 

Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 

Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 

4.8 

4.9 
4.9 

0.18 

1 .I 0.16 
2.3 
2.4 
1.7 

1.5 0.48 
2.4 
2.4 

1.3 0.18 
1.4 
1.7 
1.5 
2.5 
0.9 
1 .o 

1.5 -0.03 
2.5 
2.1 
1.9 
1.9 
2.4 
2.1 
1.6 
2.1 

0.7 0.26 
1.9 
1.9 
1.9 
2.0 

5.6 

0.9 0.56 
1.8 
1.9 5.5 
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Facies 

Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
I nterfl uve 
Interfluve 
Interfluve 
Interfluve 
Interfluve 
I nterfl uve 
Interfluve 
Interfluve 
Interfluve 
Interfluve 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 

Playa/Lake Margin 
Playa/Lake Margin 
Playa/La ke Margin 
Playa/La ke Margin 

Lake Floor ? 
Lake Floor ? 
Lake Floor ? 

Facies 

Mean Sorting 
Maximum Exact 

5.6 
5.6 

5.5 

1 .I 

1.3 

1 .o 

2.2 
3.0 
2.5 
2.0 
2.2 
0.8 
1 .o 
1.5 
1 .I 
1.3 
1 .o 
1 . I  
0.9 
2.3 
1.2 
1.6 
1.9 
1 .o 
0.9 
0.9 
1.5 
1.9 
1 . I  
1.6 

1.5 

Sorting 
Maximum 

1.4 
1.8 
1.9 
1.9 
1.9 
1.9 
1.5 

2.0 
1.6 

1.7 

2.1 
1.4 
1.9 

1.6 
2.5 

2.7 
1.4 
2.2 
2.3 

Skewness Skewness 

Sorting 
Descriptive 

Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 

Very Poorly Sorted 
Poorly Sorted 
Poorly Sorted 

Very Poorly Sorted 
Very Poorly Sorted 
Very Poorly Sorted 

Poorly Sorted 
Very Poorly Sorted 
Moderately Sorted 

Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 

Moderately Sorted 
Poorly Sorted 

Moderately Sorted 
Very Poorly Sorted 

Poorly Sorted 
Poorly Sorted 
Poorly Sorted 

Moderately Sorted 
Moderately Sorted 
Moderately Sorted 

Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 
Poorly Sorted 

Very Poorly Sorted 
Poorly Sorted 

Very Poorly Sorted 
Poorly Sorted 

Very Poorly Sorted 
Very Poorly Sorted 

Skewness 
Exact 

0.57 

0.22 

0.52 

0.38 
0.40 
0.73 
0.53 
0.42 
-0.09 
-0.15 
-0.08 
-0.26 
-0.19 
-0.27 
-0.04 
-0.07 
0.44 
-0.28 
-0.26 
0.21 
-0.26 
0.03 
-0.36 
-0.10 
-0.55 
-0.39 
-0.05 

0.41 

d90 (cm) d90 (cm) d50-d90 
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Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 

Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 

Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 

Facies 

Maximum 
0.67 
0.27 
0.54 
0.58 
0.34 
0.28 
0.05 
0.34 
0.42 
0.13 
0.43 
0.51 
0.68 
0.51 
0.55 
0.41 

0.58 

0.67 
0.41 
0.60 

0.60 
0.58 

0.39 
0.51 
0.41 
0.46 
0.31 
0.38 

0.38 
0.57 
0.71 
0.71 
0.56 
0.45 
0.49 
0.66 

0.70 
0.70 
0.71 
0.72 

0.72 
0.63 

Skewness 

Descriptive 
Strongly Fine-Skewed 

Fi ne-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strong I y Fi ne-Skewed 

Fine-Skewed 
Near-Symmetrical 

Strongly Fine-Skewed 
Strongly Fine-Skewed 

Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 

Fine-Skewed 
Strongly Fine-Skewed 

Fine-S kewed 
Strongly Fi ne-S kewed 
Strongly Fi ne-S kewed 
Strong I y Fi ne-Skewed 
Strong I y Fi ne-Skewed 
Strong I y Fi ne-Skewed 
Strongly Fine-Skewed 

Fine-Skewed 
Strongly Fine-Skewed 
Strong I y Fi ne-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 

Near-Symmetrical 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 

Fine-S kewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 

Skewness 

Exact 
0.00052 
0.0031 3 
0.00039 
0.00073 
0.00237 

0.001 10 

0.00055 
0.00039 

0.00292 
0.00583 

0.00237 

0.001 56 
0.00032 

0.00221 
0.00078 
0.00045 
0.00032 

0.0041 2 
0.00385 
0.00442 

0.00052 

0.0022 1 

0.00167 

Maximum 

0.00028 

0.00032 
0.00032 
0.00028 
0.00032 

0.00030 
0.00032 

0.00030 

0.00030 
0.00030 
0.00030 

0.00030 

0.00028 

0.00030 
0.00030 
0.00030 
0.00030 
0.00030 
0.00030 

0.00028 

0.00030 
0.00030 
0.00028 
0.00028 

0.00030 
0.00030 

d90 (cm) d90 (cm) 

Exact 
0.053 
0.031 
0.054 
0.051 
0.035 

0.056 

0.053 
0.054 

0.105 
0.085 

0.093 

0.149 
0.1 51 

0.095 
0.146 
0.139 
0.113 

0.01 7 
0.020 
0.033 

0.049 

0.040 

0.042 

d50-d90 

29 



Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Interfluve 
Interfluve 
I nterfl uve 
Interfluve 
Interfluve 
Interfluve 
Interfluve 
I nterfl uve 
I nterfl uve 
Interfluve 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 

Playa/Lake Margin 
Pla ya/La ke Margin 
Pla ya/La ke Margin 
Pla ya/La ke Margin 

Lake Floor ? 
Lake Floor ? 
Lake Floor ? 

Facies 

Maximum 
0.65 
0.65 
0.71 
0.62 
0.73 
0.71 
0.36 

0.33 
0.67 

0.46 

0.45 
0.65 
0.40 

0.45 
0.64 

0.70 
0.52 
0.47 
0.34 

Descriptive 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fi ne-S kewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 

Fi ne-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 

Near-Symmetrical 
Coarse-S kewed 

Near-Symmetrical 
Coarse-Skewed 
Coarse-S kewed 
Coarse-S kewed 

Near-Symmetrical 
Near-Symmetrical 

Strong I y Fi ne-Skewed 
Coa rse-S kewed 
Coarse-S kewed 

Fine-Skewed 
Coarse-S kewed 

Near-Symmetrical 
Strongly Coarse-Skewed 

Coarse-Skewed 
Strongly Coarse-Skewed 
Strongly Coarse-Skewed 

Near-Symmetrical 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fi ne-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 
Strongly Fine-Skewed 

Exact 
0.00052 

0.00084 
0.001 03 
0.00039 
0.00036 
0.00179 
0.00045 
0.00127 
0.00030 
0.00068 
0.00034 
0.1 0000 
0.02500 
0.01 895 
0.04061 
0.02872 
0.01 768 
0.02031 
0.03536 
0.01 539 
0.01 768 
0.01 895 
0.02500 
0.02500 
0.021 76 
0.02679 
0.02872 
0.02872 
0.01436 
0.02031 
0.01 768 
0.02031 
0.01 895 
0.01 768 
0.021 76 
0.00048 

0.00508 

0.00055 

d50-d90 d50 (mm) d90 (mm) d90 (mm) 
Minimum Exact Exact Maximum 

Maximum 

0.00032 
0.00028 
0.00030 
0.00030 
0.00030 

0.00030 

0.00032 

0.00030 
0.00030 

Exact 
0.049 

0.050 
0.044 
0.054 
0.047 
0.054 
0.058 
0.042 
0.055 
0.048 
0.059 
6.464 
9.599 
7.81 1 
5.657 
3.71 3 
0.153 
0.232 
0.878 
0.176 
0.258 
0.189 
0.366 
0.286 
3.782 
0.268 
0.525 
2.01 0 
0.144 
0.263 
0.1 10 
0.504 
0.21 7 
0.153 
0.653 
0.139 

0.103 

0.053 
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Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Loess 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 
Dune 

Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 
Playa Bottom 

Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 

Facies 

0.064 

0.048 
0.051 
0.060 
0.064 

0.055 
0.059 

0.106 

0.122 
0.060 
0.162 

0.1 14 

0.060 

0.064 
0.048 
0.048 
0.048 
0.106 
0.055 

0.052 

0.044 
0.044 
0.045 
0.048 

0.051 
0.041 

d50-d90 
Minimum 

0.058 
0.063 
0.058 
0.058 
0.058 
0.067 
0.067 
0.051 
0.054 
0.063 
0.067 
0.058 
0.058 
0.058 
0.063 
0.134 
0.144 
0.109 
0.117 
0.125 
0.063 
0.165 
0.165 
0.154 
0.117 
0.117 
0.154 
0.144 
0.117 
0.063 
0.058 
0.058 
0.077 
0.067 
0.051 
0.051 
0.051 
0.109 
0.058 
0.054 
0.054 
0.063 
0.047 
0.047 
0.047 
0.051 
0.058 
0.054 
0.044 

0.005 
0.031 
0.004 
0.007 
0.024 

0.01 1 

0.006 
0.004 

0.029 
0.058 

0.024 

0.016 
0.003 

0.022 
0.008 
0.004 
0.003 

0.041 
0.038 
0.044 

0.005 

0.022 

0.01 7 

d50 (mm) d90 (mm) 
Exact Exact 

0.003 

0.003 
0.003 
0.003 
0.003 

0.003 
0.003 

0.003 

0.003 
0.003 
0.003 

0.003 

0.003 

0.003 
0.003 
0.003 
0.003 
0.003 
0.003 

0.003 

0.003 
0.003 
0.003 
0.003 

0.003 
0.003 

d90 (mm) 
Maximum 
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Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
Lake Floor 
interfluve 
Interfluve 
Interfluve 
I nterfl uve 
Interfluve 
I nterfl uve 
Interfluve 
I nterfl uve 
Interfluve 
Interfluve 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 

PI a ya/La ke Margin 
Playa/Lake Margin 
Playa/Lake Margin 
Playa/Lake Margin 

Lake Floor ? 
Lake Floor ? 
Lake Floor ? 

0.044 
0.045 
0.038 
0.051 
0.048 

0.1 14 

0.174 

0.055 
0.069 

0.054 
0.047 
0.047 
0.041 
0.054 
0.051 
0.058 
0.054 
0.058 
0.051 
0.072 
0.063 
0.054 
0.058 
0.054 
0.063 
7.464 
9.849 
8.000 
6.063 
4.000 
0.330 
0.435 
1.231 
0.330 
0.435 
0.379 
0.616 
0.536 
4.000 
0.536 
0.81 2 
2.297 
0.287 
0.467 
0.287 
0.707 
0.406 
0.330 
0.871 
0.144 
0.117 
0.1 54 
0.177 
0.058 
0.058 
0.072 

0.005 
0.003 
0.003 
0.003 
0.003 
0.003 

0.008 
0.010 
0.004 
0.004 
0.018 
0.004 
0.01 3 
0.003 
0.007 
0.003 
1 .ooo 
0.250 
0.1 89 
0.406 
0.287 
0.177 
0.203 
0.354 
0.154 
0.177 
0.189 
0.250 
0.250 
0.21 8 
0.268 
0.287 
0.287 
0.144 
0.203 
0.177 
0.203 
0.189 
0.177 
0.21 8 
0.005 

0.003 
0.051 

0.003 
0.006 

0.003 
0.003 
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Stochastic Simulation of Aquifer Heterogeneity in a Layered Basalt Aquifer System, 
eastern Snake River Plain, Idaho 

J.A. Welhan, T. Clemo, E. Gego 

ABSTRACT 

A study was conducted to determine whether a stochastic approach to modeling aquifer 

heterogeneity in the eastern Snake river Plain aquifer is feasible. The amount and measurement 

support of well-scale permeability data do not justify simulating aquifer heterogeneity in terms of 

permeability directly. Information on lithology is available from interpreted borehole geophysical 

logs to model three key lithologic categories as surrogates for permeability: low-permeability , 

massive basalt and fine-grained sediment, and high-permeability Type-I interflow zones (IFZs). 

Interpreted lithologic categories in 20 boreholes were discretized into 0.6-meter intervals. 

Indicator variogram analysis produced a set of best correlation structural estimates. Sediment and 

massive basalt categories have apparent maximum horizontal correlation ranges of 140- 150 

meters, respectively; that of the IFZ category is ca. 110 meters. Unlike the other categories which 

were horizontally isotropic, IFZs were modeled with a horizontal correlation range anisotropy of 

7 : 1. Indicator variograms were modeled with a two-nested structure model and zero nugget, on 

the assumption that all three lithologic categories are highly continuous at sub-meter scales. 

Sequential multiple indicator simulation of lithology was the first stochastic simulation approach 

evaluated. A 1.74 km2 by 60-meter thick volume of aquifer was discretized in a (6, 6,0.6) meter 

grid (x, y, z) and simulations were conditioned with borehole lithology. A major limitation of this 
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approach is that, regardless of how permeability values are assigned to the simulated lithologies, 

the resulting permeability maps are not conditioned to available borehole permeability data. 

The second approach permits direct simulation of borehole-scale permeability. Simulated 

annealing was used to condition realizations to both borehole permeability and lithology. Vertical 

resolution was sacrificed to match the average 6-meter measurement support of permeability. A 

relationship between borehole permeability (bulk average hydraulic conductivity, Kb) and 

number of interflow zones, Nz, in a well test interval allows simulated lithology to be used as 

conditioning information. The &-Nz relationship was modeled as a linear average of the K's of 

massive basalt and IFZ material, and showed that IFZ permeability is more likely variable than 

constant, with a relatively small variance required to reproduce the observed Kb data distribution. 

A variation of object-based modeling was developed as a third simulation approach, in the form 

of a structure-imitating model. This model mimics the physical geologic structure created by 

processes such as eruption, inflation, ponding, and sediment deposition, by optimizing specified 

rules and parameters to produce stochastic realizations which honor observed measurements 

(thickness distributions, fractal dimension, vent locations, etc.). Development to date has focused 

on demonstrating the feasibility of such an approach through creation of a preliminary model 

with matching to a limited number of measurement constraints derived from Holocene basalts 

and drill core. 

INTRODUCTION 
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The eastern Snake River Plain (ESRP) aquifer is one of the most prolific aquifers in the western 

United States. Ground water flow in this heterogeneous aquifer system is in a complex sequence 

of interlayered basalt with minor intercalated sedimentary interbeds. Permeability varies more 

than six orders of magnitude in this system (Lindhom and Vaccaro, 1988; Ackerman, 1991). This 

large range arises due to the inter-leaving of relatively thin, highly permeable, preferential flow 

zones or so-called interflow zones (FZs) at the contacts between individual lava flows with 

massive, low- to moderate-permeability basalt within the interiors of lava flows, and possibly as 

well from dense networks of interconnected tension fractures at the margins of inflated lava 

flows (Welhan et al., this volume). Sedimentary interbeds between some lava flows comprise 

additional low- to moderate-permeability components of the aquifer system (Figure 1). 

'1 The Idaho National Engineering and Environmental Laboratory (INEEL) is a Department of 

Energy reactor testing and waste reprocessing facility situated near the northern margin of the 

E S P  (Figure 2.a). Because significant ground water contamination exists at several locations 

beneath the site, the Department of Energy has been seeking innovative technologies to assist 

with its characterization and remediation activities. Accurate predictive models of ground water 

flow and contaminant transport require a detailed model of the spatial variation of permeability 

within the ESRP aquifer. However, relatively few permeability measurements are available in 

even the most densely drilled and instrumented portions of the INEEL (e.g. Figure 2.b). Equally 

problematical is the fact that almost all of the wells represent measurements of hydraulic head 

and solute concentration from large open intervals (3 - 30 meters, or more). Thus, permeabilities 

deduced from well tests represent bulk averages over the open well intervals and do not reflect 
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the actual permeability of the relatively thin, localized, high-permeability zones which are 

thought to conduct most of the mass flux through this system. 

Stochastic methods of simulating hydraulic heterogeneity in aquifers and petroleum reservoirs 

have been used to quantify uncertainty in geologic interpretations of subsurface heterogeneity 

and in fluid flow and transport predictions where limited subsurface information precludes 

accurate deterministic predictions. A large body of work on stochastic aquifer simulation has 

developed since Freeze ( 1975) published his landmark paper on the impact of statistically 

uncertain permeability fields on ground water flow. However, much of the stochastic ground 

water literature since has focused on simulating heterogeneity in porous intergranular media in 

sedimentary aquifers. The emphasis has been on capturing more realism and incorporating soft 

geologic information (depositional history, process, style, facies geometry) to constrain 

simulations of lithologic and permeability heterogeneity so as to be as faithful as possible to the 

actual heterogeneous structure of the sedimentary environment (Phillips and Wilson, 1989; Fogg, 

1989; Koltermann and Gorelick, 1992; Carle et al, 1998). 

