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PREFACE 

This 1986 annual report from Pacific Northwest Laboratory (PNL) to the Department of 
Energy (DOE) describes research in environment, health, and safety conducted during fiscal 
year 1986. The report again consists of five parts, each in a separate volume. 

The five parts of the report are oriented to particular segments of our program. Parts 1 to 4 
report on research performed for the DOE Office of Health and Environmental Research 
in the Office of Energy Research. Part 5 reports progress on all research performed for the 
Assistant Secretary for Environment, Safety and Health. In some instances, the volumes 
report on research funded by other DOE components or by other governmental entities 
under interagency agreements. Each part consists of project reports authored by scientists 
from several PNL research departments, reflecting the multidisciplinary nature of the 
research effort. 

The parts of the 1986 Annual Report are: 

Part 1: Biomedical Sciences 
Program Manager- J. F. Park 

Part 2: Environmental Sciences 
Program Manager- R. E. Wildung 

Part 3: Atmospheric Sciences 
Program Manager- C. E. Elderkin 

Part 4: Physical Sciences 
Program Manager- L. H. Toburen 

Part 5: Nuclear and Operational Safety 
Program Managers- L. G. Faust 

W. E. Kennedy, Jr. 
j. M. Selby 
B. L. Steelman 

D. L. Felton, Report Coordinator and 
Editor 

R. E. W'ildung, Report Coordinator 
K. A. Borgeson and 
S. G. Weiss, Editors 

C. E. Elderkin, Report Coordinator 
E. L. Owczarski, Editor 

L. H. Toburen, Report Coordinator 
P. L. Gurwell, Editor 

L. G. Faust, Report Coordinator 
S. K. En nor, Editor 

Activities of the scientists whose work is described in this annual report are broader in 
scope than the articles indicate. PNL staff have responded to numerous requests from DOE 
during the year for planning, for service on various task groups, and for special assistance. 

A major effort was in response to OHER's request for assistance in collecting information 
on the release of radioactivity from the nuclear power plant accident at Chernobyl. Environ­
mental and chemical scientists participated in collecting and analyzing atmospheric and 
environmental samples in Sweden, over the Pacific Ocean, along the northwest coast of 
North America and along the path of the radioactive plume as it passed across the United 
States. 

Credit for this annual report goes to the many scientists who performed the research and 
wrote the individual project reports, to the program managers who directed the research 
and coordinated the technical progress reports, to the editors who edited the individual 
project reports and assembled the five parts, and to Ray Baal man, editor in chief, who 
directed the total effort. 
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Members of the Scientific Advisory Committee established last year are: 

Dr. Franklin I. Badgley University of Washington 
Dr. Leo K. Bustad Washington State University 
Dr. Franklin Hutchinson Yale University 
Dr. Albert W. johnson San Diego State University 
Dr. j. Newell Stannard University of Rochester 

University of California, San Diego 

W. J. Bair, Manager 
S. Marks, Associate Manager 
Environment, Health and Safety 
Research Program 
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FOREWORD 

This report summarizes progress in environmental sciences research conducted by Pacific 
Northwest laboratory (PNl) for the Office of Health and Environmental Research in 
FY 1986. The past year has been one of transition and achievement. The laboratory 
implemented the second phase of a reorganization designed to improve disciplinary 
alignment and renew its commitment to scientific quality. A cohesive program plan deve­
loped to guide the OHER Environmental Sciences Research program has also been imple­
mented to meet refined objectives. Research is directed toward developing a fundamental 
understanding of the key processes controlling the long-term fate and biological effects of 
fugitive chemicals and other stresses resulting from energy development. 

The program is focused on terrestrial, subsurface, and coastal marine systems, and this 
research forms the basis, in conjunction with remote sensing, for definition and quantifica­
tion of processes leading to impacts at the global level. The plan entails building on PNL 
technical strengths in biogeochemistry, hydrodynamics, molecular biology, and quantita­
tive ecology. These strengths are applied in multidisciplinary programs to probe basic rela­
tionships. Unique intermediate-scale experimental systems are employed for examination 
of arid land watershed dynamics, aerosol behavior and effects, and multidimensional sub­
surface transport. Advanced field laboratories (National Environmental Research Park and 
the Marine Research Laboratory) are used in conjunction with remote sensing to validate 
concepts and models and extrapolate results to the system and global levels. Strong uni­
versity liaisons now in existence are being markedly expanded to form consortia for effi­
cient use of PNllaboratory and field resources and the specialized technical capabilities in 
the university community. 

This report is organized to reflect the new programmatic structure. Sections are devoted to 
Detection and Management of Change in Terrestrial Systems, Biogeochemical Phenom­
ena, Subsurface Microbiology and Transport, Marine Sciences, and Theoretical (Quantita­
tive) Ecology. Emphasis has been placed on vertical integration of research, utilizing the 
basic results of disciplinary research at the chemical, molecular, and cellular levels to aid in 
understanding observations of these processes at the field and ecosystem levels. This 
approach has already resulted in significant advances in our understanding of the complex 
relationships governing the effects of energy development within a global context. 

A volume synthesizing the results of 30 years of research at PNL in Terrestrial Ecosystems 
has been completed and the results used to conceptualize and plan future research. The 
recently completed Arid land Watershed Facility has been used to test hypotheses on the 
relationships between plant processes and water balance and extending, by the use of 
remote sensing, these results to the regional and global scales. Investigation into the inter­
actions between biological and geochemical processes has demonstrated the importance 
of key organic acids and peptides in the complexation and transport of elements in plants 
and root zones, forming the basis for new advances in understanding the role of the rhizo­
sphere in biogeochemical cycles. 

The Subsurface Transport Program has played a major national role in the early stages of 
an exciting new endeavor to investigate the previously unexplored subsurface ecosystem. 
PNL research has shown that organisms in the deep subsurface possess diverse capabilities 



to degrade organic contaminants and carry plasm ids that reflect their stressed environ­
ment and that offer new possibilities for aquifer restoration through genetic technology. 
Concurrently, investigations of mineral surface-water interactions in the subsurface have 
advanced our understanding of electrostatic and hydrophobic reactions for multiple 
organic contaminants and the importance of steric effects in sorption processes. 

Marine studies directed toward understanding the molecular, biochemical, cellular, and 
organismic responses to environmental effects have identified initial relationships between 
certain diseases and environmental stress, which should be amenable to examination of 
unique gene transcripts controlling the expression of stress-related proteins. 

Finally, in the Theoretical (Quantitative) Ecology Program, new statistical approaches have 
been developed from standard experimental theory, as well as other fields such as geosta­
tistics, providing more precise methods for sampling and experimental design in areas of 
mobile wildlife populations, hazardous wastes, and subsurface microbiology. 

Research in the environmental sciences is in an exciting and challenging new phase, and 
the PNL research program is now positioned to make major contributions to the resolution 
of important national environmental problems. 

Raymond E. Wildung 
Subprogram Manager 
Environmental Sciences 
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• Detecting and Managing Change in Terrestrial Ecosystems 

Until recently, few techniques existed for detecting long-term synoptic changes of the physical, chemical, 
and biologic processes occurring in the atmosphere, at the surface of the earth, and below the ground. 
Instrumentation is now available that can selectively provide these measurements. In addition, numerical 
models and artificial intelligence programs are being developed to interface between these newly 
acquired data sets. Such techniques significantly increase our potential for understanding terrestrial sys­
tems in ways and over time and space scales not previously possible. 

During FY 1986, high priority was placed on initiating new research to provide simultaneous observations 
of major arid land processes. As part of this effort a Watershed Research Facility was constructed on the 
Arid land Ecology Reserve, which is a part of the Hanford National Environmental Research Park (NERP). 
This facility is comprised of a set of precision-weighing lysimeters to provide information on soil-water 
dynamics and energy balance parameters; an irrigation system and series of field manipulation plots to 
study the interrelationships between mineral dynamics, microbial ecology, and plant growth parameters; 
and a series of microwatersheds and a rainfall simulator for identifying the influence of biota on near­
surface water balance and the resulting transport parameters. As part of the Remote Fluvial Experiments 
(REFLEX) program, heat and water balance processes associated with arid land watersheds are being 
related to remotely acquired data sets in initial investigations to extrapolate our understanding of these 
processes to the regional and global scales. 

The NERP concept provides the long-term protection, continuity, and organizational structure that is 
imperative for these studies of natural systems; it also provides the necessary institutional structure for 
faculty and student participation from the broader academic community. 

DYNAMICS OF ARID LAND ECOSYSTEMS 

A variety of land disturbances and other 
stresses are associated with energy develop­
ment and production activities. Arid lands 
are highly sensitive to stress and often re­
cover at rates that are slow compared to 
those of more mesic areas. The research 
described here is designed to provide new 
methods for the early detection of energy­
related stress and to evaluate the ultimate 
impact of reduced productivity or increased 
transport of chemical contaminants within 
arid lands. 

THE EFFECT OF NATURAL DISTURBANCE ON 
VEGETATION AND SOIL MOISTURE IN THE SHRUB­
STEPPE 

S. 0. Link and M. E. Thiede 

To predict the effects of disturbance in ter­
restrial systems, it is necessary to under­
stand the relationship between yearly soil­
water extraction patterns and plant activity. 
Wildfires on the Arid Lands Ecology (ALE) 
Reserve during 1981 and 1984 have permitted 
PNL to examine the effect of temporary re­
moval of surface vegetation on these rela­
tionships. Since the 1984 wildfire, plant 
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growth has been monitored by sampling re­
search plots for green leaf area and biomass. 
In addition, litter biomass has been deter­
mined to assess rate of biomass turnover. 