Basalt-hosted IFZs are believed to be the most important hydraulic components of the ESRP 

aquifer (Lindholm and Vaccaro, 1988; Knutson et al., 1990), because of their high permeability 

and ability to localize large ground water fluxes, both in natural flow fields (Cecil et al., 1999) 

and under induced gradients. Fluid flow and contaminant mass movement at the plume scale may 

be substantially controlled by the spatial distribution, geometry, and interconnectedness of IFZs 

(Sorenson et al., 1996). Simulating their spatial architecture is therefore anticipated to be a key to 

the accurate description and prediction of contaminant movement in this aquifer system. 
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Previously published geologic conceptual models as well as recently refined versions (Welhan et 

al., in press; Welhan et al, this volume) hold that LFzs are sub-horizontal features hosted within 

inflated pahoehoe lava flows whose spatial geometry is characterized by a complex interleaving 

of different scales of IFZs, over relatively short lateral distances. In the absence of detailed, 

localized inter-borehole geophysical soundings (e.g. radar tomography), Type-I IFZs cannot be 

correlated with any certainty between widely-spaced boreholes. However, although inter-well 

spacings are relatively large, so are the lateral dimensions of IFZs (on the scale of individual lava 

flow lobes, or tens to hundreds of meters; Welhan et al., this volume). Therefore, despite the low 

areal density of wells on the INEEL (Figure 2.b), it remains to be seen whether the spatial 

architecture of such large lithologic elements can be deduced from the available subsurface 

information. On this basis, Welhan et al. (1997) suggested that the large-scale features of ESRP 

aquifer heterogeneity could be analyzed and modeled stochastically through an adaptation of 

approaches developed for sedimentary environments, at least in the most densely-drilled portions 

of the aquifer. 

A feasibility study was undertaken to evaluate such an approach. This communication builds on 

earlier work which laid the conceptual groundwork for a geostatistical analysis and stochastic 

modeling approach (Welhan et al., 1997; Welhan and Wylie, 1997) and summarizes the results 

of different stochastic approaches for simulating aquifer heterogeneity. A companion paper 
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(Gego et al., this volume) presents the results of the application of one of these aquifer simulation 

approaches to Monte Carlo flow and transport modeling in this basalt aquifer. 

Study area 

This work focused on a small (1.74 km2) feasibility test subarea of the INEiELs Test Area North 

(TAN) reactor testing facility. The feasibility study subarea is located in a densely-drilled portion 

of the aquifer in which a trichloroethylene (TCE) plume has developed downgradient of a deep 

waste injection well (Figure 2.b; Sorenson et al., 1996). This subarea contains numerous 

monitoring wells. Well coverage comprises mostly open boreholes with interval lengths of 

between 2.7 and 70 meters (6 meters median length) and between 60 and 130 meters below land 

surface. The regional-scale stratigraphic dip of basalt flow units is less than 1 degree to the south 

(Anderson and Bowers, 1995). Much steeper dips may occur very locally on the flanks of large, 

inflated lava flow structures, but at the scale of individual lava flow units, inflationary lava 

growth would not be expected to initiate on slopes greater than about 1-2 degrees (Hon et al., 

1994). 

Sixty individual slug test measurements of permeability (as hydraulic conductivity) were 

available from open borehole intervals and straddle packer intervals within this 70-meter thick 

rectangular volume. All wells in and near the subarea that had adequate geophysical log 

information with which to assess lithologic heterogeneity in the aquifer were also included. The 

areal density of wells provided sufficient lateral control to allow 3-dimensional spatial 

correlation analyses of selected lithologic elements as well as of borehole-scale permeability 
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variations. The analysis and modeling work was restricted to the basalt portion of the aquifer that 

is bounded above and below by major sedimentary interbed units. 

HYDROGEOLOGIC BACKGROUND 

The primary hydrogeologic control on fluid flow in the ESRP aquifer is exerted by 

high-permeability interflow zones (IFZs) distributed between stacked lava flow lobes whose 

mostly massive interiors have relatively low permeability (Lindholm and Vaccaro, 1988; 

Knutson et al., 1990, 1992; Figure 3). Although this is a non-sedimentary aquifer system, the 

spatial characteristics and architecture of its highly permeable E s  bear resemblances to coarse 

fluvial facies in sedimentary aquifer systems (Fogg, 1989; Carle et al., 1998), albeit on a 

generally larger scale: abrupt transitions from high- to low-permeability over short distances 

when moving from one lithologic type into another; marked spatial anisotropy in the correlation 

ranges of lithologic classes, with much larger ranges horizontally than vertically; and 

characteristically high transition probabilities between massive basalt and lFZs relative to other 

lithologic classes. 

The geometry of lava flow lobes that support IFZs are described in Welhan et al. (this volume). 

They propose that IFZs are of two types: Type-I those supported on and within the surfaces of 

flow lobes (whose lateral spatial dimensions are controlled by the areal geometry of inflated flow 

lobes; and Type-I1 those supported in the intensely fractured lateral margins of flow lobes and 

flow units, which remain partially open after inundation by younger lavas, and which may 

interconnect over very large horizontal distances. Since we cannot discriminate between the two 
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types of i F z s  from borehole information, we have focused solely on Type-I features. The spatial 

architecture of Type-I IFZs can be conceptualized as thin, lobate and areally extensive 

"pancakes", of high- to extremely high-permeability material, "draped" over the massive interior 

elements of lava flow lobes (Figure 1). Type-I LFzs are defined by a combination of densely 

jointed, fractured and vesicular basalt that characterizes the outer crust of inflated lava flow lobes 

and in the thin rubble zones that are scattered in a patchy fashion over lobe surfaces (Figure 1). 

Although Type-I1 IFZs may be important at large scales for conducting fluid and contaminant 

mass over long distances, they cannot be distinguished from Type-I IFZs and hence any 

indication of Type-I1 porosity in boreholes is lumped together with Type-I porosity at the spatial 

scale of immediate interest (10s to 100s of meters) for contaminant plume modeling. 

The feasibility of a geostatistical description of the ESRP aquifer was first proposed by Welhan 

and Reed (1997). Their analysis of well permeability data collected from open boreholes across 

the entire INEEL demonstrated the existence of regional-scale correlation structure. Although 

this analysis was necessarily crude because of the nature and quantity of the available 

permeability data, the similarity between the orientations and scale of basalt lava flow groups and 

the observed anisotropy of permeability correlation structure suggested that permeability 

variations reflected regional-scale geologic controls, and that it might be possible to 

stochastically model local-scale aquifer heterogeneity based on a knowledge of the underlying 

geologic controls at the appropriate scale. Welhan et al. (1998) provided corroboration of this 

conjecture by showing that the local-scale correlation structure and anisotropy of major IFZs 

deduced from borehole data, was similar to i) the magnitude and orientation of hydraulic 
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anisotropy observed in a multi-well pumping test, ii) the inferred orientation of lava flows in that 

portion of the aquifer, and iii) the local direction of contaminant transport. 

APPROACH AND RATIONALE 

This feasibility analysis of a stochastic approach to modeling ESRP aquifer heterogeneity will 

consider several points: a) suitability of data availability, b) appropriate simulation scale, c) 

choice of simulation method, and d) limitations, alternatives and recommendations. Welhan et al. 

(1997) and Welhan and Wylie (1997) concluded that a stochastic simulation approach to aquifer 

heterogeneity was feasible in the most densely-drilled portions of the aquifer, and discussed 

much of the rationale for data availability and scale; the following subsection summarizes the 

salient aspects of these topics. The remainder of this communication will focus primarily on (c) 

and (d), and on specific scale- and data-related issues that bear directly on the simulation 

approaches chosen. 

Data type, availability, and scale 

Borehole permeability information in the ESRP aquifer is extremely limited, with mean borehole 

spacing on the entire INEEL of the order of kilometers (Figure 2.a). Within individual test 

facilities, where most drilling and monitoring has been conducted, mean borehole spacing can be 

of the order of tens to hundreds of meters. Thus, our efforts to evaluate the feasibility of 

stochastic modeling approaches in this aquifer were necessarily limited to those areas in which 
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sufficient borehole information exists, that is, where mean spacing between boreholes is of the 

order of tens of meters (such as parts of TAN, shown in Figure 2.b). 

However, even in such areas, information on vertical permeability variation is sparse. The great 

majority of INEEL boreholes are completed as observation wells that are cased to the top of the 

basalt section and open over intervals of a few meters to hundreds of meters. In the wells shown 

in the contaminant plume inset of Figure 2.b, the mean vertical open interval length is six meters. 

Thus, except for a few wells in which short-interval packer or flowmeter profiles have been 

obtained, the available borehole data represent vertical averages of not only head and 

permeability but also of contaminant concentration. Since IFZs typically are relatively thin but 

highly permeable, our ability to describe and model their spatial architecture and the control they 

exert on borehole-scale permeability is severely hindered because of the type of available 

permeability information. 

To overcome some of these limitations, Welhan et al. (1997) proposed that key lithologic 

categories identified from borehole data could be used as surrogates for high- and 

low-permeability classes. From bulk average permeability measurements collected in open 

borehole and large packer intervals in the TAN area (Figure 2.b), Welhan and Wylie (1997) 

observed that log-transformed hydraulic conductivities above the 90th percentile were consistent 

with the estimated permeability of rubble and open fractures; they proposed that borehole 

intervals with the highest bulk average permeabilities reflected zones with a high proportion of 

highly permeable rubble and fractured basalt (i.e. Type-I IFZs). Log-transformed borehole 

permeabilities below the 10th percentile were consistent with measured core-scale permeabilities 
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of fine-grained sedimentary interbeds and unfractured basalt. Borehole-scale permeabilities 

falling between these thresholds may represent variable degrees of fracturing, the presence of 

coarse-grained, high-permeability sedimentary interbeds, and / or spatial averaging of high- and 

low-permeability lithologic categories within a well test interval. 

In support of the latter hypothesis, Welhan et al. (1997) pointed out that a weak relationship 

exists between the bulk average permeability measured in an open well bore interval and the 

number of IFZs encountered in the interval. If the number of IFZs influencing a well test interval 

has a direct bearing on the borehole-scale permeability measured in the interval, then it may be 

possible to exploit the relationship between IFZ spatial density and bulk permeability for 

modeling purposes. This relationship is explored later in this paper and used for modeling 

purposes. 

In addition to subsurface lithologic information, detailed mapping and analysis of basalt lava 

morphology and geometry was conducted on two of the youngest and best-exposed Holocene 

basalt lava fields on the ESRP (Welhan et al., in press; Welhan et al., this volume). As suggested 

by Knutson et al. (1990) and Welhan et al. (1997; in press), these basalt lavas and their internal 

structures can be considered direct analogs of their counterparts in the aquifer. This information 

has led to the development of refined models of basalt emplacement mechanisms, to the 

identification of potential features and structure within that morphology capable of imparting 

high-permeability to the basalt section, quantitative measures of lava flow lobe geometry, 

constraints on the spatial correlation structure of Type-I IFZs, and the identification of the 



12 

potential importance of Type-I1 IFZs (Johanneson et al., 1998; Welhan et al., 1999; Welhan et al., 

this volume). 

Stochastic simulation approach 

Two generally different approaches to stochastic simulation of lithologic heterogeneity have been 

developed (Kupfersberger and Deutsch, 1999): object-based and cell-based. Object-based 

methods (Deutsch and Wang, 1996) rely on describing the shape and dimensions of geometric 

objects representing any number of lithofacies categories (such as gravel bars, sand lenses, 

deltaic fans) and positioning these shapes within an aquifer volume to satisfy specified 

constraints (volumetric proportion, size distribution, orientation, location of the lithofacies 

encountered in wells, etc.). For example, such an object might have a banana-like shape, 

representing channel bar gravel deposits within a fluvial sedimentary sequence; various lengths, 

curvatures, diameters and orientations in the horizontal plane would represent the stochastic 

nature of the spatial geometry of this coarse-grained facies. This approach has not been adopted 

for modeling of basalt heterogeneity in this work because the characteristic "shape" of an IFZ has 

yet to be defined, so that simulations based on assumed shapes would be arbitrary at best. 

Furthermore, since the areal shape of IFZs appears to be fractal (Welhan et al., this volume), 

considerable computational effort could be involved in generating and conditioning such shapes, 

and to satisfy imposed collateral constraints. Although a direct object-based approach was not 

taken in this work, an annealing approach is being developed that operates on a very detailed, 

"object-like" model of aquifer heterogeneity, and which has some of the characteristics of an 

object-based simulation approach. The advantage of such an approach is that complex lithogic 
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geometries can be modeled with more realism than is possible in methods that utilize more 

restrictive, linear statistical descriptions of spatial geometry. 

Cell-based methods utilize an indicator transformation to represent each of any number of 

lithologic categories with a 1 (lithofacies category is present) or a 0 (category is absent), and then 

build the spatial architecture of each category stochastically, using geostatistical modeling 

techniques based on semi-variograms or other two-point geostatistical measures (Deutsch and 

Journel, 1997). The primary limitation imposed by this method is that the spatial architecture of 

IFZs cannot be accurately represented with two-point geostatistical measures such as the 

variogram. Multi-point statistical methods are necessary to represent complex geometric shapes 

but are difficult to implement and still in their infancy (Guardino and Srivastava, 1993). A 

number of different approaches within the class of cell-based methods have been developed to 

incorporate a variety of constraints besides variogram statistics to simulate realistic 

heterogeneous systems; these include the incorporation of anisotropy, juxtapositional 

relationships, transition probabilities, and "soft" information (Fogg, 1989; Poeter ... Carle et al., 

1998). 

In contrast to "hard" data, for which there is no (or negligible) uncertainty in the data values 

representing the primary attribute of interest, "soft" information does not represent precise, 

single-valued measurements of the attribute but, rather, information on its probability distribution 

(Goovaerts, 1997). For a variable, z, at location x,, 



14 

the conditional cumulative distribution function, F, is defined by a indicator transform variable, I, 

at one or more thresholds, zc, that subdivide the range of z values into k+l intervals (Journel, 

1989). At each threshold, the indicator variable at location Xj is defined by 

For example, if permeability is the primary variable and hard data is unavailable at location x,, 

soft information can be used to estimate it. Suppose rock type is a secondary variable known to 

be correlated to permeability, but is soft information because it is interpreted from well logs with 

associated uncertainty. By examining permeability values measured at other locations in the same 

rock type, the probability distribution of permeability can be estimated at xj. Alternatively, soft 

information could be in the form of the neutron-porosity well log response at Xj, and falls 

between two signal thresholds, zcl and zc2. The probability distribution of permeability at Xj can 

be estimated from permeability values at other locations in which neutron-porosity response falls 

between the signal thresholds, z , ~  and zc2. 

Categorical information also can be treated as hard or soft data, utilizing an indicator formalism. 

For example, a single lithologic category, z,, within a class of any number of categories, Z, can 

be represented with an indicator transform variable: 

Z(Zc;xj) = 1 ; f Z ( X j )  = z c  



Z ( z c ; x j )  = 0 i f Z ( X j )  f z c  

For reasons discussed below, available borehole permeability information is inadequate for 

directly simulating permeability at the scale of individual IFZs. Welhan et al. (1997) proposed 

that categorical information on lithology be used to simulate aquifer heterogeneity. The rationale 

for this is based on several lines of reasoning. First, the most detailed set of basalt permeability 

data available for the INEEL was derived from permeameter measurements on small plugs 

collected from basalt core (JSnutson et al., 1990). However, these data primarily reflect the 

permeability of the rock matrix, and are not representative of the magnitude and variations of 

permeability observed in field-scale tests. Figure 4 (horiz. bar diagram, with inset of basalt k 

histogram) summarizes the ranges and means of measured, core-scale permeabilities for massive 

basalt, vesicular basalt, and fine-grained sediment, as well as available measured and estimated 

values for basalt rubble and open fractures. 

Secondly, borehole-scale permeability data (as bulk average hydraulic conductivity, &) in the 

TAN feasibility test subarea (Figure 2, inset) is only available in 60 discrete intervals (open well 

intervals and straddle packer intervals) in 33 wells. A compilation of all available well test 

information from existing reports up to October, 1996 (A. Wylie, written communication, 1996) 

is summarized in Table 1. The data represent bulk average hydraulic conductivity values for 

individual hydraulic tests in the indicated well intervals. In all but two cases, the tests were 

performed by slug injection or withdrawal and the values listed represent the computed Kb 

values; in two cases, the reported value represents the bulk average I6 estimated from pumping 

tests in which the computed transmissivity is divided by the length of the test interval. Adequate 
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painvise statistics could not be obtained from such a limited number of values so that spatial 

correlation structure could not be determined confidently through variogram analysis. 

Furthermore, because of the limited number of packer intervals tested, vertical variogram 

structure of borehole-scale Kb is essentially unknown. 

Perhaps the most problematic issue is the scale at which the available permeability measurements 

were collected. Each of the data values listed in Table 1 represents the bulk average Kb value for 

the entire length of a well test interval or a packer test interval. Welhan et al. (this volume) have 

estimated that the average effective thickness of an IFZ may be as thin as the average rubble zone 

(0.2 meters) or more likely a combination of rubble and the most densely jointed upper crust (ca. 

1 to 1.5 meters). Either estimate is far less than the average well test interval length of 6 meters at 

TAN. Similarly, the average thickness of the massive basalt element in lava flow lobes is 2.3 

meters and that of sedimentary interbeds is 1.5 meters (Welhan et al., this volume). Thus, the 

scale at which these borehole permeability data were collected cannot resolve the permeability 

variations arising from individual lithologic elements, which control the vertical permeability 

structure of the aquifer on a spatial scale much smaller than 6 meters (Figure 1). This latter 

problem is most acute from the perspective of IFZs, whose thickness is small but whose 

permeability is believed to control much of the mass flux through the aquifer (Lindholm and 

Vacarro, 1988; Sorenson et al., 1996). 

Because of the above problems with simulating permeability directly, and because certain 

lithologic categories are believed to have an important bearing on permeability (see discussion 

above), rock type has been chosen as a surrogate for permeability and as the primary variable for 
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initial evaluation. Information on lithologic variability in the aquifer is available indirectly from 

geophysical logs; as such, it inherently contains uncertainty and, strictly speaking, should be 

considered as soft information. However, since it is treated here as the primary variable for 

simulation purposes, it is considered as if it were hard data. 

Once the spatial distribution of lithologic categories has been simulated, representative 

permeability values can be assigned to them to create a stochastic realization of aquifer 

permeability. Later in this communication, we will present a method for directly simulating 

borehole-scale permeability as the primary variable, while utilizing simulated lithology as a type 

of soft information to further constrain the simulations. 

Limitations and other issues 

The available borehole-scale I(b data can be used to substantiate the classification of lithologic 

elements into classes that are hydrologically meaningful. As pointed out earlier, the distribution 

of I(b is lognormal and the 90th percentile of the TAN borehole log(&) frequency distribution 

corresponds closely to the hydraulic conductivity for IFZs estimated by Knutson et al. (1992). 

Welhan and Wylie (1997) suggested this cutoff as a convenient interim value that represents the 

IFZ lithologic category. They also proposed the 10th percentile as an interim cutoff representing 

both massive basalt and fine-grained sedimentary interbed materials (corresponding to the upper 

range of permeabilities in Figure 4). The borehole-scale I(b values between these two thresholds 

presumably represent either averages of mixtures of these end-member permeabilities within the 

well test intervals, or varying degrees of fracture-hosted permeability within the interiors of lava 
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flow lobes. The choice of these cutoffs is admittedly somewhat arbitrary, as they are not based on 

an analysis of the permeabilities of the above lithologic categories. However, analysis of IF2 

permeabilities, core-scale or borehole-scale, is not possible because no such measurements exist, 

and an analysis of available core-scale permeability information on massive basalt and sediment 

is not strictly defensible in choosing permeability cutoffs for borehole-scale data. Therefore, as 

Welhan and Wylie (1997) did, we consider these only interim cutoffs, subject to revision when 

more and better information becomes available. 

The advantages of modeling lithologic heterogeneity as a surrogate for permeability are two-fold: 

1) the stochastic representation of lithologic heterogeneity can be modeled at a fine spatial scale 

(< 1 meter vertical discretization) because of the scale at which borehole lithologic information is 

available; and 2) outcrop information on lithologic surrogates at the surface can be obtained to 

constrain the variogram structure of the spatial distribution of these surrogates in the subsurface, 

thereby overcoming some of the limitations imposed by large inter-well spacings (Kupfersberger 

and Deutsch, 1999). The principal disadvantage is that the assignment of representative 

permeability values to these lithologic classes must of necessity depend primarily on core-scale 

permeability data; furthermore, the assignment of permeability values to individual lithologic 

elements cannot be conditioned readily to observed borehole-scale permeability data because of 

the difference in measurement scales. 

METHODS 

Geophysical log interpretation and lithologic database 
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In order to model aquifer heterogeneity at a fine vertical scale of resolution, the locations of the 

high- and low-permeability zones, particularly IFZs, in boreholes must be mapped. For other than 

the few boreholes that have been cored, available lithologic drilling logs from the INEEL lack the 

necessary degree of specificity for defining lava flow contacts, positions of interflow zones, or 

other high-porosity features (lava tubes, major fractures) in the basalts. 

A variety of borehole logging methods have been shown to be useful in identifying interflow 

zones in the ESRP aquifer, including borehole video (Bennecke, 1996), acoustic televiewer 

(Barton and Moos, 1997), seismic and radar tomography (Knoll and Smith, 1998), and thermal 

flowmeter logging (Morin et al., 1993). However, these methods have not been widely applied on 

the ESRP. In contrast, a relatively large amount of information is available from conventional 

borehole geophysical logs at the INEEL, which have been shown to be useful for locating basalt 

interflow zones (Knutson, 1993; Bennecke, 1996; Glover, 1998). The approach of Anderson 

(1991), based on natural gamma logs, has been successful in mapping sediment occurrences 

within the basalt stratigraphy. 

A methodology proposed by Knutson (1993), involving a combination of neutron porosity, 

induced-gamma density, and caliper diameter logs was developed in this work to identify the 

most prominent zones of enhanced porosity within the basalt section. This approach exploits 

Knutson's observation that IFZs correspond to localized zones of low density / high porosity in 

basalt, often with a significant amount of breakout of incompetent, rubbly, fractured IFZ material 

from the borehole wall. A coincidence of large signal deflections in neutron-porosity and induced 
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gamma-density sondes, plus caliper log deflections, were found to provide a reasonably accurate 

representation of the most significant IFZs. This interpretational protocol, calibrated against 2700 

meters of basalt core, was necessarily qualitative because of the variable quality of most of the 

geophysical logs and because quantitative comparisons between wells could not be made due to 

lack of calibration of the sondes. 

Figure 5.a shows that the enhanced porosity zones identified with this method coincide with 

zones of preferential flow into the borehole, as defined by flowmeter logs. Thus, enhanced 

porosity zones identified from density-porosity-caliper log interpretations appear to correspond to 

zones of enhanced permeability that are referred to as IFZs. Comparisons between induced 

gamma - neutron - caliper picks and visual examination of video and acoustic televuer logs also 

shows good correspondence (Hankins, in prep.), and lends further credibility to the interpreted 

lithology. 

Within the basalt portion of the aquifer in the TAN feasibility test subarea between the maor 

sedimentary interbeds 60 and 130 meters below land surface, natural gamma logs were used to 

identify thin sedimentary interbeds or sedimented zones (Anderson, 1991) and IFZs were 

identified with the combination of neutron porosity, gamma-gamma density, and caliper logs 

outlined above. The results were used to construct a database of the three principal lithologic 

categories acting as surrogates for permeability (IFZs, massive basalt, sedimentary interbeds); the 

database includes 36 boreholes within the entire TAN facility area, 20 of which occur within the 

feasibility test subarea. 
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The method used to interpret density-porosity logs in this work did not produce estimates of the 

actual thicknesses of individual IFZs. Vertical borehole lithology was discretized and represented 

in the database on a 0.6-meter (2-foot) interval, implying that IFZs have an assumed constant, 

0.6-meter thickness (Figure 5.b). M. Hankins (in prep.) has used this data set to compile 

estimates of the actual thicknesses of IFZs in these boreholes from an examination of the relative 

density and porosity log deviations and visual inspection of borehole video and acoustic televuer 

logs. From this work, he obtained an apparent mean IFZ thickness of 0.5 meters, which supports 

our choice of vertical discretization scale. However, his approach introduces an additional level 

of subjectivity into the data and so we do not consider it superior to the 0.6-rneter data set. It is 

noteworthy, though, that the mean IFZ thickness deduced from Hankins' data set falls within the 

range estimated by Welhan et al. (this volume) from basalt core data. Like the core-derived 

estimate, Hankins' mean thickness is probably a minimum estimate because of its reliance on 

borehole data, which under-represents the density of vertical cooling joint fracturing, and hence 

the vertical extent of the fracture-supported high-permeability zone in the upper crust of lava 

flow lobes. 

Data sources 

Well-test permeability data (in the form of bulk average hydrauic conductivities, &) were taken 

from a compilation of existing hydraulic test data at TAN (Table 1) and are summarized as a 

histogram and cumulative log-transformed K distribution in Figure 6. Information on lithologic 

variability was taken from the database of interpreted lithologies described above. The boreholes 

in this database are listed in Table 2 together with the number of interpreted interflow zones 
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found within each well test interval. A total of 36 well-test intervals from 20 wells in the 

feasibility test subarea of TAN have both permeability data and lithologic information from 

interpreted borehole geophysics. 

Geostatistical analysis of lithologic categories 

An indicator formalism was used to represent the lithologic categories, in order to analyze their 

spatial correlation structure and for stochastic simulation. The lithologic category, z,, 

representing the presence of a particular lithologic category in the set of all lithologic categories, 

Z(x), at location Xj was transformed into a binary indicator variable, I(Xj; z,), according to 

Equation ( 3 ) .  The indicator transform I is a random function with a defined mean and variance 

(Deutsch and Journel, 1997), in which the mean is equal to the global proportion of category zc 

and the variance is related to the sill of the indicator semivariogram. 

The experimental indicator semivariogram of Z is defined as 

where h is the lag or separation vector. The indicator semivariogram takes on values between 0 

and 1. Other measures of spatial correlation also can be defined (Isaaks and Srivastava, 1989) 

and were used in this work to verify conclusions based in the semivariograms. Indicator 

semivariograms provide a useful means for defining the spatial correlation structure of 
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categorical variables such as rock type, and can be modeled in the same manner as conventional 

variograms. For example, an exponential correlation model has the form 

where co is the uncorrelated (nugget) variance, c is the sill, and a is the practical range. If the 

correlation structure is anisotropic, the sill and/or range vary with the orientation of the lag vector 

h. In two dimensions, the maximum and minimum correlation ranges define a range anisotropy 

ellipse; in three dimensions the three principal, orthogonal directions define an ellipsoid. The 

orientation of the spatial correlation ellipsoid characterizes the spatial anisotropy of subsurface 

heterogeneity (Johnson and Dreiss, 1979). 

A horizontal lag spacing of 30 meters and a vertical lag spacing of 0.6 meters were employed in 

the calculation of experimental semivariograms. A horizontal angular tolerance of 45 degrees, 

with no horizontal maximum bandwidth, and a 5 degree vertical tolerance with 3 meter 

maximum vertical bandwidth were used in directional semivariogram computations. In addition, 

a 50% overlap between lag intervals was employed to further smooth the computed experimental 

semivariogram statistics in order to help identify correlation structure. 

RESULTS AND DISCUSSION 

Variogram analysis 
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Vertical indicator semivariograms of all lithologic categories are well-defined by the available 

borehole data. Figure 7 and Figure 8 show directional indicator semivariograms and fitted 

correlation models for the sediment and massive basalt categories, respectively, in the horizontal 

and vertical directions. In the horizontal plane, no compelling evidence for anisotropy was 

detected for either category (e.g. Figure 7). 

Note that the very slight (ca. 1 degree) regional stratigraphic dip to the south was ignored in the 

variogram analysis and in simulations. In the 300-meter north-south width of the test subarea this 

would amount to only 5 meters of vertical deviation in the model domain, well within the vertical 

search tolerances used for the variogram analysis. Only that part of the basalt section between the 

major sedimentary interbeds (PQ and QR) was analyzed and modeled in this work. 

An exponential variogram model was fitted to the sediment variograms and for the massive 

basalt category, a nested, exponential - spherical model was used. Variograms of all lithologic 

categories were modeled with a zero nugget because lithology is expected to be highly 

continuous at small spatial scales. This small-scale spatial correlation is not evident in the 

experimental variograms because of the lack of closely-spaced wells in the borehole data set to 

define spatial correlation statistics at small lags. 

Like the sediment and massive basalt categories, modeling of the vertical indicator 

semivariogram for the IFZ category was straightforward. As shown in Figure 9.c, a zero nugget 

was also chosen for the variogram model, on the basis of the preceding rationale, even though the 
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vertical experimental variogram implies a pure nugget effect at lags greater than about 0.3 meter. 

However, the modeled vertical correlation range is smaller than that of either sediments or 

massive basalt, which is consistent with the inference that the average thickness of IFZs is less 

than the average thicknesses of the massive basalt or sediment categories (see Table 1 in Welhan 

et al., this volume). 

The horizontal spatial correlation ranges and anisotropy of the IFZ category were more difficult 

to determine. The irregular geometry of lava flow lobes and the interleaving of different scales of 

lava flow lobes tends to produce considerable noise in directional indicator semivariograms of 

the IFZ category in the horizontal plane, even with the generous search windows and tolerances 

used in these variogram calculations. Any underlying directional correlation structure tends to be 

masked by statistical fluctuations caused by fewer data pairs in specific directions. Although IFZs 

are expected to be sub-horizontally oriented, they are relatively thin zones draped over much 

thicker lava flow lobes whose thicknesses vary considerably. Therefore, the lateral continuity of a 

single IFZ on a single lava flow lobe may not be apparent from boreholes which intersect it at 

variable depths, depending on the morphology and topography of the host flow lobe. In addition, 

the areal geometry and dimensions of flow lobes and hence of IFZs are highly variable, and the 

lateral distances between boreholes are typically large relative to the areal extents of individual 

E s .  Under such conditions, it is not surprising that the lateral spatial correlation structure of 

IFZs is difficult to deduce from borehole data. 

Because of this, estimates of correlation ranges in horizontal indicator semivariograms of the IFZ 

category are poorly defined for the 0.6-meter constant-thickness IFZ data set. Figure 9.a shows 
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the E-W and N-S indicator semivariograms of the 0.6-meter IFZ data set which indicates no 

horizontal spatial correlation anisotropy and a short exponential correlation range of about 45 

meters. 

As Welhan et al. (this volume) point out, the effective average thickness of IFZs is not known 

from direct measurements. They estimate it is greater than about 0.2 meters (rubble zone 

thickness, only), likely in the range of 1 - 1.5 meters (rubble plus most densely fractured upper 

crust), and possibly as great as 2.5 meters (rubble plus entire upper vesicular zone). As pointed 

out previously, the data set of Hankins (in prep.) does not help estimate an actual thicknesses of 

IFZs because it potentially suffers from vertical fracturing sample bias. Since we cannot decide a 

priori on the appropriate thickness at which to represent IFZs, derivative data sets were created, 

also discretized on a 0.6 meter vertical grid, but representing IFZs with a constant thickness of 

1.2 and 2.4 meters, respectively (i.e. assigning multiple grid blocks to the IF2 category). 

Indicator semivariograms using these data sets showed improved definition of lateral spatial 

correlation structure and clear evidence of anisotropy in the horizontal plane. Figure 9.b shows 

the result for the 2.4-meter-thick IFZ case; semivariograms based on the 1.2-meter data set show 

similar structure but are noisier. 

Note that the apparent anisotropy based on the 2.4-meter IFZ data set shown in Figure 9.b is very 

clear compared to the 0.6-meter IFZ data set (Figure 9.a); this is so regardless of the search 

parameters and lag spacings used. This is very clearly represented in the consistent variation of 

correlation range with horizontal orientation of the directional semivariogram. Figure 10 shows a 
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plot of the correlation ranges fitted to the major (exponential) nested structure in the horizontal 

directional indicator semivariograms for various azimuths. Both the 1.2- and 2.4-meter IFZ data 

sets clearly demonstrate that the maximum correlation range lies approximately in the 80-90" 

direction. The apparent anisotropies in both derived data sets are consistent, although the 

direction of maximum correlation range in the 1.2-meter data set is not as apparent due to noise. 

Therefore, we have relied on the 2.4-meter data set to provide the best definition of correlation 

range anisotropy. 