In 1984, five research sites were selected to 
study the response of ecosystems to wildfire. 
The sites are different with respect to fire 
history, composition of the plant community, 
and microclimate. The 1984 Burn site is com­
posed of herbaceous plants, of which bunch­
grass (Agropyron spicatum) is the major spec­
ies. The Sage site has not been burned re­
cently and is composed of herbaceous and 
woody plants, of which sagebrush (Artemisia 
tridentata) is the major species. The 1981 
Burn site is similar in composition to the 
bunchgrass site. The Upper Snively and Lower 
Snively sites are abandoned agricultural 
fields that were last used in the mid-1940s; 
both sites are now dominated by cheatgrass 
(Bromus tectorum). The Upper Snively site 
burned in 1984 and both sites burned in 1981. 
Upper Snively is at a higher elevation than 
the Lower Snively site and is wetter. 

Leaf area results are presented in Table 1, 
which shows comparisons between harvests 
taken in April and June . Leaf area decreased 
at all sites between April and June because 

• of increasing water stress and genetically 



TABLE 1. Measurements of Total Green leaf Area for Five 
Study Sites (measurements made in April and June 1986) 

Sites 

1984 Burn 

Sage 

1981 Burn 

Upper Snively 

lower Snively 

Mean leaf Area/ 
Ground Area 

(m2 leaf/m2 ground) 

April June 

0.22 0.19 

0.48 0.36 

0.27 0.22 

0.60 0.21 

0.28 

controlled phenology . The decrease was 
greatest at the Lower Snively site. Maximal 
leaf area was found at the Upper Snively site 
in April when the annual species were at 
their yreatest vigor. Leaf area was similar 
at the 1981 and 1984 Burn sites, even though 
these sites were burned at different times. 
The greater leaf area at the Sage site rela­
tive to the 1981 and 1984 Burn sites resulted 
from the sagebrush contribution. 

Biomass patterns (Table 2) were not consis­
tently lower in June than they were in April, 
perhaps because of increasing leaf density. 
The biomass patterns at the 1981 and 1984 
Burn and Sage sites were identical to the 
leaf area patterns. When compared to leaf 
area, the biomass of plants at the Snively 
sites was relatively less than that for 
plants at the other sites, suggesting that 
plants at the Snively sites are less dense. 

Litter patterns (Table 3) were not time de­
pendent. Litter biomass was greater at the 
Snively sites than at the other sites, per­
haps because of the high turnover rate of the 
annual plants and low decomposition rates at 
the Snively sites. The effect of the 1984 
fire on the Upper Snively site is apparent in 
the lower litter biomass at this site as 

TABLE 2. Measurements of Total Green Biomass for Five 
Study Sites (measurements taken in April and june 1986) 

Mean Biomass (g/m2) 

Sites April June 

1984 Burn 58 70 

Sage 118 100 

1981 Burn 50 58 

Upper Snively 65 69 

lower Snively 40 

2 

TABLE 3. Measurements of litter Biomass for Five Study 
Sites (measurements made in April and june 1986) 

Mean litter 
Biomass (gfm2) 

Sues April June 

1984 Burn 100 280 

Sage 290 250 

1981 Burn 50 50 

Upper Snively 730 280 

lower Snively 640 710 

compared to the Lower Snively site. 
Senescent bunchgrass may have contributed to 
the increase of litter biomass at the 1984 
Burn site. 

The size frequency distribution of sagebrush 
at the Sage site is presented in Figure 1. 
Most plants at this site are small. If this 
site can be assumed to be at steady state, 
the distribution implies that most of the 
plants do not survive to attain a large size 
or that the growth of the small plants is 
restricted because of competition with neigh­
boring plants for water and nutrients. 

Soil moisture storage since the fall of 1984 
(the fire occurred in late summer 1984) is 
shown in Figure 2 for three depths at the 
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FIGURE 1. Size Frequency Distribution of Sagebrush at the 
Sage Site. 
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FIGURE 2. Soil Moisture Storage at Three of the Study 
Sites. Data are shown for 30 em, 125 em, and 275 em. 

1984 Burn, 1981 Burn, and the Sage sites. At 
30 em, little difference in moisture storage 
was apparent from the onset of the study. At 
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125 em, soil moisture differences were evi­
dent. The 1981 Burn site was distinctly 
drier during the winter and early summer, but 
after the first year the differences between 
the sites disappeared. At 275 em, moisture 
differences remain after 2 years. The 1984 
Burn site is wettest, and the Sage site is 
driest. The data suggest that the presence 
of the deep-rooted sagebrush results in deep 
water extraction. During FY 1987 we will 
continue to observe the dynamics of plant and 
soil water characteristics as they relate to 
continuing recovery from fire disturbance. 

REMOTE SENSING (REFLEX): MEASURING 
BIDIRECTIONAL REFLECTANCE FOR VEGETATION 
CHARACTERIZATION 

P. A. Beedlow and J. E. York 

Satellite, aircraft, and ground measurements 
of solar spectral reflectance have been rou­
tinely used to study land cover. The useful­
ness of these measurements are being extended 
at several test areas on the Hanford Site • 
In most studies that use spectral reflectance 
to differentiate land cover types, the re­
flectance is assumed to be Lambertian (i.e., 
equal in all directions). The reflectance of 
most land cover types is known to be non­
Lambertian, but the actual angular dependence 
is not well known. Measurements of bidirec­
tional reflectance (reflectance as a function 
of the angle of reflection) may be useful in 
characterizing landscape units. Bidirec­
tional reflectance may be affected by cover 
type, plant or soil structure, leaf area, 
biomass, and/or other environmental factors. 
Field data gathered from the Hanford Site 
with a portable spectroradiometer are being 
used to determine the effects and uses of 
bidirectional reflectance, particularly to 
evaluate its usefulness in determining bio­
mass, leaf area, and soil properties for the 
characterization of landscape units. 

Two examples of bidirectional reflectance 
spectra are presented. Reflectance was meas­
ured at five different angles from a sage­
brush (Figure 1) and at 11 angles from a 
field of young oats. For oats (Figure 2), 
reflectance is higher at directions away from 
rather than toward the sun at small angles 
from vertical, but is higher looking toward 
the sun rather than away from the sun at 



G) 
u 
c 

"' 0 
Q) 

'i a: 
E 
Q) 
u 
~ 

Q. 

0.01 

0.008 

Q) 
u c 
"' 0 
Q) 

'i 
a: 
E 
Q) 
u 
G) 
Q. 

----- From Sun 

--- Toward Sun 

Vertical 

450 550 650 750 850 950 

Wavelength (nm) 

FIGURE 1. Solar Reflectance from a Sagebrush at Various Angles of Reflectance. 

----- From Sun 

--- Toward Sun 

--- Vertical 

Wavelength (nm) 

480} 
59° 

From Sun 

Vertical 

42°} Toward 
68° Sun 

1050 

Vertical 

FIGURE 2. Solar Reflectance from a Field of Young Oats at Various Angles of Reflectance. 

4 



large angles from vertical. The angle at 
which the crossover occurs and the dif­
ferences in reflectance at given angles from 
vertical looking toward and away from the sun 
are likely related to physiological factors 
affecting the vegetation. This crossover 
phenomenon is not present in the sagebrush 
spectra (Figure 1), possibly because a large 
enough variation in angles was not measured. 
Measurements of bidirectional reflectance 
permit discrimination among land cover com­
ponents not possible with conventional, ver­
tical measurements and are being used to com­
pile a reflectance data set for the Hanford 
environs. This data set will be used in re­
search to find correlations between bidirec­
tional reflectance and plant physiology. It 
will also serve as ground truth data for cal­
ibrating and interpreting satellite reflec­
tance data. 

BIOTIC TRANSPORT PROCESSES IN ARID ECOSYSTEMS 

L. L. Cad we 11 

Landscapes in arid environments are sculp­
tured, stabilized , and populated in response 
to the abundance, movement, and use of water. 
Water that reaches land as precipitation may 
recharge the groundwater, contribute to sur­
face water supplies, or return to the atmo­
sphere during evapotranspiration. As water 
moves over and through surface soils 
it transports a host of environmentally im­
portant materials that include dissolved nu­
trients, organic matter, pollutants, and 
sediments. For any climate, local plant and 
animal populations exert a significant influ­
ence on surface water hydrology and associ­
ated material transport. This influence is 
particularly evident in arid climates where 
plants and animals process a significant 
fraction of the available water. 

A research program is being developed at the 
Arid Land Ecology (ALE) Reserve on the Han­
ford Site to measure and model the hydrologic 
cycle response as it relates to plant and 
animal processes in a natural, semiarid envi­
ronment. Simulated rainfall is being applied 
to study plots in the shrub-steppe to view 
response and measure transport parameters. 

Related studies are being conducted at the 
Idaho National Engineering Laboratory (INEL) 
and the Los Alamos Scientific Laboratory 

5 

(LASL), and during 1986 working relationships 
were established between these laboratories 
and PNL for the purpose of exchanging re­
search approaches and results. The objective 
is to use current technology to investigate 
hydrologic and material transport response at 
a range of arid/semiarid sites that may be 
impacted by energy development. 

The water balance/transport studies will be 
conducted using rainfall simulation--the 
technique of applying water to plots in a 
manner that simulates natural rainfall. A 
rainfall simulator creates an outdoor labora­
tory that can provide control over when, 
where, and how much rainfall is applied to a 
study plot, and allows data that might re­
quire years to collect under natural rainfall 
conditions to be collected in a very short 
time . The rotating-boom rainfall simulator 
acquired for use in this study was con­
structed for PNL by the U.S. Department of 
Agriculture (USDA) Agricultural Research Ser­
vice . By selecting the nozzle size, water 
pressure during application, and height of 
the boom above the plot surface, the impact 
of natural rainfall is simulated. 