The assignment of a constant 2.4-meter thickness to IFZs improved the definition of correlation 

range and range anisotropy by increasing the degree of vertical averaging in'the computation of 

horizontal directional semivariograms. However, the 2.4-meter average thickness substantially 

overestimates the apparent global proportion of IFZ material in the aquifer; the indicator mean 

(proportion) of the 2.4 meter F Z  derived data set is 0.35 compared to 0.09 for the indicator mean 

of the original 0.6-meter IFZ data set. As seen in a comparison of Figure 9.a and 9.b, the 

semivariograms produced from the 2.4 meter IFZ data set have a substantially higher sill than do 

those based on the 0.6 meter data set. This is a direct consequence of the larger proportion of IFZ 

material in the derivative, 2.4-meter data set that results from assigning a larger thickness to each 

IFZ occurrence. 

Figure 11 compares indicator semivariogram sills for the IFZ category in the E-W direction, 

based on the 0.6-meter, constant-thickness IFZ data set and on Hankins' (in prep.) data set of 

estimated IFZ thicknesses. The similarities of the variogram sills (0.09 vs. 0.1 1) and of the 

indicator means (0.09 vs. 0.12, respectively) between these two data sets suggests that the 
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proportion of IFZ material, without the added subjectivity regarding effective IFZ thickness 

inherent in Hankins’ data set. For subsequent modeling, therefore, the 0.6-meter, 

constant-thickness LFZ data set has been chosen to constrain the proportion of the IFZ category. 

Since the effective thickness of IFZs directly determines the proportion of IFZ material generated 

in simulations, we recommend refining the estimate of effective mean thickness of lFZs as a top 

priority in any future application of stochastic categorical modeling. 

The 0.6-meter IFZ data set was used to estimate sediment and massive basalt variogram 

parameters (Figures 7 and 8), the vertical correlation range of the IFZ category, and all 

directional IFZ sills. Only the horizontal correlation ranges of the IFZ category were estimated 

from the 2.4-meter IFZ derived data set. Table 3 summarizes the correlation model parameters 

fitted to the experimental semivariograms of each of the three lithologic classes. Also shown are 

the indicator means and variances of the three lithologic categories (equal to the proportions of 

each category) for the 0.6-meter IFZ data sets. The vertical correlation range for the IFZ category 

is a direct function of the effective IFZ thickness assumed and therefore the fitted range based on 

the 0.6-meter data set is likely a minimum estimate. However, to avoid subjectivity in the choice 

of effective IFZ thickness, we use the vertical correlation range for the 0.6 meter IFZ data set 

shown in Figure 9.c for all subsequent simulations. 

Although range anisotropy in the horizontal plane was not evident for either the sediment or 

massive basalt categories, a pronounced correlation range anisotropy is present in the IFZ 

category. The anisotropy ratio appears to be of the order of 7 : 1 (Figure 10) and, because of the 
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generous search tolerances used, are minimum estimates. No evidence of a stratigraphic 

orientation other than horizontal could be determined from this data set, which is consistent with 

the very low slopes on which inflated pahoehoe lava flows are emplaced (Hon et al., 1994) and 

the very low regional stratigraphic dip in the TAN area (Anderson and Bowers, 1995). 

The evaluation of horizontal correlation structure deduced from borehole data can be compared 

with independent geologic mapping evidence obtained from Holocene inflated pahoehoe lava 

flows. Welhan et al. (this volume) derived estimates for the horizontal correlation ranges of a 

high-permeability threshold defined by the presence of IFZ material on the surfaces of lava flow 

lobes (Type-I E). Based on the average lengths and length : width aspect ratios of mapped lava 

flow lobes supporting Type-I IFZs, they concluded that these high-permeability zones have a 

maximum horizontal correlation range of the order of 250 meters and a range anisotropy of ca. 3 

- 3.5 : 1. This correlation range is 2.5 times higher than that obtained from variogram analysis of 

borehole LFZ data and suggests that either the borehole data are inadequate or that the dimensions 

of lava flow lobes do not adequately represent the dimensions of Type-I IFZs. 

Indicator simulation of lithology 

Stochastic indicator simulation was used to produce various realizations of the spatial 

distribution of the lithologic categories. The realizations honor the available lithologic data in the 

borehole data set, their global proportions, and their variogram correlation models. The 0.6-meter 

IFZ data set was used throughout the remainder of this work, to avoid subjectivity in choosing 

the global proportion of IF2 material in the simulation volume. 
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The simulation grid is a rectangular volume 543 meters long (oriented east-west), 299 meters 

wide, and 85 meters deep comprising 6.1 x 6.1 x 0.6 meter grid cells. This provided the 

maximum vertical resolution consistent with the discretization scale of the lithologic data set. 

The grid is positioned between the two main sedimentary interbeds at TAN; no attempt was 

made to include the interbeds in the simulations because the purpose of this feasibility study was 

to investigate methods for stochastically modeling the basalt portion of the aquifer system and 

because the geometry of the interbeds can be adequately defined in a deterministic sense from 

borehole data. 

SISIMPDF, a categorical variable simulation program described by Deutsch and Journel ( 1992) 

as part of the GSLB geostatistical software library, was used to perform the simulations. It uses a 

sequential simulation algorithm based on indicator kriging that defines a conditional cumulative 

distribution function of the local proportion of lithologic categories at each simulated grid cell 

from which a simulated category is drawn at random. All realizations reproduce the observed 

lithologic categories at available data points, honor the global indicator means, and honor the 

model variograms for all categories. 

Figure 12 shows three realizations of a simulation run, showing the nature of the variability of 

the stochastically-generated results. These realizations were created with the correlation model 

parameters shown in Table 3 and conditioned to the 0.6-meter IFZ data set. Because this is a 

conditional simulation, the lithologic categories encountered where borehole data are available 

are reproduced exactly in all realizations. A possible advantage of this approach is that by 
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assigning representative porosity values to each lithology, estimates of bulk average porosity at 

any larger scale of discretization could be computed. This has not been attempted in this work, 

but would be straightforward to accomplish. 

Gego et al. (this volume) provide more information on the application of the categorical 

simulation approach to modeling lithologic heterogeneity in the TAN aquifer. The major 

advantages to this approach are that it is straightforward and readily implemented, and a 

relatively large amount of lithologic information is available to define the spatial correlation 

structure of lithologic categories. In addition, the approach allows lithologic heterogeneity to be 

simulated at any arbitrarily fine vertical spatial resolution that is commensurate with the need to 

capture relatively thin, hydraulically-important features such as IFZs. 

One limitation of the approach is that the present choice of lithologic categories may not be 

appropriate for describing aquifer permeability variations. For example, sediment interbeds in 

some parts of the INEEL may not be as uniformly fine-grained as found in the TAN subsurface; 

coarse- and fine-grained endmembers would have to be distinguished and identifiable in 

geophysical logs. A related disadvantage of the indicator simulation approach is that appropriate 

values of permeability have to be chosen for each of the lithologic categories and decisions made 

as to how to assign these values to the simulated occurrences of the categories: whether as 

constant values throughout each category, as random values within each category drawn from 

appropriate distribution functions, or a combination of these approaches in different categories. 

In addition, regardless of the method of assigning permeability, the approach suffers from a lack 

of conditioning to existing borehole permeability information wherein the permeabilities 
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assigned to simulated lithologic categories do not honor the available permeability information at 

the borehole scale. 

Direct simulation of permeability 

Given the disadvantages associated with the simulation of aquifer lithology as a surrogate for 

permeability, we have explored an alternative approach to simulate permeability variations 

directly. In this, we seek to accomplish several objectives: i) utilize available borehole-scale 

permeability information, ii) condition Permeability realizations to this information, and iii) force 

realizations to honor available borehole lithologic data and the fine-scale spatial structure of 

lithologic heterogeneity. In this approach, the scale of the simulated permeability structure is 

dictated by the scale of available permeability information (i.e. large, vertically-integrated bulk 

averages). Although the vertical resolution of borehole permeability is coarser than that at which 

lithologic heterogeneity was simulated (6 meters compared to 0.6 meters), coarser-scale 

simulations of permeability structure that are conditioned to field permeability data may be as 

useful as fine-scale permeability models that are not so conditioned. For aquifer flow and 

transport modeling that is conducted on a coarser discretization scale, such simulations may be 

more relevant and defensible than those produced through a lithologic surrogate. 

In this section, we analyze the available well test data statistically to develop and substantiate a 

quantitative model of the effective permeability of IFZs. The relationship between borehole-scale 

permeability and the vertical spatial density and permeability of IFZs encountered within 

borehole test intervals is then used to propose a relationship wherein the bulk permeability 
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sensed in a borehole is a linear average of the permeabilities and numbers of IFZs within the test 

interval and the permeability of massive basalt. This relationship is then used to effectively 

up-scale realizations of lithologic heterogeneity created by categorical indicator simulations to 

constrain simulations of borehole-scale permeability. In effect, we integrate two scales of 

information: coarse-scale, borehole permeability (hard data) with lithologic variability previously 

simulated on a fine vertical scale, which is treated as soft data for the purpose of conditioning 

simulated permeabili ty . 

Correlation structure of borehole-scale permeability Figure 13 shows the horizontal, isotropic 

semivariogram of normal-score transformed & values calculated from the data set in Table 1. A 

horizontal lag spacing of 60 meters was used, with a 30 meter vertical bandwidth. As is apparent 

in the various possible correlation models that could be fitted to this experimental variogram, 

considerable uncertainty exists in the choice of the appropriate correlation structure model, as 

well as in the parameters of the chosen model. In the approach we develop below, the uncertainty 

in this empirical semivariogram is ameliorated because it is not the only source of information 

with which we can model the spatial variability of Kb. In what follows, we demonstrate an 

approach that utilizes information on IFZ architecture to constrain simulated & structure. 

Empirical IFZ - borehole permeability relutionship Figure 14 shows a weak, semilogarithmic 

relationship between bulk permeability measured in large open interval slug tests (&) and the 

number of DFzs encountered within a well test interval (NJ, in the 36 slug test intervals at TAN 

for which data on both are available (Table 2). A similar relationship is observed in three wells at 

the Chemical Processing Plant (CPP) in the south-central part of the INEEL for which packer 
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slug test data are available (Welhan et al., 1999; Glover, in prep.). Further support for a possible 

correlation is shown in Figure 15, where conditional distributions of normal-transformed Kb 

values (not lnKb) are plotted vs. N,. Because too few data points exist in the highest IFZ class, 

the data in Figure 15 were reclassified into four groups based on the number of IFzs in the well 

test interval: zero, one, two, and three or more IFZs. 

Statistical evaluations of these conditional distributions were performed to evaluate the statistical 

significance of the implied correlation. A Student’s t-test of the significance of the regression 

slope was performed on the semi-logarithmic relationship shown in Figure 14 as well as on the 

regression slope through the conditional classes of normally-transformed Kb values in Figure 13. 

In addition, tests of significance between the conditional means of the individual N, classes 

shown in Figure 15 were performed. In all cases, despite the within-class variability of Kb, a 

statistically significant difference exists between I6 in different N, classes, at the 95% confidence 

level. 

From these results, we conclude that there is a statistically significant relationship between the 

number of interflow zones communicating with a well during a slug test and the bulk 

permeability sensed by the well, and that this relationship is generally applicable in the TAN 

aquifer system. 

Permeability model for interflow zones The measurement of I6 in a large-interval slug test in a 

heterogeneous aquifer reflects a spatial average of different permeabilities over the entire test 

interval length. The scatter of In& values in Figure 14 suggests that several factors are 
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responsible for affecting IS,,: total test interval length, the number of IFZs communicating with 

the well test interval, variable IFZ thicknesses, their interconnectedness, andor a combination of 

these factors. The large within-class scatter of Kb in Figure 15 also suggests that the permeability 

of individual IFZs is highly variable, which could be expected if the permeability of IFZs is 

dependent on their thickness, lateral extent and interconnectedness. 

Direct measurements of IFZ permeability are unavailable to test this hypothesis. However, the 

statistical distribution of & shown in Figure 6 and its variability in Figure 14 can be reconciled 

with a simple model of how IFZ permeability controls K b ,  within a stochastic framework which 

sheds light on the variability of Kb. 

Because of the high transmissivity of the basalt section in general, flow to or from the aquifer in 

communication with a well test interval is considered to be substantially horizontal, i.e. partial 

penetration effects are negligible (Ackerman, 199 1). Therefore, the bulk permeability, Kb, sensed 

by a well in a test interval of length b, in which flow to the test interval is only horizontal and 

parallel to layered heterogeneity, can be expressed as a weighted arithmetic mean (Freeze and 

Cherry, 1979): 

where the Ki and bi are, respectively, the permeabilities and thicknesses of the various 

contributing layers (e.g. massive basalt, sediment, TFZS). Assuming that only two types of layers 

are of importance within the aquifer (massive, low-permeability basalt and high-permeability 
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IFZs), whose mean permeabilities are represented by K M  and Kz, respectively, Equation 7 can be 

rearranged to yield the following expression: 

where Nz is the number of IFZs encountered in the well test interval, bz is the mean thickness of 

interflow zones in the interval, and Fz is the fraction of the test interval length comprised of IFZ 

material. This model predicts that & will approach K M  as either Fz or the contrast between Kz 

and KM approaches zero. It views Kb as a linear, weighted average of the permeabilities of IFZs 

and massive basalt in the well test interval, and is directly dependent on the number of and 

thicknesses of IFZs intersected by the test interval. 

Since bz, Kz and KM are expected to be variable, the dependence of & on NZ could be expected 

to display considerable scatter (cf. Figure 14). To test this hypothesis, ln& was stochastically 

generated by randomly sampling a lognormal distribution of numbers of IFZs of random 

thicknesses in each of the TAN well test intervals and computing the expected & from Equation 

8. The distribution of TAN rubble zone thicknesses obtained by Glover (1998) was used as a 

surrogate for the distribution of bz. The distribution of lava flow lobe thicknesses (Glover, 1998) 

was used to estimate Nz by randomly drawing a lobe thickness from the distribution and dividing 

the well's test interval length, b, by this thickness. These values of Nz, bz, and b were used in 

Equation 8 to generate stochastic estimates of I6 for each well test interval. 
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For a constant KM value of 0.3 &day, the value of Kz was adjusted so that the means of all 

realizations of synthesized K b  values approximated the mean of the observed lnKb distribution at 

TAN (Figure 6). The value of Kz determined in this manner (100 &day) is similar to that 

estimated by Knutson et a1 (1992). 

Figure 16 summarizes a suite of realizations of &, values calculated from Equation 8 for an 

assumed constant value of KZ equal to 100 &day. The realizations define an envelope of 

continuous distribution functions of Kb for the 68 well test intervals for which we have data. As 

is evident in Figure 16, the variance of all these synthesized lnKb distributions is significantly 

smaller than that in the observed ln& distribution (Figure 6). Furthermore, their variances cannot 

be increased substantially by increasing the variances of the populations from which b, and NZ 

are drawn. This suggests that most of the variability in & is due to the variability of Kz. 

To test this hypothesis, random values of Kz were drawn from a lognormal distribution with a 

specified variance of Kz and used in Equation 8 along with randomly drawn values of b, and Nz. 

The variance of Kz was adjusted until a satisfactory match to the observed 1nKb variance was 

obtained. The match is shown in Figure 17. Most significantly, however, the variance of lnKz 

required to obtain this result is relatively small (02[lnKZ] = 3), compared to the variance of 

observed ln& values (02[ln&] = 5.6). 

Some representative realizations of stochastically-generated I6 and NZ values are plotted in 

Figure 18, revealing that, like Figure 14, the synthesized l n L  values also show a large amount of 
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scatter when plotted against Nz. Since these simple statistical simulations do not account for 

multivariate dependence among the variables Nz, bz, and Kz, the scatter of simulated Kt, values in 

Figure 18 is conservatively large. 

Based on this evaluation, we conclude that the observed distribution of K-b values in TAN wells 

can be approximated to first order by a relatively simple linear model in which the permeability 

of interflow zones exerts the dominant control on well permeability. The permeability sensed by 

a well is primarily controlled by the relative proportion of IFZ material in a well test interval and 

the variance of IFZ permeability. Our model suggests that IFZs generated by the conditional 

multiple indicator simulation approach discussed previously could be assigned hydraulic 

conductivity values from a a lognormal distribution with a mean lnKz of In( 100 d d a y )  and a 

InK, variance of 3. 