The common experimental design involves two 
vegetative treatments. One treatment con­
sists of natural vegetative cover and the 
second treatment includes clipped plots from 
which higher vegetation has been removed. 
The study plots were randomly selected from 
the total population of available sites and 
are located on uniform slopes that have 
approximately a 9% slope. Plots are paired 
such that one plot of each pair is clipped 
and the other is unclipped {Figure 1). 
Treatments are replicated four times and two 
additional plot pairs serve as natural rain­
fall controls. Two rainfall applications are 
being made annually, one prior to the growing 
season and one after. For each set of exper­
iments the same rainfall simulation sequence 
is applied. A 1-hr run {dry) is made under 
initially dry soil conditions. This run is 
fo 11 owed 24 hr 1 ater by a 30-mi n run (wet ), 
which is followed 30 min later by another 
30-min run (very wet). The si~ulator pro­
vides an intensity of 2.5 in./hr for all 
runs. 

The major accomplishments during FY 1986 in­
volved planning and coordinating the research 
approach, acquiring and testing the rainfall 
simulator, and conducting initial rainfall 

.. 
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FIGURE 1. Example of Study Plots Used for Water Balance/Transport Studies 

si~ulations. We also designed, character­
ized, and installed field test plots . The 
study site selected is located near Bobcat 
Canyon on the ALE Reserve and is part of the 
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Watershed Research facility . Related studies 
are colocated on the reserve to maximize our 
collective understanding of plant, animal, 
nutrient, water, and soil-related processes . 



Figures 2a and 2b are hydrographs showing a 
sequence of three applications of simulated 
rainfall on a plot pair. The plot pair con­
sists of one plot with native vegetation and 
one drastically disturbed plot (all vegeta­
tion clipped and removed) . Both hydrographs 
show increasing peak runoff rates associated 
with wetter initial conditions. However, a 
comparison of runoff between plots {Figure 2a 

versus Figure 2b) suggests an anomoly . Other 
factors being equal, the expected response to 
vegetation removal is an increase in runoff. 
However , runoff from each of the three appli ­
cations on the vegetated plot is greater than 
from the nonvegetated plots . Examination of 
these plot surfaces during simulated rainfall 
suggests that surface characteristics in the 
shrub-steppe influencing runoff are highly 
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variable, may exhibit distinct spatial pat­
terns, and are likely to be the product of 
dynamic physical/biological interactions. 
These preliminary results suggest a need to 
examine spatial variability on a somewhat 
smaller scale in order to describe the funda­
mental processes affecting surface water re­
distribution in arid landscapes. 

INSTALLATION OF PRECISION-WEIGHING LYSIMETERS 
FOR EVAPOTRANSPIRATION MEASUREMENTS AT 
HANFORD'S ARID LAND ECOLOGY RESERVE 

G. w. Gee 

Precision-weighing lysimeters (Figure 1), 
constructed during the past year , are being 
used to measure variations in evapotran­
spiration for distinct plant communities at 
the ALE Reserve. Monolith-type lysimeters 
are arranged in pairs and are located on 
a bunchgrass -dominated site (primarily 
Agropyron spicatum) and on an adjacent sage­
brush-dominated site (Artemisia tridentata). 
Electronic scales continuously record weight 
changes that represent water loss via evapo­
transpiration or water gain from precipita­
tion . Each lysimeter weighs about 7 metric 
tons and consists of an undisturbed block 
(monolith) of soil 1.5 m on a side and 1.7 m 
deep . As part of a comprehensive Watershed 
Research Facility on ALE , these unique 
lysimeters will provide information on soil 
water dynamics and energy balance needed to 

FIGURE 1. lysimeter facility at AlE. 
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develop predictive models of the water-driven 
processes in arid regions . 

The monolith soil is a silt loam (Xerollic 
Camborthid} with a hard, caliche (calcium 
carbonate) layer at about the 1 m depth. As 
the monolith was excavated, an open-ended 
steel container was dropped over the soil to 
contain the monolith. Two 20-ton hydraulic 
jacks attached to a flat steel plate were 
used to shear the bottom of the monolith . A 
specially constructed gantry was used to 
remove the monolith and place it on a soil ­
filled tray containing a network of ceramic 
candles . 

The data collection system includes moni­
toring instruments and radiotelemetric 
capability . Tensiometers and thermocouple 
phychrometers were placed at the 0.7- and 
1 .2~ depths to monitor matric and total 
water potential, respectively . The lysim­
eters are set on platform scales that have a 
±0 .05- kg (±0.02-mm H20) resolution . The 
scales are monitored with a CR7 datalogger 
(Campbe ll Scientific, Logan , Utah} and the 
data are transmitted 40 km via radiotelemetry 
to the laboratory for processing and display 
on an IBM- PC . Instrumentation for micro­
meteorological and energy budget data will be 
installed in FY 1987 and incorporated with 
the data retrieval system. 

Since coming online in mid-summer , the 
lysimeters have continuously collected water 
gain/loss data . The sensitivity of this 
system t o moisture changes is demonstrated in 
Figure 2. On August 29, 1986, a rain event 
occurred during the early mo rning . Total 
precipitation amounted to only 0. 25 em, but 
this amount was recorded as weight changes 
in all four lysimeters . Weight loss due to 
evapotranspiration following the rainy period 
can also be clearly seen . 

The lysimeters will be used to model evapo­
transpiration of arid land plant communities 
under various types of environmental stress. 
Of part icular concern are those st resses re­
sulting from energy development. Such models 
wi 11 fill a crit i ca 1 ro 1 e in the management 
of low-level radioactive and hazardous chem­
ical wastes . In addition, the lysimeters 
will provide the core facility for developing 
the capability to measure arid land energy 
balance from satellite platforms . 
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NATIONAL ENVIRONMENTAL RESEARCH PARK 

w. H. Rickard 

The National Environmental Research Park at 
Hanford serves as an outdoor 1 aboratory . It 
is a representative segment of the shrub­
steppe ecosystem that occupies the semiarid 
intermountain region of the northwestern 
United States, east of the Cascades and gen­
erally west of the Rocky Mountains . For 
40 years the 1400-km2 Hanford Site has been 
free from the usual kinds of land use widely 
practiced in the shrub-steppe region (i .e ., 
livestock grazing, cultivation for crops, and 
urbanization). Its use has been partially 
industrial with a few scattered industrial 
buildings. Most of the land plays a passive 
role as a health and security buffer zone . 
However, the unusually large area assigned to 
passive land use makes the land attractive 
for various kinds of basic ecological re­
search both from the view of scientific ob­
servations and descriptions as well as exper­
imental manipulations and development of 
ecological monitoring methodology . The iso­
lation and protection provided by the Hanford 
Site allows the long-term preservation of 
"control" areas . In addition, the large land 
area allows for experimental manipulation in 
the absence of customary land use 
interferences. 
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Industrially Induced Chemicals in the Park 
Environment 

Various industrial processes result in the 
release of potentially toxic or cancer­
inducing chemicals to the surface environ­
ment. The biological accumulation of such 
chemicals is an important consideration in 
environmental monitoring programs world -wide. 
Most efforts to monitor the behavior of ra­
dionuclides result in information that can be 
used to estimate potential radiation doses to 
people . However , wild animals often have 
greater body burdens of radionuclides than do 
domestic animals or people . From the view­
point of wildlife management , it is important 
to know if industrially produced toxic chem­
icals exist in the environment in quantities 
9reat enough to be deleterious to the health 
or reproductive performance of wild animals. 
It is also important to determine by environ­
mental monitoring if body burdens of toxic 
materials are increasing or decreasing over 
time as the result of engineerin~ modifica­
tions or improvements in industrial 
practices. 

The amount of radioactive materials released 
into the Columbia River from various indus­
trial processes on the Hanford Site has been 
greatly diminished since 1972, the year when 
all single-pass reactors were shut down. 
However, the continual operation of the 
N Reactor results in the release of small 
amounts of 90sr into the Columbia River . 

The Columbia River as it flows through the 
Hanford Site has historically been an impor­
tant nesting area for a local population of 
Canada geese . It has been known for a long 
time that 90sr tends to accumulate in the 
bones of birds and mammals and in the cal­
careous egg shells of birds. Egg shells re­
main in goose nests when the goslings leave 
the nest. These shells can be collected from 
individual nests and chemically analyzed . 
Egg shells represent environmental materials 
that are ingested by parent geese, metabo­
lized into body cells, and released as eggs . 
If the goose population is self-sustaining, 
the egg shells can be collected each year for 
monitoring purposes . 

The Snake River is a large tributary of the 
Columbia River that joins the Columbia River 
20 miles (28 km) downstream from the Hanford 
Site. This large river also supports a 



self-sustaining nesting population of Canada 
geese, but it does not have an industrial 
source of 90sr as does the Columbia River . 

A comparison of the amounts of 90sr in goose 
egg shells collected from the Hanford Reach 
of the Columbia River and the Snake River in 
the spring of 1986 is shown below. The 
amounts are expressed as pCi/g dry weight . 

Arithmetic Natural log 
Location n mean mean median 

Hanford 6 1.619 0.402 1.555 
Reach 

Snake 10 0.847 -0 . 241 o. 791 
River 

t = 2.94, p 0.01. 