Simulation of permeability with simulated annealing 

model developed above and the empirical relationship between the number of IFZs 

communicating with a well test interval and the bulk average &, value measured in the test 

interval, we attempt to overcome a principal shortcoming of the indicator lithologic simulation 

approach. That is, maps of permeability heterogeneity inferred from lithologic heterogeneity are 

not constrained by borehole permeability data and therefore are not conditional simulations of 

permeability. On the other hand, direct conditional simulation of permeability is unattractive 

because of the small amount of borehole Kb data available and because, as shown in Figure 13, 

the correlation structure of borehole permeability is poorly characterized by available data. 

On the basis of the IFZ permeability 
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In any approach to conditioning simulated permeability to borehole data we must recognize that 

the simulations will have much coarser vertical resolution than the lithologic simulations 

presented in Figure 12 because the Kb data represent a large vertical measurement support or 

averaging volume. This may or may not be a serious limitation for the intended use of the 

simulations. Although the resulting permeability maps will have less vertical resolution. a coarser 

scale of discretization may still be appropriate for predictive modeling and remediation 

assessment if well monitoring, sampling, and hydraulic testing and validation are based on 

vertical test intervals of this length; that is, both the modeled and observed flow fields represent 

vertical spatial averages of preferential flow within the monitoring interval length. 

We seek to exploit the conditional & - N, relationship shown in Figure 15, so as to incorporate 

lithologic information (in the form of the simulated spatial architecture of IFZs) in permeability 

simulations. By doing so, we effectively condition the resulting realizations to both permeability 

and lithology data. A simulated annealing algorithm was utilized, allowing greater flexibility in 

the types of information to which simulations can be conditioned. It is an algorithmic approach to 

stochastic simulation of a continuous variable that relies on minimization of one or more 

objective criteria of 'goodness of fit' in order to reproduce one or more desired spatial or 

statistical characteristics in the resulting realizations. The objective criteria can be as simple as 

requiring realizations to reproduce the variogram of the simulated variable or as complex as 

satisfying a combination of criteria: a specified correlation with a secondary variable or soft data, 

reproduction of a data histogram, or conformance with the structural characteristics of a training 

image such as anisotropy, or complex spatial heterogeneity. 
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The SASLM algorithm in GSLIB (Deutsch and Journel, 1997) is a simulated annealing routine 

with considerable flexibility to satisfy multiple objective criteria. The algorithm begins by 

assigning a starting distribution of values randomly in the simulation grid then swapping of pairs 

of data at random locations in the grid. After each swap, an objective function representing a 

quantitative measure of goodness of fit is recomputed; if the swap improves the goodness of fit i t  

is retained, if not the swap is rejected and another initiated. To avoid trapping within local 

minima of the objective function, not all bad swaps are rejected and some are accepted. The 

process ceases after either a specified maximum number of swaps or no further improvement in 

the objective function. 

Realizations of the spatial distribution of IFZs in the TAN aquifer were created with indicator 

simulation, as described previously, providing maps of the spatial architecture of IFZs at a 

relatively fine vertical resolution of 0.6 m (Figure 12). This provided a simulated spatial 

distribution that was used as a secondary variable to constrain the permeability simulation by 

making use of the empirical conditional distributions shown in Figure 15. The number of 

simulated IFZs (Nz) was summed within 6 meter-thick vertical blocks (corresponding to the 

median well test interval length in our TAN I6 data set and equal to ten of the indicator 

simulation grid blocks). Figure 19 shows an example of a lithology realization from the indicator 

simulation and its corresponding Nz map on this 10-times coarser vertical grid. 

SASIM was used to produce realizations of I6 that were conditioned to borehole K b  data and the 

NZ map with the conditional expectation of Figure 15. In addition, various combinations of other 

constraints could be used, such as the I6 variogram and the I6 histogram. For the purposes of 
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demonstrating the approach for this feasibility analysis, all Kb data used for conditioning were 

located at the mid-points of well test intervals and were assumed to represent constant, 6 

meter-long intervals in all cases. For actual modeling applications, the Kb data from intervals 

shorter than 6 meters would be normalized, and those representing longer test intervals would be 

assigned over multiple grid cells. 

In Figure 20.a, measured Kb values and the conditional expectation of &, on Nz (defined in 

Figure 15) were used as conditioning information. In Figure 20.b, the TAN IG, variogram (Figure 

13) was included in addition to the constraints in Figure 20.a, and the histogram of Kb was 

included as a fourth constraint in the realization shown in Figure 20.c. 

The value of incorporating these different constraints in simulations is that the realizations can be 

compared in a flow and transport simulator to evaluate the impact of different constraint 

combinations and to identify the optimum set of constraints that best describe the hydraulic 

character of the aquifer. 

The power of stochastic simulation is its ability to incorporate a variety of hard and soft 

conditioning information, including conditional expectations between primary and secondary 

variables of the same or mixed type, such as that demonstrated above. Optimization techniques 

like simulated annealing are more computationally intensive than sequential simulation, but are 

particularly flexible in their ability to handle different types and combinations of conditioning 

information. Annealing can also be used in a post-processing mode, to impart additional spatial 
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characteristics from a training image that contains desirable architectural features to a realization 

generated with another simulation method. 

Geologic structure-imitating model 

The major limitation of the previous modeling approaches is that they both rely on a geologic 

model and correlation structure interpretation that presupposes Type-I LFzs represent the only 

significant high-permeability zones in the basalt stratigraphic pile. As Welhan et al. (this volume) 

have pointed out, however, there is documented evidence suggesting the possibility that Type-I1 

IFZs may support high-permeability zones that have very different aspect ratios and correlation 

ranges, and more importantly, have geometries that cannot be represented with 2-point 

geostatistical measures. 

It may be difficult to obtain definitive proof of the existence of these Type-I1 high-permeability 

zones, at least until more high-resolution geophysical imaging of basalt porosity becomes 

available on a scale that will allow subsurface mapping to identify these IFZs. Until then, we can 

only investigate the implications of their potential importance by attempting to model their 

spatial geometry and investigating their potential hydrologic impact through flow and transport 

simulations based on aquifer heterogeneity models that realistically capture the geometry of 

Type-II IFZs in a way that stochastic simulation approaches based on 2-point statistics cannot. 
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To do so, we have developed a prototype simulator to generate detailed 3D stochastic 

representations of aquifer heterogeneity that capture the architecture of ESRP basalt and 

sediment spatial distributions. The approach is a generalization of object-based simulation, that 

generates 3D 'shapes' of the basalt and sedimentary lithologic elements of the aquifer's 

architecture that are as realistic as possible, and which reproduce the architecture of high 

permeability zones that cannot be captured by 2-point statistics. 

This approach falls within the class known as structure-imitating models (Koltermann and 

Gorelick, 1996) where the imitation of morphology and structure is constrained by quantitaive 

measures obtained through field mapping and core logging. Structure-imitation creates 

geometric realizations of the internal stratigraphy of a layered sequence of basalt flows without 

modeling the physics of the flow emplacement process. Structure-imitation uses a set of ad-hoc 

rules that are judged to be successful if the resulting geometric configurations match what has 

been measured in the field. 

Detailed discussion of the simulation rules are beyond the scope of this paper. In brief, the 

simulation of basalt structure is divided into three stages: 1) specifying the location of eruptive 

centers, the sequence of eruptions, and the volume of magma produced from each eruption; 2) 

simulating the thickness and areal extent of the basalt lava flow units resulting from each 

eruption and any subsequent accumulation of sediments during volcanic hiatii; and 3) 

subdividing each flow unit into internal lithologic elements (massive, vesicular, rubbly). What 

we report here is the first stage of development of this approach. We have not taken the next step 
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of assigning permeability and porosity to the geometry nor is the process of constraining the 

simulations with field measurements (lithology or permeability) fully developed. 

Constraining the simulated geometry of basalt lava flows to measured geometry has been set up 

as an optimization problem. Pseudo-measurements made from the simulated geometry are 

compared to data from field mapping and core logs. We have taken the approach of creating a 

rule base that allows the creation of a wide spectrum of possible geometries. The best rules are 

selected from the rule base using a genetic algorithm to pick rules and set parameters (Goldberg, 

1987; Whitley, 1998). A genetic algorithm was chosen because of its ability to handle the 

non-continuous sensitivity of the simulated measurements to rule changes. 

Figure 21 demonstrates the flexibility of a multiple rule base. The figure shows three areal flow 

patterns for a single eruptive event. The flow patterns are created one grid cell at a time until the 

volume of flow material for that eruption is exhausted. The cell size is evident in the figures. 

The crucial aspect of progressively defining the direction of flow growth is selecting the location 

of the next cell to fill. The criteria, i.e. rules, for selecting a new cell include closeness to the 

source of the flow and how long previously-filled cells have been occupied. Panel A resulted 

from a rule wherein new grid cells are preferentially selected close to the eruptive center. In 

panel B, the selection of the next cell to fill was weighted by the square of the distance away 

from the eruptive center. Weighting by the distance away from the center, and preferentially 

selecting cells near the latest cells filled, produced the long tortuous flow of panel C .  Inflated 

lava flow units in the distal portions of Holocene lava flow groups on the ESRP (Panel D) 

resemble the models produced in panels B and C .  This indicates that flow patterns that are 
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similar in geometric character to those of the Snake River Plain basalt flows can be generated 

with appropriate selection criteria. 

In the genetic algorithm approach, the parameters and rule selection are encoded into a numerical 

structure called a gene. A population of genes is created by randomly selecting rules and 

parameters. The structure imitation code creates a geometry realization using the rules and 

parameters described by each gene. The algorithm tests each realization by making pseudo- 

measurements from the realization and comparing them to field measurements. The best genes 

from the current population and the previous population are selected to be the parents of a 

subsequent new population. To create a new population the parents are paired. 

Two possible operations can be performed on these pairs: cross-over and mutation. Cross-over 

swaps portions of the gene structure between pairs. Cross-over occurs at three levels. Swapping 

of rules may take place, individual parameters may be swapped if both pairs have the same rule, 

or the parameters may be set to values intermediate between those of the two genes. If rules are 

swapped then the parameters associated with each rule are also swapped. The second operation 

is mutation. Mutation of a rule replaces the rule with a new rule and randomly sets the 

parameters associated with the rule. Mutation of a parameter can occur as a small change to the 

parameter value or complete randomization. Thus, through cross-over and mutation two new 

genes are created from each pair of parents. The new genes form the new population for the next 

iteration of the genetic algorithm. 
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We have only used the genetic algorithm in an exploratory manner up to this point in the 

development of a structure-imitating model. Welhan et al. (this volume) used the box-counting 

method to determine fractal dimension of six large flow units. The average fractal dimension 

varied from 1.3 to 1.6 with a mean of 1.48. The genetic algorithm was used to select rules 

resulting in flows with fractal dimensions of 1.48 using an initial random population of 50 genes. 

For this simple test, only one flow per gene was created on a flat initial surface so that the 

underlying topography had no influence in the resulting best set of rules. 

Figure 22 shows the fractal dimension of the best gene from each population, plotted as a 

deviation or mismatch from 1.48, and the population average fractal dimension for each iteration. 

Also plotted in Figure 22 is the standard deviation of the fractal dimensions of all simulated 

flows. An individual inflated lava flow with a fractal dimension of 1.480 was created on 

iteration 6 but subsequent populations did not contain a lava flow with this fractal dimension, 

due to rule and parameter modifications created by cross-over and mutation. However, the 

average fit to fractal dimension shows a steady improvement as does the standard deviation of 

the fractal dimension. 

Figure 23 depicts a simulated flow with a fractal dimension of 1.480. Not readily apparent in this 

picture are numerous cells in the interior of the flow that have not been filled, which is 

inconsistent with mapped flows. Clearly, fractal dimension alone is insufficient to describe the 

geometry of the flows. 
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The genetic algorithm was also used to match the relative proportions of internal features of 

inflationary pahoehoe flows. The results are presented to show the kinds of geological 

information we intend to use in constraining the simulations. The combined upper vesicular 

zone and rubble layer thickness (considered by Welhan et al., this volume, to be an 

approximation of Type-I IFZ thickness), as well as the thickness of massive interior and lower 

vesicular layer, were matched against data from Knutson et al. (1992). The match between 

observed and simulated stratigraphy is presented in Figure 24. The light bars are data from 

Knutson et al. (1992) and the dark bars are simulation results. In Panel C, the fraction of lobes 

without any massive core region is plotted. The creation of thick flows with no massive 

component is a definite problem in the simulations. The other panels compare the composition of 

layers that do have a massive interior component: Panel B the combined upper vesicular and 

rubble layer, and Panel A the massive interior data. The match is poor, especially with respect to 

thick flows without a massive component and the compete lack of lower vesicular material. The 

poor match probably indicates a rule base that is too narrow to capture the characteristics of the 

internal stratigraphy, although another possibility is unfamiliarity with use of the genetic 

algorithm. While we consider improvement of the simulations to be a straightforward task, no 

attempt has been made to improve the initial rule base for internal stratigraphy of flow lobe 

elements at this stage of model development. 

As with most modeling efforts, development of the structure-imitation code will be an iterative 

process. Comparing the simulated realizations conditioned with available geologic data will lead 

to the identification of additional constraints that are needed. In cases where the model fails to 

provide reasonable matches to the conditioning data, such as the match to internal stratigraphy, 
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new rules sets or sub-models may be needed. In line with the goal of providing detailed three- 

dimensional maps of heterogeneity for flow and transport simulations, emphasis will be placed 

on characterizing and modeling the rubble zones and the fracture networks within the flow 

margins. As in the indicator simulation approach to modeling lithology as a proxy for lithology, 

the structure-imitating model suffers from the same limitation: namely, the assignment of 

representative field-scale permeability values to the modeled lithologic elements. 

The current sedimentation sub-model is very simplistic, being based on a constant accumulation 

of sediment over time without regard to local topography or external sources and losses. 

Development of the sedimentation sub-model will require additional characterization of eastern 

Snake River Plain sediments and sedimentation processes for the development of more 

appropriate rule bases. 

Our testing of the prototype of the structure-imitating model does not provide enough 

information to assess whether the approach with be ultimately useful. As in the indicator 

simulation approach where lithology is a proxy for lithology, the structure-imitating model has 

the limitation of the problematic assignment of representative field-scale permeability values to 

the modeled lithologic elements. In addition, there are potential problems that may lead to the 

creation of detailed geometry that is either inadequate or impractical. 

First, it is unclear whether the characteristics of lava flow geometry that are critical in controlling 

flow and transport can be characterized well enough to constrain simulations of that geometry. 

Next, the rules and equations that enable the simulator to create complex realistic geometries 
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need to be developed and tested. The results to date are encouraging, but much development is 

needed. Whether appropriate rules and equations can be selected by either an optimization 

approach or by inspired trail and error remains unproven. It is unclear at this point whether 

optimization is best conducted by iteration with individual constraints and/or as a single 

operation using all constrains. 

Several practical problems remain. With thousands of iterations required by the genetic 

algorithm, computational requirements are a concern. The optimization may fail because of 

convergence to a local minima or lack of convergence within a reasonable length of time. 

Fortunately, one of the strengths of the genetic algorithm is avoidance of convergence to local 

minima. However, the computational requirements may prove to be a practical limitation. 

Currently, simulations of a 1 km3 volume at a scale of 6 m2 cells requires over 24 hrs on a 200 

MHz PC. More efficient coding can eliminate some bottlenecks to speed up the computations. 

Furthermore, the method is well suited to distributed computing. 

Further development of the approach to a functional model will require continuing integration of 

the field investigations and the modeling effort. This includes characterization and modeling of 

the sedimentary interbeds as well as further development the lava flow models. If we can 

establish confidence in the creation of geometric structure, the problem of assigning permeability 

to lithology can be addressed. Simulated hydraulic tests can be compared to test results from the 

ESRP. Pump test results could be used as a constraints similar to geologic constraints. More 

speculative is conditioning of the simulations to agree with lithologic measurements on known 

geometry. One possibility is reducing the set of realizations based on agreement with known 
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geology or hydrologic response. This is somewhat similar to the technique of Poeter and 

McKenna ( 1995) where realizations that produced poor agreement with head measurements were 

eliminated. Another possibility is to condition the simulated geometry during creation of 3D 

structure after the best set of rules and parameters has been determined. In this technique, a set 

of realizations is created for each new flow on top of previously accepted realizations. 

Realizations that do not agree with known geometry would be repeated. Multiple realizations of 

a full 3D structure that are consistent with existing borehole information could be created 

through this iterative procedure. 

SUMMARY AND CONCLUSIONS 

A feasibility study was conducted to determine whether a stochastic approach to modeling 

aquifer heterogeneity in the eastern Snake river Plain aquifer could be accomplished in light of 

data limitations and simulation scale, and to evaluate possible stochastic modeling approaches, 

their limitations and advantages. Although inadequate permeability data exist to model 

permeability heterogeneity directly, the interpretation of borehole geophysical logs 

(gamma-density, neutrono-porosity, and caliper-diameter) provided sufficient information on 

borehole lithology to model certain lithologic cetagories deemed to be adequate surrogates for 

major permeabilty classes: low-permeability, massive basalt; low-permeability, fine-grained 

sediment; and high-permeability interflow zones (IFZs). Lithology was interpreted in 20 

boreholes and discretized into 0.6-meter intervals. As a result, all IFZs were assigned a constant 

0.6-meter thickness. Since discrimination between Type-I and -11 interflow zones in boreholes 

was not possible, all IFZ material was assumed to represent Type-I. This is an identified 
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limitation of any modeling approach seeking to integrate information from geologic conceptual 

models, because the geometry of the two types of IFZs may be very different (Welhan et al., this 

volume). 

Considerable effort was expended to determine spatial correlation structure of these lithologic 

categories through indicator variogram analysis. Variography of the massive basalt category was 

straightforward, as was the analysis of the sediment category. However, the IF2 category was 

difficult to determine. Because of the irregular geometry of IFZs and their thin vertical extent, 

different variogram analysis approaches were applied to deduce correlation structure within the 

noise of the data. Even with generous angular search tolerances, the experimental indicator 

variograms of the IFZ category revealed a relatively short horizontal correlation range when the 

IFZ category was assumed to have a constant, 0.6-meter thickness. By artificially assigning each 

IFZ a constant thickness that was a multiple of 0.6 meters, an additional degree of vertical 

averaging was incorporated in the calculated horizontal variograms. Utilizing a derived data set 

in which IFZ thickness is a constant 2.4 meters, indicator variogram structure became apparent, 

with a horizontal correlation range anisotropy of 7 : 1 and a maximum horizontal correlation 

range of 107 meters. All indicator variograms were modeled with a two-nested structure model 

and zero nugget, on the assumption that all three lithologic categories are highly continuous at 

sub-meter scales. 

Since the constant, 0.6-meter IFZ data set best represents the actual spatial proportion of IF2 

material with the least assumptions about effective IFZ thickness, it was used in all subsequent 

simulations as confitioning information. However, this also represents a significant limitation 
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identified in this work: the assumed effective mean thickness of IFZs directly influences the 

volumetric proportion of IFZ material generated in lithologic simulations. 

Interpreted lithology in 20 boreholes within a 1.74 km2 area was utilized to condition simulations 

of these three lithologic classes in a 60-meter thick block of basalt aquifer between the major 

sedimentary units (PQ and QR interbeds). The sequential multiple indicator simulation code 

from the Stanford GSLIB software library, SISLMPDF, was used with a grid discretization of (6, 

6,0.6) meters (x, y, z). This approach is the most direct, although it relies on the integrity of the 

interpreted variogram correlation models deduced from borehole lithologic data. Furthermore, it 

presupposes that the spatial architecture of the lithologic categories can be represented with two- 

point geostatistical measures. A third limitation is that the generated lithologic maps must be 

assigned representative permeability values to create the desired stochastic permeability maps. 

Regardless of how this assignment is accomplished, the resulting permeability maps are not 

conditioned to available borehole permeability data even if the assigned permeabilities at the 

borehole can be scaled to observed well-scale hydraulic test data, because the permeabilities of 

each lithologic category are variable and will vary away from the borehole. 

An alternative approach to multiple indicator simulation of lithology was developed to 

circumvent this problem, and to incorporate both lithologic information and available borehole 

permeability data. By simulating borehole-scale permeability directly, this approach gives up 

some vertical spatial resolution since the mean well test interval length in the study area is 6 

meters. Thus simulations are performed on a grid with a 10 times coarser vertical spacing. This 

approach relies on an empirical relationship between borehole-scale permeability and number of 
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interflow zones, Nz, within a well test interval. Simulations of permeability (bulk average 

hydraulic conductivity, &) were performed on a 6 x 6 x 6 meter (x, y, z) grid using Stanford's 

simulated annealing program SASIM, and were conditioned to available borehole permeability 

data and to lithologic heterogeneity simulated on a 6 x 6 x 0.6 meter grid with multiple indicator 

simulation. Simulated annealing was used as the stochastic modeling method in order to be able 

to incorporate various conditioning constraints on the generated realizations, and to exploit the 

conditional relationship of Kb on Nz. 

The relationship between & and Nz allowed the simulated IC, field to be conditioned to borehole 

lithologic information as well as simulatd IFZ architeture. The &-Nz relationship was modeled 

as a simple linear average of the Ks of massive basalt and IFZ material. Stochastic realizations of 

the computed & defined by this permeability model showed that IFZ permeability is more likely 

variable than constant, and with a variance that is far less than that of the resulting bulk average 

16 observed in well tests. The permeability model is also of direct use to the indicator lithologic 

simulation approach because it specifies the appropriate stochastic assignment of K for the IFZ 

lithologic category. 

Approach 2 conditions IC, directly or indirectly to all available information: borehole-scale 

permeability data, its spatial correlation structure, borehole lithologic information, and the spatial 

architecture of simulated interflow zones. By simulating IC, directly, realizations of aquifer 

permeability can be conditioned to available well test data without the need for upscaling from 

core-scale permeability data. In addition, information on the spatial architecture of IFZs created 

through simulations that have been conditioned on lithologic data at a smaller scale can be 
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incorporated in the permeability simulations. This approach also avoids a problem encountered in 

conditional simulation of lithology of how to condition assigned permeability values to observed 

borehole permeability data, because known or assumed spatial correlation structure of 

borehole-scale permeability can be incorporated as cinditioning information in the simulated 

annealing. Thus, lateral (and vertical) interconnectedness or persistence of permeability can be 

incorporated in simulations so that simulated permeability away from a conditioning interval in a 

borehole varies in a prescribed manner. 

Although a conventional object-based simulation approach was not attempted in this work, 

primarily because of the problem of defining an effective geometry for FZs, a variation of 

object-based modeling was developed in the form of a structure-imitating model. This model was 

designed to recreate the complex geometries of lava flows, IFZs, flow groups and sedimentary 

interbeds through a set of rules and parametric equations that mimic the structure generated by 

physical processes of eruption, inflation, ponding, and sediment deposition, and optimizing the 

rules and parameters to produce stochastic realizations which honor observed structural 

constraints (e.g. lava flow thickness distributions, fractal dimension of lava flows, vent locations, 

etc.). Development to date has focused on demonstrating the feasibility of such an approach 

through creation of a preliminary model with limited constraints. Future development of the 

structure-imitating model will include more matching constraints based on observed quantitative 

information obtained by Welhan et al. (this volume) and others, and mapping of geologic 

structures to permeability so as to permit conditioning the model to hydrologic test data. Through 

this research, we are attempting to describe the spatial heterogeneity of permeability in the 

eastern Snake River Plain to a level of detail that is not currently possible. With such a model, 
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we will have the ability to investigate the relative influences of the putative Type-LI IFZs on the 

behavior of pumping tests and on regional flow within the Snake River Plain. 
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List of Figures 

1. Conceptual model of eastern Snake River Plain aquifer stratigraphy, showing stacked 
pahoehoe lava flows, interflow zones, and sedimentary interbeds. Based on Welhan et al. (this 
volume). 

2. A. Location map of the TAN facility area at the Idaho National Engineering and 
Environmnetal Laboratory (INEEL), showing density of wells site-wide. B. Location map of 
feasibility test subarea at TAN (rectangle), showing wells within the feasibility test subarea and 
the density of wells facility-wide. 

3. Internal elements of inflated pahoehoe. From Welhan et al. (1997). 

4. Observed ranges of core-scale hydraulic conductivity, INEEL sediments and basalts. Various 
data sources. 

5. A. Porous basalt zones identified from density and porosity logs (center) and correspondence 
with actual flow lobe contacts and hydraulically-active zones (left), indicating porous zones so 
identified correspond to intefflow zones. B. Assignment of indicator transform values 
representing the interflow zone lithologic category. 

6. Observed well-test hydraulic conductivity data in all TAN wells for which slug-test data are 
available. Data from compilation by A. Wylie (written comm., 1996). 

7. Experimental indicator semivariograms of the sediment lithologic category within the basalt 
section of the TAN aquifer feasibility test subarea, calculated from the interpreted well lithologic 
data base. Lags and ranges shown are in feet. Model fits are shown as solid lines. 

8. Experimental indicator semivariograms of the massive basalt lithologic category in the TAN 
aquifer test subarea, calculated from the interpreted well lithologic data base. Lags and ranges 
shown are in feet. Model fits are shown as solid lines. 

9. Experimental indicator semivariograms of the intefflow zone lithologic category, calculated 
from the interpreted well lithologic data base. Lags and ranges shown are in feet. Model fits are 
shown as solid lines. A. Directional horizontal indicator semivariograms of the IFZ category, 
using the 0.6-meter, constant- thickness data set, displaying little or no horizontal anisotropy. B. 
Directional indicator semivariogram of the IF2 category, using the 2.4-meter, constant- thickness 
data set, displaying marked correlation range anisotropy. C .  Vertical indicator semivariogram of 
the IFZ category, using the 0.6-meter, constant- thickness data set. 

10. Maximum fitted directional variogram ranges as a function of horizontal direction. Results 
for both the 1.2- and 2.4-meter interflow zone data sets are shown. 
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1 1. Comparison of experimental indicator semivariograms for the interflow zone lithologic 
category in the horizontal, east-west direction and indicator statistics, between the constant, 
0.6-meter thickness IFZ data set developed in this work and the variable thickness IF2 data set 
developed by Hankins (in prep.). 

12. Example realizations created by sequential indicator simulation of lithologic categories, 
conditioned to the 0.6-meter IFZ data set. 

13. Experimental horizontal, isotropic semivariogram of normally-transformed well-test 
hydraulic conductivity data in TAN wells, showing the uncertainty that arises in identifying 
correlation structure from these limited amounts of data. Number of data pairs per lag interval are 
shown adjacent to experimental variogram points. Lags and fitted range shown are in feet. 

14. Semilogarithmic correlation of well-test hydraulic conductivity in all TAN well intervals for 
which data are available and the number of interflow zones encountered in the test intervals, 
based on the interpreted lithologic data base. Interflow zones that fall within 0.6 meters outside 
of a test interval are weighted by 0.5. 

15. A. Log-normal distributions of well-test hydraulic conductivity conditional to number of 
interflow zones per test interval. B. Conditional distributions of normally-transformed well-test 
hydraulic conductivities. 

16. Cumulative frequency distributions in ten realizations of synthesized well-test hydraulic 
conductivities (&) using Equation 8 and the 0.6-meter IFZ lithologic data set, with a constant 
value of interflow zone hydraulic conductivity (Kz = 100 dday) .  

17. Cumulative frequency distributions in ten realizations of synthesized well-test hydraulic 
conductivities (&) using Equation 8 and the 0.6-meter IFZ lithologic data set, with a 
statistically-variable value of interflow zone hydraulic conductivity (lognormal distribution, 
mean lnKz = 5.8, variance of lnKz = 3). Note that the variance of the lognormal Kz distribution is 
much less than the variance of the lognormal well-test Kb distribution. 

18. Example semilogarithmic plots of synthesized & values generated from Equation 8, as a 
function of the number of interflow zones, for four realizations shown in Figure 17. Note the 
significant scatter and variable degree of correlation exhibited, and the similarity to Figure 14. 

19. Example showing conversion of simulated intefflow zones to a vertical support 
commensurate with well-test hydraulic data. 

20. Example realizations produced by simulated annealing, conditioned to simulated IFZ spatial 
architecture and well-test hydraulic conductivity (&), and combinations of additional 
geostatistical constraints derived from &. 
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21. Effect of cell selection rule on areal flow pattern. A) Preferentially selecting cells near the 
flow source. B) Preferentially selecting cells away from the flow source. C) preferentially 
selecting the latest cell filled and cells away from the flow source. D) Flows mapped at Wapi 
Flow Group. 

22. Performance of the genetic algorithm when matching the fractal dimension of simulated 
flows to mapped eastern Snake River Plain flows. 

23. Areal pattern of a simulated flow produced by the genetic algorithm, with a resulting fractal 
dimension of 1.48. 

24. Summarization of internal flow lobe geometry produced by the genetic algorithm (dark bars), 
with the best match to Knutson et a1.k (1992) measured geometry (light bars). The data are 
plotted against lava flow lobe thickness divided into eleven classes (the first ten are at 1.5-meter 
intervals, and the last represents the class 15 - 24.4 meters). The match between simulated and 
measured thicknesses of massive lava flow lobe interiors (A) and the combined thicknes of upper 
vesicular zone and rubble, as a measure of IFZ thickness (B) shows that modification of the rule 
base on which the genetic algorithm operates will be required. The number of simulated lobes 
without a central massive element is shown in C as a fraction of the total number of lobes 
simulated, and indicates that the current set of parameter rules and equations are inadequate to 
reasonable reproduce this constraint. 
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An evaluation of methodologies for the generation 
of stochastic hydraulic conductivity fields in highly 
heterogeneous aquifers 
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Abstract. Stochastic techniques, such as Monte Carlo experiments, are more and 
more frequently used for the study of flow and transport in heterogeneous 
aquifers. When the aquifer is composed of distinct hydrofacies, a common way to 
model heterogeneity is to first generate equally-possible hydrofacies fields, and 
then convert these hydrofacies fields into hydraulic conductivity (K)  fields by 
assigning a single K value to each facies. This technique assumes relative 
homogeneity of K within each facies but may not be appropriate for the most 
conductive facies that often exhibits substantial variability. In this paper, we 
assessed the impacts of assigning multiple random K, rather than a uniform K 
value, to the highly conductive facies on the results of a flow and transport model. 
A set of fifty stochastic hydrofacies maps depicting an environment similar to the 
Snake River Plain aquifer (SRPA) in south-east Idaho were generated. Simulations 
demonstrated that a uniform K value, if carefully chosen, can reasonably 
reproduce the specific discharges and early particle arrival times produced by 
multiple K values. Yet, the results obtained with a uniform K value are 
dramatically less variable than those obtained with multiple K values. It is 
therefore concluded that stochastic simulations with uniform K assigned to the 
most conductive and variable facies do  not necessarily portray the entire 
uncertainty in the analyses. 

1 
introduction 
Hosted in predominantly volcanic material, the Snake River Plain aquifer (SRPA) 
in southeast Idaho is an extremely heterogeneous medium where field estimates 
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of hydraulic conductivity ( K )  vary by up to five orders of magnitude over dis- 
tances of less than a meter vertically and about 100 m horizontally. The highly 
conductive zones are located at the contacts between lava flows where rubble and 
highly porous material are present. The centers of the lava flows, composed of 
massive basalt, and the sediment lenses, occasionally inserted between basaltic 
masses, are characterized by K values several orders of magnitude smaller. 

The spatial organization of K, most specifically the continuity and connectivity of 
the highly conductive paths, is of extreme importance for realistic fine-scale ground 
water flow and contaminant transport simulations (Journel and Alabert, 1988). 
Despite numerous wells penetrating the aquifer, abundant geophysical logs and  
quite a few core samples, precisely delineating the high and low K zones is not 
possible due to the complex overlapping nature of the lava flows. For this reason, the 
use of flow and transport simulation models in a deterministic framework may not 
be adequate. One way to address this problem is to conduct stochastic simulations, 
such as Monte Carlo simulations, that allow quantification of the uncertainty of a 
model output resulting from the uncertainty in the hydraulic conductivity field. 
Monte Carlo simulations require the generation of multiple equally likely alternate 
fields of K, also called realizations, and successive runs of the simulation model with 
each of these fields. The results of all the runs are compiled to form estimates of the 
cumulative distribution functions of the model outputs of interest. 

When distinct types of elements of relatively homogeneous hydraulic prop- 
erties, also referred to as hydrofacies (Neuman, 1990), can be differentiated in the 
aquifer, a common approach used to model heterogeneity is to first generate 
equally-possible hydrofacies fields, and then convert these hydrofacies fields into 
K fields (Fabbri, 1997; Poeter and Townsend, 1994; Desbarats, 1987; Desbarats, 
1990). This procedure has been shown to be the most appropriate for repro- 
duction of patterns of extreme K zones (Schiebe and Murray, 1998; Eggleston 
et al., 1996). Assuming that the starkest contrasts of K are located at the 
boundaries between hydrofacies and that relative homogeneity exists within each 
facies, the conversion of a hydrofacies field into a K field is often simply per- 
formed by assigning a uniform K value to each facies (Davis et al., 1993; Des- 
barats, 1987; Poeter and Townsend, 1994). A basic consideration however lies in 
selecting the K value that represents a whole hydrofacies, and, even more fun- 
damentally, evaluating if the procedure adequately represents the highly con- 
ductive facies when K measurements within it show variations of several orders of 
magnitude. Concern may be developed over the realistic estimation of transport 
times. Characterizing the most conductive facies by a single conductivity indeed 
causes artificial homogenization of the aquifer that could lead to errors in the 
prediction of early arrival times. 