The samples from the Hanford Reach averaged 
twice as much 90sr as did samples from the 
Snake River. The 90sr measured in the egg 
shells from the Snake River is believed to be 
derived from worldwide fallout, while the 
Columbia River samples represent fallout plus 
a contribution from the industrial operations 
conducted on the Hanford Site. 

The Columbia River population of Canada geese 
appears healthy and egg production and hatch­
ability is comparable to other populations 
that have a similar record of study. How­
ever, graduate student research conducted on 
the Hanford Reach goose population indicates 
that gosling mortality is much higher here 
than that observed at other places in the 
United States . The high mortality is attrib­
uted to predation, although this has not been 
verified by actual observation. 

Great blue herons living on the Hanford Envi­
ronmental Park have been investigated as in­
dicators of the availability of heavy metals 
in their foraging environment . Nesting 
herons feed mostly on live fish captured in 
the vicinity of their nest trees . Fish are 
brought to the nest to feed the young, who 
spend a month or more in the nest and are fed 
daily by their parents . The distances that 
parent birds travel each day to search for 
fish are still to be determined . The fecal 
material discharged from nests was collected 
from four locations in eastern Washington and 
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chemically analyzed for metals. The fecal 
material was collected from locations along 
the Columbia River (Hanford Site), Benton 
County; Yakima River, Yakima County; Pothol es 
Reservoir, Grant County; and Sylvan Lake, 
Lincoln County. Herons nesting along the 
Yakima River had greater concentrations of 
cobalt, lead, and copper in their feces than 
did the herons nesting at the other loca­
tions . Herons nesting along the Yakima and 
Columbia Rivers also had greater concentra­
tions of metals in their feces than did those 
nesting near lakes. This suggests that in­
dustrial and urban discharges to these large 
rivers may be responsible for the greater 
levels of metals in herons foraging on 
riverine fish , as compared to the concentra­
tions in herons nesting on freshwater lakes 
where historically there is little or no ur­
ban or industrial releases of metals . The 
use of nesting great blue herons appears to 
be a practical , nondestructive way to utilize 
resident wildlife in long-term environmental 
monitoring programs. 

A Small-Scale Field Experiment Involving Two 
Research Parks 

An important purpose of land classification 
schemes is to extrapolate environmental data 
obtained in one part of a region to another 
part with a reasonable degree of confidence. 
The National Environmental Research Parks, 
located in southeastern Idaho and on the Han­
ford Site in Washington, allow the following 
hypothesis to be tested: in land classified 
as shrub-steppe, essential trace element con­
centrations in the leaves of a dominant plant 
(sagebrush) are much alike even though sample 
stations are widely spaced geographically. 
In addition, artificially introduced trace 
elements added to the surface soil beneath 
the shrubs behave similarly, as is determined 
by measuring living leaves in subsequent 
growing seasons . 

The major classification schemes that apply 
to the National Environmental Parks in Idaho 
and Washington are summarized below. The two 
parks differ in their geographic location and 
altitude. The Hanford Environmental Park 
is located in southeastern Washington at 
1000 ft above mean sea level, and the Idaho 
Park is located in southeastern Idaho at 
4000 ft above mean sea level. 



Classification 
Schemes Idaho Washington 

Physiographic Columbia Plateau Same 
province 

Climate Semiarid Same 

Soil group Sierozem Same 

Vegetation Shrub-steppe Same 
type 

Land use Wildlife habitat Same 

Genome of Artemisia Same 
concern trldentata 

(Sagebrush) 

The analytical results of the experiment are 
shown in Figure 1. Of the four micronutri ents 
tested (copper , manganese, molybdenum, and 
zinc) only manganese concentrations show sta­
tistical differences between the two sites. 
Molybdenum added to soil greatly increased 
the molybdenum concentrations in sagebrush 
leaves at both sites . Manganese added to the 
soil increased the manganese concentrations 
in leaves at the Washington site only , and 
copper and zinc did not increase the leaf 
concentrations of these metals at either 
site. The behavior of manganese is closely 
related to processes affecting hydrous oxide 
formation and stability in soil . Explanation 
of these differences will , therefore, require 
more detailed mineralogical studies. 

Although the research parks are widely sepa­
rated geographically and differ great ly in 
altitude and microclimate, sagebrush is the 
dominant plant at both parks . The concentra­
tion of essential micronutrient elements in 
sagebrush leaves was not greatly different at 
the two locations . Three of the four ele­
ments added to soil beneath sagebrush shrubs 
behaved similarly at both sites . Onlt man­
ganese behaved differently, but the magnitude 
of the difference was not great . 

Of considerable interest in terms of the 
long-term effects of trace element influxes 
to soil are the differences between added and 
control systems at both sites . These dif­
ferences will be monitored in subsequent 
years to provide insight into the effects of 
different soil sources of these elements. 
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FUTURE RESEARCH 

An emerging large-scale view of the earth and 
its processes is resulting in dramatic new 
insights regarding the causes and repercus­
sions of environmental changes . Our ability 
to capitalize on these insights will depend 
on our success in designing and applying 
state-of-the-art data acquisition and data 
management systems to environmental data 
sets . 

The aerial , satellite , and ground-based data 
acquisition systems that exist today are pro­
viding the information needed to address 
critical questions concerning interactions 
within an environmental system that result 
in environmental changes. However, we must 
simultaneously account for the natural tem­
poral and spatial variability that is inher­
ent within an environmental system. Such 
variabi l ities are critical when identifying 
or interpreting developing trends. Statis­
tical models that now exist are not adequate 
to meet this need. Some specific areas 
for future research emphasis include the 
following: 

• development of an ability to measure the 
aggradation and degradation of natural 
systems over large areas (i.e., region , 
continent or global) 

• identification of critical processes 
governing the response and recovery of 
ecosystems to natural and human-related 
stresses 

• development of techniques to discern 
natural variability from anthropogenic 
causes 

• development of the capability to 
integrate large data sets quickly and 
efficiently for managing both local and 
large-scale land use patterns. 

The research areas outlined above will be 
possible only if long-term studies focused on 
understanding environmental processes can 
continue within protected study areas. The 
Hanford NERP currently provides this protec­
tion. It is critical that this protection 
continue if we are to achieve the goal of 
understanding landscape level changes within 
the environment . 
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• Biogeochemical Phenomena 

Complex relationships between chemical and biological phenomena markedly affect the cycling, transfer, 
and form of inorganic and organic constituents in terrestrial and atmospheric systems. These processes 
often have global as well as human health implications. PNL has pioneered research on metabolic pro­
cesses that influence the transfer of radionuclides, energy-related metals, and organic compounds in 
microbial soil-plant-animal systems. These investigations have provided a unique background for probing 
fundamental biological controls on elemental cycling in these systems. 

This program is directed toward development of an understanding of biogeochemical phenomena con­
trolling the behavior of representative classes of inorganic elements and organic compounds important in 
global cycling and pathways. In addition, basic concepts developed in the laboratory are being validated 
in controlled field studies. The information is being used to add kinetic and metabolic dimensions to ele­
mental cycling and food ingestion models, which previously lacked long-term predictive capability and 
the ability to incorporate metabolic products of organic chemicals. 

SOIL AND PLANT PROCESSES CONTROLLING CATION 
BEHAVIOR IN TERRESTRIAL SYSTEMS 

R. E. Wildung, 0. A. Cataldo, and J. K, 
Fredrickson 

The environmental mobility and kinetics of 
inorganic pollutant solubilization, particu­
larly for cations , are regulated directly and 
indirectly by specific biological processes . 
These processes , which are related to soil 
microbial, rhizosphere, and plant metabolic 
functions, alter the thermodynamic equilibria 
controlling cation speciation and complexa­
tion, and therefore alter cation behavior. 
Thus, an understanding of these biotic proc­
esses is essential in predicting the spatial 
and temporal mobility of elements after the 
terrestrial ecosystem is stressed physically 
or chemically. An integrated field and 
laboratory approach is used to define, 
assess, and quantify those processes which 
influence metal speciation in the near­
surface environment. 

In 1986, research addressed 1) the role of 
soil microorganisms as a source of ligands 
for metal complexation; 2) the mechanisms 
employed in higher plants to maintain the 
solubility of cations prone to hydrolysis, 
including both nutrient and non-nutrient 
ions; 3) the initiation of rhizosphere 
studies to define the chemical environment in 
the near-surface root zone; and 4) an assess­
ment of using the Chernobyl event to estab­
lish thermodynamic and kinetic parameters for 
cation (cesium) interactions with clay miner­
als and the resulting effects on cation con­
centration in soil solutions and availability 
to plants. 
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Previous investigations tested the original 
hypothesis of the role of metabolism in in­
fluencing cation behavior by identifying soil 
microbial and plant ligands important in the 
transport and immobilization of metals. 
Plants were shown to utilize low molecular 
weight organic acids, amino acids, and pep­
tides as major metal-complexing ligands. 
~mino and organic acids are also known to be 
major components of carbonaceous root secre­
tions. It was hypothesized that rhizosphere 
mi c roorgan i SillS met abo 1 i ze these compounds, 
forming a number of secondary metabolites 
that also serve as metal-complexing agents . 
In 1986, efforts were concentrated on char­
acterizing rhizosphere microbial metabolites 
and root exudates involved in cation 
complexation. 

Three native grasses, bluebunch wheatgrass, 
thickspike wheatgrass, and sandburg blue­
grass, were s~~ded into Ritzville soil 
amended with Ni as a tracer. Growth con­
tainers were designed in such a way that 
plant roots could intensively exploit the 
soil and the entire volume could be consid­
ered rhizosphere soil. Rhizosphere solutions 
were collected by centrifugation/filtration 
and characterized by thi1-layer chromato­
graphy and thin-layer electrophoresis in con­
junction with autoradiography. Nickel­
complexing ligand chromatography patterns 
were then compared for the three native grass 
rhizospheres and nonrhizosphere soil. 

The distribution of 63Ni in the plant-soil 
continuum, after the grasses reached maxi mura 
rooting density, indicated that trace amounts 
were present in the leaves, between 0,8\ and 
1.7% was present in root tissue or adsorhed 



on root surfaces, between 0.04~ and 0.09~ was 
present in soluble forms in the rhizosphere, 
and the rest remained in soil nonsol~~le 
forms . While similar quantities of Ni were 
present as soluble complexes in the rhizo­
sphere and soil solutions (Figure 1), their 
chromatographic patterns were quite distinct, 
indicating that different organic components 
were responsible for comple~~tion. In addi­
tion , fractions complexing Ni in the soil 
alo~e were absent in the soil rhizosphere 
solutions, suggesting that the complexes were 
quite different and that rhizosphere ligands 
have a greater affinity for cations than do 
ligands present in the nonrhizosQhere soil 
solutions. Chromatographs for 63Ni complexes 
were similar for the three native grasses, 
suggesting a commonality in root exudation 
patterns and rhizosphere microbial metabol­
ites. Thus, an examination of these com­
plexes should ~rovide general insight into 
the grass rhizosphere system. 

Efforts to further characterize these rhizo­
sphere ligands are continuing, using an arti­
ficial plant growth medium in order to more 
clearly delineate soil organic complexes from 
those produced exclusively in the rhizo­
sphere. In addition, experiments will be 
expanded to include characterization of trace 
element ligands produced during plant litter 
deCOfll)OS it ion . 
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FIGURE 1. Fraction of 6lNi Added to Ritzville Soil and Pres­
ent as Soluble Complexes in Rhizosphere and Nonrhizo­
sphere Solutions 
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The role of terrestrial plants in accumula­
ting and modifying the chemical form of 
cations represents an important aspect of 
contaminant flow and chemica 1 fate because of 
the comparatively large biomass contribution 
of plants and their key position in the food 
web. Thus, in addition to investigating 
rhizosphere secretions, research has been 
directed toward 1) elucidation of the met­
abolic factors regulating cation absorption 
by roots and transfer from root to shoot, 
2) elucidation of complexation mechanisms for 
stabilizing cations in xylem transport 
fluids, 3) analysis of cation forms stored in 
roots and leaves , and 4) analysis of the im­
pact of litter decomposition processes on the 
seasonal flux and mobility of cations in 
soils and plants. 

Research on plant metabolic processes has 
been directed toward understanding those en­
dogenous plant processes influencing the 
quality and quantity of metal complexes in 
plants. Specifically, this effort involved 
examining the production of noninduced and 
metal-induced complexing ligands and eluc­
idating the mechanics of metal complexation 
by evaluating model plant transport (xylem 
exudate) systems with respect to ligand spec­
ificity for essential nutrient ions and pol­
lutant elements. 

Results to date indicate that 1) at least two 
complexation mechanisms dominate for the ele­
ments investigated, one for divalent cations 
and one for polyvalent cations; 2) the mech­
anism for divalent ions appears to involve 
small peptides with a specificity for a range 
of ions; and 3) the concentration of these 
peptides is increased by the presence of cad­
mium, cobalt, and nic~el. 

Detailed analyses of xylem exudajes fram soy­
bean plants demonstrate that Fe+ , Pu+ , and 
Np+4 are complexed and chemically stabilized 
by simple organic acids while in transport 
from root to shoot. This mechanism may also 
be functional for a range of polyvalent 
cations (including chromium), other trans­
uranic elements, and the rare earths. The 
second complexation mechanism employs small 
peptides having high stability constants and 
specificity for the divalent cations Ni, Cu, 
and Zn . While several peptides have been 
isolated from squash, snap pea, bushbean, and 
soybean plants, efforts have concentrated on 
the peptide responsible for Ni complexation 



in soybean. Figure 2 shows t,e peptides 
found in soybean xylem exudates. Component 
92 is a peptide containing aspartate, 
gluamate, and an unknown 440-nm absorbing 
acid, with a mole ratio of 3:1:X. This pep­
tide is endogenous to xylem exudates, and can 
bind or complex up to 14 uM of either Ni, Cu, 
or Zn. The affinity of this ligand is 
Ni>Zn>Cu, with Ni readily displacing Zn and 
Cu on metal amendment of xylem exudates. 
Preliminary results indicate that some com­
monality existed in the types of peptides 
present in soybean, squash, snap pea, and 
bushbean exudates, thereby suggesting that 
similar complexation mechanisms for transport 
fluids may occur. 

Investigations of the effects of chronic 
metal exposure on the transfer of metals from 
soy~ean r~ot to sho~t were performed for 
Ni+ , Cd+ , and Co+ • Approximately 6 days 
of pre-exposure were required before 
increased metal concentrations were observed 
in xylem exudates. Induction causes a five­
fold increase in metal transfer from root to 
shoot for nickel and cadmium, and a tenfold 
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increase for Co. Analysis of individual pep­
tides for control and induced plants showed 
that the principal transport peptide 
increased in concentration in response toNi, 
whereas other peptides increased in response 
to Cd induction. 

~icrobial and plant systems clearly demon­
strate the importance of biological processes 
on metal form and biological transport. The 
fact that stable organo-metal complexes are 
readily formed can eventually influence their 
mobility and soil transport, once these com­
plexes enter the soil via normal processes 
that occur within the rhizosphere, or during 
dieback and decomposition of tissues. 

ENVIRONMENTAL BEHAVIOR OF INORGANIC ANIONS 

T. R. Garland, D. A. Cataldo, R. J. Fellows, 
R. E. Wildung 

Recent efforts have addressed two aspects of 
anion behavior in the soil/plant system. The 
first involves evaluation of the gaseous com­
ponent of the terrestrial iodine cycle in 
soils and plants, while the second is con­
cerned with the metabolic fate and behavior 
of technetium in plants. 

Iodine Cycling 

It has long been known that inorganic radio­
iodine/radioiodide released from nuclear 
reactors and fuel reprocessing operations and 
amended to soils is readily released to the 
atmosphere in volal~~e form. Furthermore, 
field analyses of I in soils and vegeta-
tion adjacent to a fuels reprocessing 
facility, which was idle for 10 years prior 
to the study, indicated that there may be a 
significant gaseous component to the terres­
trial iodine cycle. Soil substrates, includ­
ing a silt-sand, organic forest soil, quartz 
sand, and a sterilized soil, were amended 
with radioiodide, and the rates and quality 
of the volatile components evaluated. 

The results indicate that rates ~f volatili­
zation are approximately 1 x 10- % per day at 
environmental concentrations, release rates 
are proportional to amended concentration, 
and while volatile forms are organic in 
nature they do not appear to be of biological 
or1g1n. Soils containing plant roots exhibit 
an increased rate of iodine volatilization, 



2 x 10-3~ per day , with approximately 30~ of 
the iodine in an inorganic form. The vola ­
tile iodine species released from soil are 
readily adsorbed to and/or absorbed by plant 
foliage. Radioiodide absorbed from soils and 
transported to foliage was also observed to 
be released in volatile form to the atmo­
sphere . Rates of release average 1 x 10-2~ 
per day, and consist of 25~ inorganic species 
and 75~ organic forms . These studies clearly 
demonstrate that a terrestrial iodine cycle 
exists. Currently, studies are underway to 
identify the major volati l e organic and inor­
ganic species produced in soils and by plant 
foliage . 

Chemical Fate of Technetium in Plants 

Technetium is believed to readily exist as 
its oxyanion, pertechnetate, in aerobic sys­
tems . As such, it is soil mobile, bioavail­
able , and thus is peculiar compared to other 
major contaminants derived from the nuclear 
fuel cycle . However , evidence exists indi­
cating that Tc is insolubilized in soil under 
certain conditions , and based on animal 
ingestion studies with the oxyanion form and 
plant - incorporated Tc forms, Tc is reduced on 
uptake by plants . Our ongoing efforts 
strongly suggest that Tc is biologically re­
duced and chemically incorporated into pro­
teins, using enzyme systems in place for 
sulf•Jr metabolism. 

The evidence for metabolically mediated Tc 
incorporation include 1) its relatively high 
chemical toxicity, especially in meristems 
where synthesis of new protein is essential 
to tissue survival; 2) the rapid increase in 
nitrate reductase activity, and increased 
protein production in the presence of Tc; and 
3) the association of Tc with a wide range of 
proteins below 20,000 molecular weight , but 
not the larger proteins, suggesting an in­
ability to form the quartenary structure re­
quiring disulfide linkages. Based on these 

data , it has been proposed that Tc is sub­
stituting for sulfur , undergoing enzymatic 
reduction and incorporation, and thus repre­
sents a nonfunctional ana l og of sulfur. 