In this paper, we propose to evaluate the impacts of different schemes for the 
attribution of K estimates to the highly conductive facies on the results of a flow 
and a transport model. In one scheme, random K estimates issued from a log- 
normal distribution were assigned to the different elements of the most permeable 
clnss. I n  the other sihcnies, il uiiilorni 1< value was chosen to represent the entire 
hydrofacies. In  some respects, this work is comparable to that of Desbarats (1990) 
who contrasted flow and transport results obtained when a binary or  a bimodal 
approximation was used to model K in a sand-shale formation. 

The broad objective of this study was to enhance understanding of flow and 
transport i n  the SRPA. Therefore, simulation conditions were chosen with the 
intention of reproducing an environment similar to the SRPA. The methods of 
this study also have application in other environments characterized by stark K 
contrasts among discontinuous facies. 
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2 
Characteristics of the snake river plain aquifer 

2.1 
Geological environment 
A brief description of the geology and morphology of the SRPA provides 
understanding of the motivation of this study. The SRPA underlies about 
25,000 km' of the eastern SRPA, a large northeast trending basin in southeast 
Idaho (Fig. 1). I t  extends from its origin near Island Park to its discharge zone in 
the Thousand Springs area near Twin Falls. It is bounded by mountains of the 
Basin and Range Province on the north and west and by the Snake River on the 
east and south. The SRPA is hosted in a series of layered Tertiary and Quaternary 
basaltic lava flows and intercalated sedimentary deposits (Fig. 2 ) .  Each basalt lava 
flow can be described as an assemblage of lobes extending out from a source vent, 
overlapping and building on the undulating topography of previous flows. The 
source vents emitting the lava were concentrated along different rift zones whose 
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Fig. 1. Location of the SRPA 

Fig. 2. Schematic of the structure of the SRPA 



location varied in time, enhancing the heterogeneity of the aquifer. From bottom 
to top, a lava flow consists of a thin vesicular zone, a massive non-vesicular center 
and an upper vesicular zone, generally thicker than the lower one. In about 50% 
of the cases, a zone of rubble separates overlaying lava flows. Rubble zones could 
have formed during an eruption or after it, by weathering of the upper surface of a 
flow. Hydrological studies showed that the zones of rubble and adjacent highly 
vesicular material, forming the so-called interflow zones (IFZ), constitute the 
most conductive facies of the aquifer and could, if well interconnected, constitute 
preferential pathways for contaminant migration. The hydraulic conductivity of 
the IFZ, ranging from tens to tens of thousands of m/day, can exceed those of the 
massive basalt found in the centers of the lava flows and of the sediment lenses 
inserted between basaltic masses by several orders of magnitude (Wylie et al., 
1995; Knutson et al., 1990; Mark, 1998). 

5 0  

2.2 
Data available to characterize the aquifer 
Most of the information used in this study to characterize the spatial structure of 
the materials forming the SRPA and evaluate their conductive properties origi- 
nates from the Test Area North (TAN) facility of the Idaho National Engineering 
and Environmental Laboratory, a 980 square mile (2225 km’) site operated by the 
US Department of Energy. Substantial ground water contamination was discov- 
ered in the early 90’s underneath the TAN facility. Numerous wells have since 
bcen drilled a t  TAN to supplement infurmation provided by older wells and 
accurately monitor the evolution of the contaminant plume. Most of the wells 
have been investigated by a variety of geophysical tools; some of them have been 
included in pumping tests. A vast amount of information is therefore available to 
characterize the TAN subsurface. 

3 
Methodology 
Our approach consisted of: ( 1 )  generation of a set of fifty 3-D hydrofacies real- 
izations, ( 2 )  conversion of each facies image into seven K realizations in which the 
highly conductive paths are characterized by either a uniform or  variable K, (3) 
importation of the K realizations into a flow algorithm for computation of the 
flow field, (4) importation of the flow fields into a particle tracking algorithm, and 
( 5 )  comparison of the Aow and transport results obtained with the different K 
simulation techniques. The following sections describe each of these elements in 
further detail. 

3.1 
Generation of hydrofacies fields 
The materials forming the SRPA were classified in three hydrofacies. From least to 
most conductive, these are the fine-grained sediments, the massive basalt, and the 
interflow zones (IF%). The occurrence of the three hydrofacies in boreholes was 
inferred from interpretation of several geophysical signals (Welhan et al., 1997). 
Indicator transforms were used to convert the qualitative results of the geo- 
physical interpretation into a numerical framework better suited for computa- 
tions (Langsholt et a]., 1998; Wingle and Poeter, 1993; Journel and Alabert, 1990; 
Gomez-Hernandez and Srivastava, 1990). An indicator data set containing the 
spatial coordinates of all locations at which information was available (well 
locations) and a categorical indicator value was created for each facies. The 
indicator value was set to 1 if the facies observed at a location corresponded to the 



hydrofacies considered in the data set, o r  to 0 otherwise. The geostatistical 
function used to measure the spatial correlation of a facies was the experimental 
semivariogram (de Marsily, 1986; Journel and Huijbregts, 1978), defined as: 

. N  

where ; I '  is the semivariogram value at lag h, h is the lag or the separation distance 
between measured values, i (x i )  and i(xi + h )  are indicator values at locations xi 
and x i  + h, and N is the number of pairs separated by the lag distance h. 

Experimental semivariograms show, for a finite number of lags, the change in 
variance between points as a function of the lag distance between these points. A 
model or  continuous line was adjusted through the observed semivariograms 
values. Finally, the model semivariograms were used in conjunction with existing 
data in a sequential indicator simulation algorithm that created multiple equally 
possible arrangements of the hydrofacies in the subsurface (Alabert, 1987; Journel 
and Alabert, 1990; Gomez-Hernandez and Srivastava, 1990). All the arrangements 
generated this way respected existing data and the spatial organization of each 
hydrofacies. 

A set of fifty random fields was generated in this study. Each field is a rect- 
angular parallelepiped, oriented approximately parallel to the hydrofacies bed- 
ding. The field length and width were chosen to correspond to six times the range 
o f  influence o f  the I N  along the principal axis of continuity (see Sect. 4.1). Field 
height corresponds to six times the estimated average thickness of the lava flows 
at TAN. 
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3.2 
Conversion of hydrofacies fields into K fields 
Seven K fields were generated for each facies image. These K fields differ from 
each other at grid nodes identified as IFZ but are identical at grid nodes coin- 
ciding to fine-grained sediments and massive basalt. The latter two were assigned 
a K value equal to the geometric mean of observations in the corresponding facies 
(Sect. 4.3) Attribution of K estimates to the IFZ was performed the following way. 

In the first field (referred to from now on as case l), varying K estimates were 
attributed to the different elements of the highly conductive facies; these estimates 
were selected randomly from a lognormal distribution whose mean and variance 
are compatible with existing K measurements in interflow zones. The log-nor- 
mality assumption was used to characterize the K distribution by analogy to 
numerous studies. The randomness hypothesis was applied because no spatial 
structure was identifiable in the data set of K in the IFZ. The appropriateness of 
these two assumptions is discussed in further detail in Sect. 4.3. 

In the six other fields, all the elements of the highly permeable class were 
attributed a single K value. Ideally, this K value should represent what could be 
called the 'effective K of the facies'. Effective K are usually estimated for a finite 
volume in a heterogeneous medium, not for a portion of this volume such as a 
hydrofacies. The effective K of a volume (V) in a heterogeneous medium is 
defined as the constant that relates the mean head gradient in this volume to the 
mean discharge (Scheibe and Yabusaki, 1998). In other words, it is the unique K 
that replaces a variety of K and allows the same quantity of water to transit 
through the volume, under identical macroscopic gradient conditions. For a given 
facies, the effective K would be the single value that would allow this facies to 



exercise the same influence on flow as the spatial distribution of K it is substituted 
for. There is no theoretical expression that allows computation of effective K 
except in a limited number of simple cases, such as for one-dimensional flow 
through perfectly layered formation when the flow direction is parallel o r  per- 
pendicular to the layering (Bear, 1972). Unable to decide a priori which value to 
use, we successively employed the 50th, 55th, 60th, 65th, 70th, and 75th per- 
centiles of the lognormal distribution used to establish the first field. 

3.3 
Modeling of ground water flow and particle transport 
Each of the 350 (50 x 7) K realizations described above was input to a numerical 
model of ground water flow. Once flow fields were defined, a particle tracking 
method was used to follow the migration of imaginary mass-free particles through 
the domain. The transport process modeled is advection. The path followed by 
particles is determined by their release position in the domain and the velocity 
field. The velocity field is obtained by integration of porosity data and the flow 
field previously computed. Because porosity effects are often thought secondary 
(Warren and Skiba, 1964), the variability of porosity within each facies was ne- 
glected and a uniform value was assigned to each hydrofacies (Sect. 4.3). In this 
study, the release plane for particles was the inflow face of the domain. Six 
particles were uniformly placed in each cell of the inflow face, with the exception 
of the corner cells forming the intersection between the inflow face and the lateral 
and lower faces of the domain through which no flow was allowed Thp capture 
plane was placed near the outflow face of the domain (see Sect. 4.6). 
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3.4 
Comparison of the results 

3.4.1 
Flow and transport results chosen for comparison 
The flow result selected for comparison of the seven K simulation schemes is the 
mean specific discharge through the inflow and outflow faces of the domain. This 
result was chosen because it reflects the overall conductive property of this 
domain. 

The transport results selected for the same purpose are the 1st and 5th per- 
centiles of the arrival time distribution at the capture plan. Early arrival times (1st 
and 5th percentile) reflect the ability of particles to migrate in the highly con- 
ductive paths. Early arrival times depend on both the connectivity of the pref- 
erential paths and on their conductive properties. Because the same hydrofacies 
image, i.e., the same connectivity pattern, was used to generate seven K fields, the 
differences in arrival times between the seven K fields pertaining to the same 
facies image cannot be attributed to differences in the interconnectivity of the 
quick paths but only to the conversion mechanism used to assign K values within 
these quick paths. 

3.4.2 
Parameters evaluated during comparison 
A total of 350 (7 x 50) flow and transport simulations were performed. Due to this 
large number, the simulation outcomes are not presented individually. Rather, the 
results of the first conversion scheme (case I ) ,  in which random K values were 
assigned to the different elements of the most conductive facies, were chosen as 
our basis for comparison and the results of all other cases are expressed 



comparatively to those of case 1. Case 1 was chosen as the basis for comparison 
because actual measurements of K in the IFZ show tremendous variability, sug- 
gesting that the K fields of case 1 are more realistic than others. Yet, no transport 
data were available to check the plausibility of any particular result. 

Two parameters were used to compare K simulation techniques. The first one 
is the mean relative difference (MRD), expressed in percent, between a result 
(specific discharge or particle arrival time) obtained with a given simulation 
technique and the corresponding result in case 1. MRD is a measure of the bias of 
a given technique relative to case 1. It is expressed in relative terms because the 
difference between two results often increases as the magnitude of the measures 

parison purposes. 
The second parameter is the ratio (RAT) of the standard deviation of the 

results (specific discharge or particle arrival time) pertaining to a given K esti- 
mation technique to the standard deviation in case 1. RAT measures a difference 
in the spreading of the results obtained with a given K simulation technique 
relative to case 1. It allows determination of whether or not assigning a unique K 
value to the highly conductive facies causes significant reduction in the variability 
of the results obtained. 

increases and each hydrofacies image should carry the same weight for com- 53 

4 
Simulations 

4.1 
Assessment of the hydrofacies spatial organization in the aquifer 
Geophysical data from 25 boreholes located in the TAN area were available and 
used to evaluate the spatial organization of the three hydrofacies of interest. The 
identification of these facies in boreholes was inferred from simultaneous inter- 
pretation of four types of geophysical logs. Natural gamma radiation logs were 
used to identify the fine-grained sediments, which appear as peaks on the logs 
because they are richer in potassium, including in the naturally emitting isotope 
K " ,  than the surrounding basaltic material. The IFZ were identified on density 
and neutron logs because they are less compact and contain more water than the 
neighboring massive basaltic material. The borehole diameter log allowed con- 
firmation of the presence of a rubble zone. The material not classified as either 
IFZ or fine-grained sediments was assumed to be massive basalt. The fine-grained 
sediments represent less than 5% of the volume hosting the aquifer, the IFZ about 
12% while the massive basalt, the dominant facies, forms about 85% of the vol- 
ume of the aquifer. 

Following interpretation of the geophysical signals, three indicator data sets 
with vertical increments of one foot were created and used to study the spatial 
characteristics of each facies. Experimental semivariogram values were calculated 
by GAMV3 (Deutsch and Journel, 1992). 

At TAN, it appears that the direction of maximum continuity corresponds to 
an azimuth of 90" and an inclination of 0" (direction: west-east in a horizontal 
plane). An anisotropy of 1-3 exists between the west east and the north-south 
directions in a horizontal plane. The ranges of influence along the major axis of 
continuity were estimated at about 100.6 m (330 ft) for the IFZ and 121.9 m 
(400 ft)  for the massive basaltic material. The vertical ranges of influence, cor- 
responding to the average thickness of each facies, were estimated at 0.6 m (2 ft) 
for the highly conductive paths and 5.5 m ( 1  8 ft)  for the massive basalt. Figure 3 
shows the semivariograms established for the IFZ and the massive basalt along 
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Fig. 3. Semivariograins characterizing the IFZ and massive balt continuity along the 
major ,ixis of anisotropy 

Table 1. Parameters of indicator semivariograms 

H ydrofacies Prop Nugget Sill Range of influence (m) 
________ 

Horizontal Horizontal Vertical 
W-E N-S 

Interflow zones* 0.115 0.0 0.045 9.1 6.1 0.6 
0.057 100.6 34.5 0.6 

0.076 121.9 45.7 5.5 
Fine-grained sediments* 0.048 0.0 0.046 274.3 274.3 2.7 

* One spherical model 
**Two nested spherical models 
Prop = volumetric proportion of the hydrofacies in the aquifer 

Massive basalt** 0.837 0.0 0.060 13.7 9.1 5.5 

the two principal directions in a horizontal plane. Table 1 specifies the semi- 
variogram parameters. 

4.2 
Generation of hydrofacies realizations 
Following identification of the semivariograms, the algorithm SISIMPDF (Deutsch 
and Journel, 1992) was used to generate multiple equally possible hydrofacies 
images. The domain considered in this study incorporates 21 of the wells present 
at TAN, and their geophysical information was used to condition the simulated 
hydrofacies images. All the created images honor existing data (hydrofacies 
identified in boreholes) and conform to the semivariograms identified for each 



facies (Table 1). The length and width of the domain were set to six times the 
range of influence of the IFZ along the major (west-east direction) and minor axis 
(north-south direction) of continuity. The domain length is therefore 603.5 m 
(1980 ft); its width is 201.2 m (660 ft). The height of the domain was fixed at 
36.6 m (120 ft), corresponding to six times the estimated average thickness of the 
lava flows at TAN. The domain was divided into 60 slices along each axis. It is 
therefore composed of 216,000 cells (60 x 60 x 60) and is oriented parallel to the 
major axis of continuity of the IFZ (west-east direction). 

4.3 

Several hundred laboratory estimates of K pertaining to core samples originating 
from diverse areas in the SRPA were available to characterize the massive basalt 
(Knutson et al., 1990). Their geometric mean, i.e., 11 m/d (37 ft/d), was used in 
the model to represent the massive basalt. 

The hydraulic conductivity of the fine-grained sediments was modeled at 
3.0 m/d (10 ft/d), which equals the geometric mean of measurements performed 
on surficial sediments found in the vicinity of TAN (Mark, 1998). It was assumed 
that the sediments found in the surface are similar to those found in the aquifer. 

Twenty-eight field estimates of K were used to characterize the IFZ. Twelve of 
them were obtained by straddle-packer slug and pumping tests, the equipment 
being lowered in the well to isolate an IFZ. The remaining sixteen results were 
obtained from traditional pumping tests and pertain to wells whose screens were 
less than 7.6 m (25 ft) long and were shown to intercept an IFZ. For the latter 
measurements, it was assumed that the contribution of the massive basalt in the 
estimated transmissivity was negligible and that the measurement reflects a 
property of the IFZ only. 