Time course studies of the chemical fate of 
technetium, sulfur, and selenium ions in 
leaves and roots show that the incorporation 
of all three ions occurs principally within 
the leaves . Analysis of accumulation pat­
terns in l eaves show sol ubl e pertechnetate 
pools to be low , and chloroplasts to be a 
major site of accumulation for insoluble Tc . 
This behavior is consistent with enzymatic 
reduction of Tc and S, which i s chl oroplast 
based. Since it is well established that the 
enzyme system responsible for the reduction 
and incorporation of Sand Se into their 
amino acid analogs are found only in the 
chloroplast , in vitro incorporation studies 
were performed with isolated chloroplasts. 
Results for S, Se, and Tc are shown in 
Table 1. In each case, the reaction mixture 
yielded a cationic component following elec­
trophoresis . These were found to co-chroma­
tograph on ion exchange with cysteine and 
seleno-cysteine standards . The incorporated 
Tc, while as yet not authenticated, did yield 
a ninhydrin -positive component with a reten­
tion time of 155 min. Based on these pre­
liminary results, it appears that Tc is 
reduced by glutathione reductase, as is the 
case for S and Se, and is incorporated into 
its amino acid analog by cysteine synthase. 
It should be noted that while the reduction 
step normally results in a 2- state for S and 
Se, this valence state has never been 
observed for Tc . Thus , if reduction of Tc 
involves the 1- valence , then the amino acid 
formed would lack the ability to form the 
classical bridging characteristic of func­
tional complex proteins , which would explain 
its toxicity. 

TABLE 1. Plant Metabolic Mechanisms for Reduction and Incorporation of the Oxyanions of Sulfur and Selenium, and Possi­
ble Substitution by Technetium in Enzymatic Pathways Employing Glutathione (GHS) Reductase and Cysteine Synthase. 

Plant Available GSH Reduced Cysteine End 
Oxyanion (Valence) Reductase Form Synthase Product 

so/-Jso/ -(+£/ +4) - --> s2- ---> cysteine 

seo/ -(+4) ---> Se2" ---> seleno-
cysteine 

Tc0.' -(+7) ---> Tc2"/ 1- ---> T c-cysteine 
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SOIL/PLANT ~EHAVIOR OF ORGANIC XENOBIOTICS 

[), A. Cataldo, R. J. Fellows, R. M. Rean 

Organic pollutants released to the environ­
•nent as a result of man's activities can 
result in a range of perceived and/or real 
environmental and health concerns. However, 
the myriad of individual compounds of poten­
tial interest presents a very real problem in 
understanding the general fate and impacts of 
organic residues entering the environment, 
In the past, the selection of compounds for 
study was based on either their perceived 
importance, as in the ca5e of PAHs, 'Jr 
because they were present in emissions from 
specific sources. The large number and types 
of organic residues entering the environment 
make this approach less than suitable for 
predictive purposes. The preferred approach 
is a systematic evaluation of the comparative 
behavior of a range of representative organic 
pollutants, These should include important 
compound classes varying in physicochemical 
properties, and witllin each class, a series 
of rep resent at i ve compotJnds with increasing 
complexity and substittJtion. This framework 
provides a systematic data base from which 
the behavior of a wide range of organic 
residue5 can be assessed. 

In the present studies, the comparative 
behavior and chemical fate of organic res­
idues in plants are evaluated in 5imple soil 
and hydroponic systems, Organic compounds 
were selected from the 28 representative 
species comprising seven compound classes 
currently being evaluated in DOE/OHER subsur­
face transport programs. The objectives of 
these st•Jdies are to establish 1) root 
absorption rates for individual organic res­
idues, 2) plant mobility and distribution 
patterns, 3) rates of foliar volatilization 
and reemission to the atmosphere, and 4) the 
chemical fate of these compounds once accumu­
lated. Four compounds, representing four of 
the compound classes, have been studied: 
phenol, aniline, quinoline, ;;nd most recently 
indole. The wide range in relativ~ behavior 
and chemical fate observed with these com­
pounds serves to demonstrate the complexities 
involved in understanding the environmental 
behavior of xenobiotics. 

Experiments using indole labeled witfJ 14c in 
both soils and hydroponic systenrs tiemon­
strated that soybeans \'/ere able to accumulate 
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significant ar11ounts of label wit'1in short 
periods of time, Twenty-one-day-old plants 
grown in a 50-ppm 14C-indole hydroponic solu­
tion accumulated over 37% of the total sup­
plied label \'lithin 72 hr; plants ~rown from 
seed in soil amended with 50-ppm 4C:-in:.lole 
accumulated over 20% of the total supplied 
label after 30 days. 

However, when the plants were analyzed for 
the parent compound indole, little or no 
material was observed within the roots (<0.1% 
to 0,5% of initial concentration), and no 
material was detected in either the ste•ns or 
leaves. A more detailed analysis of those 
compounds that contained label derived from 
indole was therefore conducted. The results 
of a typical analysis are given in Table 1. 

Root5 contained approximately 70% of the 
total label accumulated by the plants. 
Within the roots, the 14c was predominantly 
found in the protein and insoluble (cell wall 
and structural protein) fractions, while the 
basic (amino acid) fraction of the water/ 
al~oh~l extract fsoluble~) con~ained a 
maJOrlty of the 4c. Am1no ac1d analysis of 
the basic fraction further revealed that more 
than 30% of the label associated witil this 
fraction was recovered in tryptophan. 

In stem tissue, approximately half of the 14c 
was found to he in the insoluble fraction, 
while 36% was recoveri!d in the water/alcohol 
soluble fraction. Foll01~ing ion exchange 
separation of the soluble fraction, 90% of 
the label was found to be in the amino acids, 
and again, more than 80% of the label ~~as 

recovered in sryptophan. Once accumulated in 
leaves, the 1 C partitioned flldinly into the 
protein and the water/alcohol soluble frac-
tions. The amino 
of the 14c in the 
witll greater than 
being tryptophan. 
fractions indicate 
in tryptophan. 

acids contained o~er half 
water/alcohol fraction, 
70% of tile ami no acids 
Acid hydrolysis of prstein 
that tile associated l C is 

Althougll indole is an intermediate metdbolite 
in synthetic pathways for several compounds, 
including the auxins and the amino acid tryp­
tophan, indole does not accu<nulate in 
tissues. Experimental result5 indicate that 
indole, once absorbed by roots (%.1 ~g 
indole/g dry wt/hr), is rapidly assim1lated 
and metabolized by the roots of soy~eans. 

T'"lis occurs by tile tryptophan synthesis 



TABLE 1. Di~tribution of 14C Derived from Indole Within 21-Day·-Oid Soybean {Glycine max cv. Williams) Plants Following 
72-hr Incubation 1n a SO-ppm Indole-Hydroponic Solution. 

Total Plant 

Soluble> 
Water/Alcohol 
Chloroform 
Protein 
Starch 

Insoluble 

Sample/Fraction 

Water/Alcohol-ion Exchange 
Neutrgl(a) of soluble fractions 
Basic{ I 
Acid f(C) 
Acid Jl{d) 

(a) Sugars 
(b) Amino acids 
(c) Organic acids 
(d) Sugar phosphates 

pathway, with a significant fraction being 
incorporated into soluble and structural pro­
teins. In addition, excess tryptophan 
appears to be the major, if not sole, trans­
port form mewing from root to shoot. This is 
S1Jpported by the fact that no indole could be 
isolated or identified in stem or leaf 
':issues. 

l11dole, like phenol, appears to be rapidly 
metabolized by the plant and converted to 
natural components. However, unlike phenol, 
aniline, or quinoline, the primary site of 
indole accumulation within the plant may be 
in proteins or ami no acid-derived compounds_ 

FUTURE RESE!l.RCH 

The primary goal of this research is to 
d2fine the influence of soil microbial and 
plant rrocesses on the behavior of specific 
representive inorganic elements and organic 
compounds. The fundamental metabolic 
approach taken to achieve this goal is now 
providing the bas1s for evaluating the con­
cepts developed for describing 'nore general 

18 

'!f.. Total "C R('covewd 
Plant Segment 

Roor Stem Leaves 

70.72 13.3S 15.93 

13.73 3S.S8 20.47 
7.14 2.40 2.46 

35.65 4.68 S6.20 
5.07 6.31 10.38 

38.42 S1.03 10.49 

100.0 100.0 100.0 

14.94 4.25 19.71 
61.91 88.97 62.41 
17.73 4.50 14.99 
5.42 2.28 2.89 

100.0 100.0 100.0 

phenomena and defining the soil microbial­
plant root environment as an integrated 
system. 

Research to define the role of plant ligands 
in the transport of polyvalent cations will 
build on previous results that indicated the 
importance of both specific peptides as 
complexing ligands in the plant xylem, and 
several distinct low molecular weight 
complexing ligands in the plant rhizosphere. 

Concurrently, a specialized model system to 
examine rhizosphere ligands in the absence of 
soil will be employed to define rhizosphere 
leachates from native and agronomic plant 
species important to the shrub-steppe regions 
of the world. 

Research to riefine the behavior of anions in 
soil is currently centered on 1) examination 
of ~tabolic processes responsible for 
technetium reduction and incorporation; 
2) initiation of detailed studies to 
quantitate the gaseous fluxes of nitrogen, 
sulfur, selenium, iodine, and trace oxyanions 
from oil and plant rhizospheres; and 



3) initiation of studies on the effects of 
oxyanions (initially technetium) on soil 
nitrogen cycling and the relationship to 
oxyanion mobility in soil. 

Field investigations will be focused on 
establishing a basis for refining and 
calibrating thermodynamic equilibrium and 
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.net abo 1 i c transport r'lOde ls for both cation 
and anion elements. 

Thus, the biogeochemical studies have evolved 
to the point where major contributions to our 
general understanding of i<.ey processes 
controlling elemental cycling can now be 
rea 1 i zed. 
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• Subsurface Transport 

Research on the transport and fate of contaminants in the subsurface environment focuses on microbio­
logical, chemical, and hydrologic phenomena controlling the movement and persistence of organic chem­
icals in the vadose and saturated zones. The intent of the PNL program is to improve numerical 
predictions of contaminant transport by advancing the scientific understanding of governing phenomena. 
The research is fundamental, and targets the subsurface behavior of complex organic solute mixtures and 
miscible and immiscible organic liquids. Microbiological research focuses on the nature of organisms in 
the deep subsurface (a newly realized, unexplored ecosystem) and their ability to degrade organic con­
taminants under diverse hydrochemical conditions. Subsurface chemistry studies are probing sorption and 
other interfacial chemical reactions limiting solute movement. Hydrologic investigations are defining the 
physics and fluid dynamics of organic liquid/water multiphase mixtures in porous media. Hypothesis­
driven experiments are first carried out in the laboratory with selective field sampling to resolve intradis­
ciplinary issues. Subsequently, multidisciplinary experiments are performed at the intermediate scale and 
in the laboratory to control and carefully manipulate hydrologic and other critical parameters. 

SUBSURFACE CHEMISTRY OF ORGANIC COMPOUNDS 

J. M. Zachara and C. C. Ainsworth 

Experimental investigations of multispecies 
solute interactions with subsoil and aquifer 
materials are being performed and described 
with chemical equilibrium models to improve 
predictions of contaminant migration in sub­
surface environments. Carefully selected 
organic compounds are used in combination 
with both mineral/hydrocarbonaceous surfaces 
varying in charge and hydrophobicity and sub­
surface materials of diverse properties to 
probe sorption and surface-catalyzed reac­
tions. In keeping with these objectives, 
research over the past year has focused on 
1) the limits of carbon-referenced sorption 
on subsurface materials, using a neutral, 
nitrogen-containing, aromatic compound; 
2) the influence of dissolved cosolvent on 
the sorption of ionizable and neutral 
N-containing aromatic compounds by subsurface 
materials and clays; and 3) the sorption and 
surface complexation of N-containing aromatic 
compounds by amorphous silica. These studies 
have advanced our understanding of the rela­
tive contributions of electrostatic versus 
hydrophobic interactions and the importance 
of steric effects in the sorption process. 

To investigate the limits of carbon-reference 
sorption, experiments were performed with a 
polar N-heterocyclic compound (carbazole, pKa 
a-2) on 21 soil and subsurface materials 
exhibiting a wide range of properties. Car­
bazole sorption was shown to be highly cor­
related with the organic carbon content (OC) 
as shown for other hydrophobic compounds 
(HOCs). Unlike HOCs, nonlinear carbazole 
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adsorption was observed, yielding a 
Freundlich isotherm described by the expo­
nential term (N) < 1. Linearizing the iso­
therms yielded a K0 c [sorption constant (Kf) 
normalized for OC], which was greater by a 
factor of 7 than that calculated from the 
octanol-water partition coefficient (K0w). 
The K

0
c determined from the nonlinear iso­

therm constants (normalized to an average 
value) was close to that calculated from the 
Kow· 

The nonlinear adsorption isotherms were seg­
regated in two distinct groups differing in 
their Freundlich experimental terms; one 
group had N values ranging from 0.87 to 0.81, 
and the second group ranged from 0.75 to 
0.66. The latter group was dominated by sub­
soils high in oxides and calcite, while the 
nonoxidic group contained 2:1 lattice sili­
cates. In both groups, carbazole sorption 
was highly correlated with OC. Signifi­
cantly, however, the K0 c calculated for the 
oxidic group was consistently less than the 
K

0
c calculated from the K0w for carbazole. 

Limited data suggest that carbon-referenced 
sorption deteriorates in subsurface materials 
when the ratio of percent OC/percent clay 
falls below approximately 0.01. For hydro­
phobic compounds, the isotherm-determined K0c 
below a threshold value typically increases 
to well above that calculated from the Kow• 
In contrast, the K0c values determined for 
carbazole decreased dramatically as the OC/ 
clay ratio dropped below 0.02 (Figure 1). 
Importantly, the majority of subsurface mate­
rials that showed this decrease were from the 
oxidic group. In fact, even when the OC/clay 
ratio was considerably higher than 0.02, the 



Koc 

- Koc Calculated from the 
Kow for Carbazole 

-- Koc Calculated from the 
Equat1on Koc=K(/foc. 
Where KF' = Freundlich 
Sorption Constant, foe= 
Mass Fraction of Organic 
Carbon 

1200 ~---------------4 • • 
1000 

800 • 
0 

400 
• Nonoxidic So1ls 

200 

o~~--~--._~~~--~~ 
0 .02 .04 .14 

% ocl% clay 

FIGURE 1. The Importance of Organic Carbon as a Sorbent 
for Carbazole Decreases as the Percent Organic Carbon to 
Percent Clay Ratio Falls Below 0.02. Organic coatings on 
mineral surfaces may be a less effective sorbent than par­
ticulate organic material. 

isotherm K0c values for the oxidic group were 
considerably less than that of the other 
group. These results indicate that while 
partitioning to the OC phase of soil is prob­
ably the driving force in carbazole sorption, 
sorption is also influenced by subtle proper­
ties of the organic carbon fraction that dif­
fer between soil groups and geographic 
environs. 

The limit of carbon-referenced sorption was 
also investigated for carbazole sorption on 
soils from water-methanol, water-acetone, and 
water-pyridine mixtures. The selection of 
the cosolvents was based on their prevalence 
in waste environments and their physical 
properties. Carbazole sorption, like that 
seen with HOCs, is decreased with the addi­
tion of cosolvents methanol and acetone (with 
the latter inducing the greater decrease). 
The decrease in sorption caused by these two 
cosolvents is log-linear with an increasing 
mole fraction. Additionally, there was no 
apparent difference in the slopes of the log­
linear relationships between subsurface mate­
rials for acetone, and only very slight dif­
ferences in the slopes with methanol as the 
cosolvent. The cosolvent effect for non­
ionizable solutes :nay be ascribed to 
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enchancerl solvation, which reduces the entro­
pic forces driving sorption. 

Carbazole sorption in the presence of the 
cosolvent pyridine was increased in one soi l 
and only slightly affected in another. Pyri­
dine is ionizable (pKa = 5.25) and will ad­
sorb to the soil, rendering charged surfaces 
more hydrophobic. Pyridine will also in­
crease the solubility of carbazole in the 
bulk solv~nt phase and decrease the solvopho­
bic forces driving sorption. The presence of 
pyridine may, therefore, drive sorption of 
carbazole in opposite directions, depending 
upon the pyridine concentration in the sol­
vent and the pH of the subsurface material. 
Our experiments show that pyridine may induce 
a wide range in sorption behavior, from en­
hanced to depressed. 

Sorption experiments were also performed with 
an ionogenic organic compound (quinoline, 
pKa = 4.93) on subsoils from water-methanol 
and water-acetone mixtures to identify the 
magnitude and mechanism of cosolvent effects 
where compound ionization is significant. ~s 
observed for HOCs, cosolvent addition 
decreases sorption, with acetone indJcing the 
greatest depression. This depression par­
allels the low dielectric constant of acetone 
and the high solubility of quinoline in ace­
tone as compared to both methanol and water. 
More specifically, a log-linear decrease in 
the sorption coefficient is noted with an 
increasing mole fraction of solvent. lJnl il<e 
carbazole and other HOCs, the slope of this 
log-linear relationship varies between the 
different subsoils, reflecting their pH and 
the extent of compound ionization. 

To probe this apparent "pH-dependent" cosol­
vent effect, quinoline sorption ~1as measured 
on a subsurface material, its clay fraction, 
and montmori 11 onite in the presence of ace­
tone and methanol over a wide range in pH. 
In aqueous electrolyte (O.OlM NaCl04), quino­
line sorption on all three sorbents was 
demonstrated to be identical when they were 
adjusted to equal concentrations on a charge 
basis, demonstrating the nonspecific electro­
static nature of the sorption process. The 
presence of a cosolvent reduced the surface 
affinity of quinoline over the entire pH 
range on all three adsorbent~. In a cosol­
vent mixture, sorption still paralleled t he 
ionizati on fraction as shown in Figure 2 fo r 
a subsurface material, indica~ing continued 
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FIGURES 2a ~nd 2b. Miscible Cosolvents (Methanol-Figure 2a and Acetone-Figure 2b) Reduce Quinoline Sorption to Sub­
surface Materials by Altering the Solvation of the Organic Cation and Na+ Competing for Surface Sites. 

predominance of ion exchange. These results 
are consistent with a solute-solvent model 
where solvation of the organic cation in­
creases and solvation of the inorganic cation 
decreases in the presence of a cosolvent. 
The net effect is to reduce hydrophobic sta­
bilization of the organic cation surface com­
plex and enhance desolvation of ~a+ at the 
charged surface. These both drive the 
exchange reaction 

NaX + BH+ * BHX + Na+ 

to the left. 

Silica (Si02) represents an important proton­
specific colloidal surface in the subsurface. 
It ~Y exist as a mobile colloidal particle 
or as a coating on stationary solids. The 
surface of silica is ~eak acid that ionizes 
with increasing pH, providing negatively 
charged surface sites. The sorption of 
aminonaphthalene and quinoline has been 
investigated on porous and nonporous Si02 
microparticles as a function of major solu­
tion variables (pH , ionic strength, electro­
lyte ion charge, and temperature) to assess 
the importance of charge location, pKa, 1-ty­
drophobic bonding, and steric effects on 
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organic surface complexation. These two-ring 
N-containing aromatic compounds exhibit dif 
ferent pKas and solubility as a result of 
nitrogen placement in the ring. Both ionize 
to organic cations below their pKa . 