Figure 4 is a histogram of K measurements in IFZ. Observed values range from 
6-37,961 m/d (20-124,544 ftld), with a mean and standard deviation of 3994 m/d 
(15,105 ft/d) and 9848 m/d (32,310 ft/d), respectively. The histogram of Fig. 4 
exhibits a pronounced bump on the right side rather than the symmetrical 
Gaussian shape that characterize lognormal distributions when presented in a log 
scale. This bump may indicate the existence of two sub-populations within the 
IFZ. It may also simply be a result of inadequate sample size: twenty-eight data 
may not be sufficient to assess the true form of the underlying distribution. Also, 
field technicians indicated that changes in the testing equipment may contribute 
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to this abnormality. Whichever the case, it was assumed that the probability 
distribution of K in the IFZ is lognormal and that the mean and standard devi- 
ation of the logarithmic values are 2.42 and 0.98 respectively. 

Despite the limited sample size, the 28 K estimates in 1FZ were submitted to 
preliminary geostatistical analysis in order to identify their spatial structure. Our 
results showed that the spatial distribution of K in IFZ is apparently purely random. 
This finding contradicts those of several studies (see Hoeksema and Kitanidis, 
1985; Delhomme, 1979). However, one must keep in mind that the IFZ in the SRPA 
do  not constitute a facies per se, since they do not share the same geometric features 
(their lengths and thickness are highly variable), the same structure (some are 
composed of rubble while others are long and hollow apertures between lava flow), 
nor perhaps the same origin. Rather, IFZ can be seen as the results of accidents that 
occurred during the covering of the land surface by molten lava flows. These 
accidents could have been caused by the autobrecciation of the lava fronts or  by the 
collapse and transport of the material covering the surface before the volcanic 
eruptions. If the IFZ are perceived as ‘random accidents’, one may conceive that 
their conductive properties do  not conform to any spatial organization pattern. 

Tomographic radar experiments between two wells at TAN provided estimates 
of the porosity of the IFZ and the massive basalt of 0.22 and 0.09, respectively. 
The porosity of the fine-grained sediments, the least common facie in the aquifer, 
was set at 0.05. 
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4.4 
Conversion of the hydrofacies images into K fields 
The conversion of a facies field into a K field was performed the following way. 
Grid nodes identified as massive basalt or fine-grained sediment were assigned in 
all fields a K value equal to the geometric mean of measurements in the corre- 
sponding facies, i.e., 11 m/d and 3 m/d, respectively. Grid nodes identified as IFZ 
were treated in a similar fashion in cases 2-7. A single K value, corresponding 
successively to the 50th (case 2), 55th (case 3), 60th (case 4), 65th (case 5), 70th 
(case 6) and the 75th percentile (case 7) of K distribution in IFZ was used to 
characterize all cells of the most conductive facies. 

Case 1, in which random K values were assigned to cells identified as IFZ, 
required a preliminary step. This step consisted of generating an intermediate K 
field pertaining to a hypothetical medium entirely composed of IFZ. The statistics 
of actual measurements in IFZ were used to generate these intermediate fields 
(lognormal distribution, mean ( mlog(K)) = 2.42, standard deviation 
0.98. K values originating from the intermediate hypothetical K fields were trans- 
ferred to cells identified as IFZ on the hydrofacies image or  discarded otherwise. 

Each of the 28 field estimates of K in IFZ was thought to characterize the whole 
IFZ it pertains to. In other words, the length and width of the support volume of 
these measurements correspond to the length and width of an IFZ that can be 
approximated by the ranges of influence of the IFZ along the principal axes of 
continuity. I n  order to respect this support volume, a discretization scheme coarser 
than that employed for the hydrofacies images (cell length and width = 1/10 of the 
IFZ ranges of influence along the major axes) was employed when producing the 
intermediate K fields. The cell length and width in these fields were set equal to the 
ranges of influence of the IFZ along the horizontal axes of continuity, i.e., 100.6 m 
(330 ft) and 33.5 m ( 1  I O  ft), respectively. The cell height was set at 6.1 m (20 ft), 
the average thickness of a lava flow that also corresponds to the average vertical 
distance between IFZ. Attention was paid to return to the mesh characteristics of 
the hydrofacies field before transferring K estimates to the facies image. 

= 



Table 2. Schemes used for the conversion of hydrofacies fields into K fields 

Scheme Hydraulic conductivity (mld) CDF 
-. 

percentile 
Fine-grained sed. Massive basalt Interflow zones 

1 3 11 random - 
2 3 11 282 50 
3 3 11 373 55 
4 3 1 1  496 60 
S 3 11 667 65 
6 3 11 910 70 
7 3 1 1  1273 75 

Table 2 summarizes the characteristics of the seven schemes used for the 
generation of K fields. 

4.5 
Simulation of ground water flow 
The ground water flow model used to perform this study is MODFLOW (Mc- 
Donald and Harbaugh, 1988). Each of the 350 simulated K fields was incorporated 
in the block centered flow (BCF) package of MODFLOW. The model was executed 
to develop the steady state flow field. The boundary conditions were set to 
reproduce principally unidirectional flow, parallel to the domain length and the 
hydrofacies bedding. Heads were fixed on the inflow (west) and outflow (east) 
faces of the domain with a macroscopic gradient of 0.0005 ft/ft in between. No 
How in or out of the domain was permitted through the four remaining faces. A 
strongly implicit procedure (SIP) was employed to solve the flow equations. The 
results were considered satisfactory if the discrepancy between the amount of 
water entering and exiting the domain through the inflow and outflow faces was 
less than 0.250/0. 

4.6 
Simulation of particle advection 
Integrating the flow field computed by MODFLOW with porosity information, the 
algorithm MODPATH (Pollock, 1994) was used to compute the time necessary for 
imaginary particles to migrate from their release position in the aquifer to their 
capture locations. The release plane was the inflow face of the domain; the capture 
plane was located 594.4 m (1950 ft) down gradient. Six particles were placed in 
each active cell (cell through which flow is allowed) of the inflow face. A total of 
20 532 particles (6 particles/cell, 58 x 59 cells) were released. The time necessary 
for each of them to reach their capture position was evaluated. The results of each 
simulation were then sorted to identify the 1st and 5th percentile of the arrival 
time distribution at the capture plane. 

5 
Results 
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5.1 
Comparison of the specific discharges 
Because i t  depicts the overall conductive property of the domain, the average 
specific discharge (Q) through the inflow and outflow faces of the domain was 
chosen as the ground water flow characteristic for comparison of the results. The 



Q calculated for the 50 simulations of case 1 (reference case) range from 
0.0198 m/d-0.0556 m/d with a mean and standard deviation of 0.0326 m/d and 
0.0082 m/d, respectively (Fig. 5 ) .  If the domain was composed of massive basaltic 
material only ( K  = 1 1  m/d), a Q value of 0.0055 m/d would be obtained under 
identical boundary conditions, demonstrating that the interflow zones, though 
constituting only 12% of the volume of the aquifer, play a determinant role in flow 
and, as i t  will appear later, in transport. 

Figure 6 shows the mean relative difference (MRD) between Q evaluated for 
the six simulation schemes in which the conductivity of the IFZ is uniform and 
those evaluated in case 1. Dagan (1979) showed that the effective K of a 3-D 
statistically isotropic medium can be much greater than the geometric mean of K. 
The same observation apparently applies when the concept of effective K is ap- 
plied to the IFZ in the very anisotropic SRPA. When characterizing every cell of 
the highly conductive facies by the geometric mean (K  = 282 mld) of the dis- 
tribution used to generate the images of case 1, one obtains Q values on average 
46% less than in case 1. The conductivity of the IFZ had to be augmented to 
between the 65th percentile (K  = 667 m/d) and the 70th percentile (K  = 910 mld) 
of this distribution to obtain comparable specific discharges. These findings, 
apparently counter-intuitive, may be linked to the scale of evaluation, since the 
model domain only encompasses 6 times the range of influence of the IFZ along 
the two major axes of continuity. At such a small scale, streaks of extremely 
conductive cells may exist, allowing larger flow rates. At a larger scale, one may 
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Fig. 7. Ratio of the standard deviation of Q evaluated when uniform K values are 
assigned to the IFZ to the standard deviation evaluated in case 1 

expect this phenomenon to attenuate, as the likelihood of very long streaks of 
extremely high K decreases. 

technique to the standard deviation evaluated in case 1 ,  is usually less than 1 
(Fig. 7.). RAT only exceeds 1 in case 7 (K  = 1223 m/d), probably because the 
quantities of water transiting through the domain in case 7 are greater 
(MRD = 60%) than those transiting in case 1. Figure 7 shows that, for compa- 
rable average specific discharges, assignment of a unique K value to the most 
permeable facies greatly homogenizes the medium and results in a considerable 
reduction in the variability of the specific discharges computed by the flow model. 
I n  other words, allowing K to vary within the highly permeable facies leads to 
possible Q values that cannot be produced when a single K, whatever its value, 
represents the whole facies. 

The ratio (RAT) of the standard deviation of Q evaluated for each K simulation 

5.2 
Comparison of early arrival times 
Figure 8 is the histogram of the time necessary for 1% of the particles released to 
reach the capture plane when random K values are assigned to the IFZ (case 1). 
This time will be referred to as the 1% migration time. Fig. 8 exhibits great 
variability: some images lead to 1% migration times less than 400 d, while others 
resulted in 1% migration times greater than 1500 d. The variability of the 
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Fig. 8. Histogram of the 1% migration times corresponding to case 1 
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assigned to the IFZ and those evaluated in case 1 

migration time observed on Fig. 8 results from the combined effects of differences 
in the interconnectivity of the IFZ from image to image and differences in the 
conductive properties of these IFZ. 

I t  is expected that the variability of the arrival time would decrease as the 
percentage of particles considered increases. Indeed, one can easily imagine that, 
in some images, a small number of cells in the inflow face, i.e., a small number of 
particles (since particles were initially uniformly distributed on the inflow face), 
could access cells on the outflow face via IFZ only. Yet, as one considers a greater 
and greater portion of the inflow zone, Le., a greater number of particles, the 
overall connectivity of the cells in the inflow zone to other highly conductive cells 
tends to average out, therefore reducing the variability of the migration time. As 
Fig. 9 shows, this decrease in variability, if expressed in terms of coefficient of 
variation, is already slightly perceptible when only 5% of the inflow face, i.e., 5% 
of the number of particles released, are considered. 

The mean relative difference (MDR) for the 1% and 5% migration time are 
presented in Fig. 10 and 11. As long as K is less than the 65th percentile of the 
distribution used to generate the reference case, MRD is highly positive, meaning 
that the early arrival times are estimated too late. This overestimation can be 
attributed to the fact that Q, i.e., the volume of water transiting in the domain and 
‘carrying’ the particles, are underestimated when the uniform K that represents 
the IFZ is smaller than the 65th percentile of K distribution., A reasonably good 
agreement between estimated early arrival times was obtained when the K in IFZ 
was set at 667 m/d or 910 m/d, the 65th and 70th percentiles of K distribution. 
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Fig. 11. MRD between the 5% migration times evaluated when uniform K values are 
assigned to the IFZ and those evaluated in case 1 

Again, this observation makes sense since the volumes of water transiting 
throughout the domain when K is 667 m/d or K is 910 m/d are comparable to 
those transiting in case 1 .  

The ratios (RAT) between the standard deviations of the 1% and 5% migration 
times evaluated with the uniform K simulation techniques to those evaluated in 
the reference case (case 1 )  are shown in Figs. 12 and 13. RAT is always less than 1 ,  
whatever K characterizes the IFZ. It barely reaches 50% when K equals 667 m/d 
(K(,, < 0.h5))  or 710 m/d (K(p  < o,70)), conditions in which the magnitude of both 
specific discharges and early arrival times are similar to those obtained in case 1 
(MRD = 0). This indicates that assigning a uniform K value to the IF2 leads to 
results more clustered than when random K characterize this facies (case l), and 
that the extreme values obtained in case 1 cannot be reproduced. This observa- 
tion carries important significance, should a comparable Monte Carlo experiment 
be included in a probabilistic risk assessment study. It is common in this type of 
study to evaluate the worst-case scenario. In this case, the worst-case scenario 
could correspond to the fastest migration of particles in the aquifer. When a 
single value is used to describe the most conductive facies, one may not be able to 
properly assess the gravity of the worst-case scenario, therefore biasing the result 
of the risk assessment study. 
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Fig. 12. Ratio of the standard deviation of the 1% arrival time evaluated when uniform 
K values are assigned to the IFZ to the standard deviation evaluated in case 1 
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Fig. 13. Ratio of the standard deviation of the 5% arrival time evaluated when uniform 
K values are assigned to the IFZ to the standard deviation evaluated in case 1 

6 
Summary and conclusions 
In an effort to assess the uncertainty of model results caused by aquifer hetero- 
geneity, flow and transport in heterogeneous media are often modeled in a sto- 
chastic framework. When distinct hydrofacies can be differentiated in the aquifer, 
a common approach used to quantify uncertainty is to first generate multiple 
equally possible hydrofacies fields, convert the facies fields into K fields and then 
use these K fields in a Monte Carlo experiment of How and transport. The 
generation of hydrofacies random fields relies on a geostatistical evaluation of the 
continuity of each facies. The conversion of a hydrofacies field into a K field can 
be performed by assigning a uniform K to each facies. While this approach is 
appropriate for modeling aquifers in which definite uniformity exist within each 
facies, it may be questionable for others where the conductive properties of one 
facies, often the most conductive one, exhibits large variability. Such is the case 
for the SRPA in southeast Idaho. The SRPA is composed of a series of layered 
basaltic lava flows, occasionally separated by fine-grained sediments. The hy- 
draulic conductivity of these sediments (median K = 3 m/d) and of the massive 
basalt forming the center of the lava flows (median K = 11 m/d) is moderate. In 
contrast, the areas of rubbly contacts between lava flows (referred to as interflow 
zones (IFZ)) are highly conductive and are thought to constitute preferential 
pathways for contaminant migration. K measurements in the IFZ show variations 
ranging from 6-37,961 m/d, with a mean and standard deviation of 3994 m/d and 
9848 m/d, respectively. Acknowledging such variability, one may wonder if 
characterizing the whole facies by a unique K is sensible and does not lead to an 
unreasonable uniformization of the aquifer. 

In this study, a Monte Carlo experiment was designed to assess whether 
assigning random K values to the highly conductive facies rather than a uniform 
value leads to significantly different flow and transport characteristics. A set of 
fifty hydrofacies images reproducing a geological environment similar to the 
SKPA was first generated. The size of the images was set to encompass six times 
the ranges of influence of the most conductive facies, horizontally; and corre- 
spond to six times the average lava flow thickness, vertically. Different scenarios 
were applied for conversion of the hydrofacies field into K fields. In the first 
scenario, random K values issued from a lognormal distribution depicting K 
variation in the IFZ were assigned to the different elements of the most con- 



ductive facies. in the other scenarios, uniform values, ranging from the 50th to the 
75th percentile of the K distribution defined above, were used to model the 
conductive property of the whole IFZ facies. 

I t  was observed that assigning a K value equal to 65th or  70th percentile of K 
distribution did generate mean specific discharges and early particle arrival times 
similar to those obtained with random K. Yet, treating the K of the highly con- 
ductive facies as uniform rather than randomly variable leads to a significant 
reduction in the variability of model outputs. This outcome is of considerable 
importance, should the results of such a Monte Carlo experiment be used in a 
probabilistic risk assessment study. Considering the K of the most conductive 
facies as constant does not allow reproduction of the extreme values of either 
specific discharge or early arrival times that are obtained when K is assumed 
random. This prevents the modeler from assessing the severity of the worst-case 
scenario. The results presented here refer to a fairly small domain whose length 
equals six times the range of influence of the IFZ. As the domain size increases, 
differences between these two techniques (K  uniform or randomly variable) may 
attenuate, as the behavior of the aquifer tends to average out. Additional research 
is presently being conducted to evaluate the effects of different domain sizes in 
combination with different K estimation schemes on the results of a transport 
model. One should also keep in mind that our results refer to a medium where the 
interflow zone median K (282 m/d) is only about two orders of magnitude greater 
than the median K of the other hydrofacies and where K variability within the 
interflow zones is extremely large. In other media characterized by larger con- 
trasts between median K values but a smaller variability of K within each facies, a 
uniform K approximation may be justified (Desbarats, 1990). In light of the 
findings of the present study, though, one may recommend caution when 
choosing a method for the conversion of hydrofacies images into K fields, 
especially for fine-scale modeling and small domain sizes. 
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