Both solutes are sorbed by amorphous Si02, 
with quinoline exhibiting higher preference 
for the surface. In direct contrast to layer 
silicates, where compound ionization controls 
binding, sorption on Si02(am) is mildly pH­
dependent, with maximum sorption noted near 
the pKa . Enhanced sorption of quinoline over 
naphthylamine is apparently a steric effect , 
whereby the charged moiety or stabilizing 
ring system on the N-heterocycle may approach 
the surface of Si02 more closely. The 
changes in sorption that accompany variations 
in ionic strength , valence of the electrolyte 
ions, and temperature indicate that reactions 
between both charged and neutral species are 
responsible for the overall sorption process. 
A site-binding model, incorporating surface 
and solution ionization reactions , has been 
used to simulate the adsorption behavior. 
The pH -dependent adsorption (Figure 3) is 
well described with three surface reactions 
on both charged and neutral sites. 
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FIGURE 3. Quinoline Sorption on Amorphous Silica Can 
Be Simulated Using Three Surface Reactions in a Site­
Binding Double-layer Model. 

SUBSURFACE MICROBIAL PHENOMENA 

J. K. Fredrickson and R. J. Hicks 

Biological reactions have a major influence 
on organic contaminant persistence and trans­
port in subsurface environments. In spite of 
this, knowledge of the identity and functions 
of microorganisms in the subsurface lags far 
behind that of the related fields of aquifer 
fluid dynamics and interfacial chemistry. 
Therefore, fundamental investigations are 
being conducted at PNL to probe the microbial 
diversity and physiological processes govern­
ing the fate of aromatic organic compounds in 
the subsurface. Research is focused on the 
microbial degradation of N-containing aroma­
tic compounds as influenced by key physico­
chemical parameters, such as the solubility, 
concentration, and dipole moment of the or­
ganic contaminant; competing organic subs­
trates; sorption reactions; and the oxidative 
state of the environment. Results of this 
research are expected to provide an improved 
understanding of the role of microorganisms 
in transformation and transport of organic 
contaminants in the subsurface. 

Experimental studies in FY86 focused on char­
acterizing the diversity and activities of 
microorganisms in deep subsurface cores (to a 
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depth of 300m) obtained from the Savannah 
River Laboratory (SRL) as part of a coopera­
tive effort between university and national 
laboratory scientists. At PNL, investiga­
tions focused on 1) examination of the aero­
bic metabolic capabilities of indigenous 
microbial populations; 2) enumeration, iso­
lation, and characterization of aerobic 
heterotrophic bacteria; and 3) enumeration, 
isolation, and characterization of autotro­
phic bacteria. 

Contrary to the commonly held view that deep 
sediments are highly reduced and anaerobic, 
microbiological activity and pore-water chem­
istry were indicative of a relatively oxi­
dized environment. While a diverse array of 
anaerobic microorganisms and associated 
activities were present in these layers, pop­
ulations of aerobic heterotrophs dominated, 
which caused a more rapid mineralization of 
organic compounds when samples were aerated 
than when incubated anaerobically. At all 
depths from 0.1 to 300 •n below the surface, 
pore-water Eh values exceeded 200 mV and sul­
fide was nondetecta~le, indicating the waters 
were not chemically r~duced and that anaero­
bic microbial metabolism was not prevalent in 
•nost of ti-Je strata sampled. 

Aerobic heterotrophic bacteria ranged in pop­
ul~tion density fro•n nondetectable (<102) trJ 
10 per g dry weight (Figur~ 1), with the 
greatest f)opulations occqrring in sandy, 
water-bearing layers and the lo,~est popula­
tions in the clayey, low-pH layers. Colony­
type analysis revealed a considerable amo~nt 
of diversity, which is in contrast to the low 
diversity previously observed in shalloo.<i aq­
uifer syste:ns. A nu1Tlber of the isolates grew 
under microaerophilic conditio'ls, ,o~ith many 
on N-fie~ media , indicating 'l2-fixing capa­
bilities. Plasmid profiles of aerobic het­
erotrophic bacteria were determined by gel 
electrophoresis . The profiles indicate that 
plasmid-harboring isolates are f)resent in 
most of the core samples. Approxima:ely 40't 
of the isolates examined (>200) carried one 
or more plasmids, most of which ilere larger 
than 100 kilobases. The relative importanc~ 
?f plasmids in subsJrface bacteria is unclear 
:1t this time. However, lar;)e plas•nids in 
5oil and aquatic bacteria code for specific 
physiological characteristics, «;•JCh as nitro-
9~'1 fixation, antibiotic and •netal r~sis­

tance, ftnd enzymes involved in the biodegra­
da~ion of a number of aromatic cornpounds. 
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FIGURE 1. Aerobic Heterotrophic Bacteria Were Measured 
to Depths of 215 m in Subsurface Samples Taken at the 
Savannah River Laboratory. 

Chemoautotrophic bacteria enumerated in the 
SRL cores included nitrifiers, sulfur, H2, 
manganese, methlotrophic, and iron-oxidizing 
bacteria. While chemoautotrophic microorgan­
isms were detected in many of the core sam-
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ples, populations were generally sparse. 
Sulfur-oxidizing bacteria were the most num­
erous and most frequently encountered group , 
and their presence was consistent in the cor­
responding formations from the different 
cores examined. The density of nitrifying 
bacteria was, in general , positively corre­
lated to pore-water ammonium and nitrate -N 
concentrations. Manganese and H2 -oxidizing 
bacteria , as well as methylotrophic bacteria, 
were observed in a number of core samples, 
while iron-oxidizing bacteria were observed 
in only one sample. Identification and iso­
lation of these different physiological 
groups is continuing. in addition to stati ­
stical analysis of their relationship to geo­
chemical parameters such as pH, Eh , organic 
matter content, and ion species and concen­
trations. The metabolic capabilities of 
indigenous microbial populations were inves­
tigated by quantifying the aerobic minerali­
zation of three 14C-labelled organic 
compounds: acetate. phenol, and 4-methoxy­
benzoate. These compounds represent a 
readily metabolizable organic, a model con­
taminant, and a model humic compound, 
respectively. Biodegradation of all three 
compounds was observed at all depths (Fig­
ure 2), although the rate and extent of 
degradation varied with compound structure 
and subsurface sample. In general , 
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FIGURE 2. Degradation of Acetate, 4-methoxybenzoate (4-MB), and Phenol by Indigenous Aerobic Microbial Populations was 
Measured to Depths of 215m, which Includes the Tuscaloosa Aquifer, a Major Supply of Fresh Water for Domestic and Indus­
trial Use in the Southeast. 
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biodegradation in the core samples followe1 
the order acetate>phenol>4-methoxybenzoate. 
These results suggest that subsurface envi­
ronments (particularly deep environments) 
have a much higher potential for degradation 
of contaminants than was previously 
hypothesized. 

Four bacterial species, capable of degrading 
acetate, phenol, and 4-methoxybenzoate, have 
been isolated from the subsurface cores. 
Since metabolic genes for the degradation of 
many aromatic compounds are often carried on 
plasmids, initial characterization of these 
isolates has included examination for the 
presence of plasmid DNA. Each of the four 
isolates carries one or more large plasmids, 
and the plasmids in three of the four iso­
lates are of similar size. The functions 
encoded by these plasmids are unknown at this 
time. However, they may be involved in the 
degradation of organic compounds, particu­
larly the more recalcitrant aromatics. In 
addition, the presence of plasmids in these 
organisms has important implications in mi­
crobial genetic exchange mechanisms and gene­
tic manipulation strategies . Additional 
experiments , using DNA:DNA hybridization 
methods, are planned in an attempt to eluci­
date the nature and function of subsurface 
bacterial plasmids . 

These results demonstrate for the first time 
that there is a diverse and active microbial 
population in the deep subsurface, indicating 
that the biosphere will have to be extended 
from what was once believed to be the limit 
for microbial life (i.e., soils and shallow 
aquifers) to regions much deeper in the 
earth 's mantle. In addition, the presence of 
microorganisms capable of degrading a variety 
of organic compounds and autotrophs capable 
of transforming inorganic nutrients and 
metals suggests that with improved under­
standing of indigenous populations and their 
ecology, effective in situ techniques for the 
mitigation of organic contaminants in the 
deep subsurface may be possible . 
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FLUIO DY~AMICS I"'l SUBSURFACE SYSTE"1S 

Principal Investigator: C. S. Simmons 

Associate Investigators: G. P. Streile, 
J. F. :~cBride, J. 1<1. Cory, and R. W. Nelson 

A sequential series of experiments is being 
performed to test the validity of fundamental 
scientific hypotheses that form the theoreti­
cal basis for modeling the subsurface move­
ment of immiscible organic liquids. An 
intermediate-scale experimental facility is 
being assembled in which the subsurface flow 
behavior of organic chemicals will be stud­
ied. Benchmark experiments that demonstrate 
phenomena of immiscible multiphase flow will 
be performed in the facility. The experi­
mental results will be used to support the 
development of validated cofll)uter models 
capable of predicting migration of organic 
chemical contaminants in aquifers. Meas­
urements of pressure-saturation and permea­
bility-sat•lration relationships for three­
fluid phase flows are being obtained to drive 
simulations of the benchmark experiments used 
to test scientific hypotheses. Mathematical 
methods are also being derived to treat mis­
cible transport when flow occurs in hetero­
geneous porous media . 

A PNL report (Streile and Simmons 1986) was 
co~pleted that assessed the state of tech­
nological development of computer transport 
models for subsurface migration of organic 
chemicals . The study found few models ade­
quate for predicting the movement of immisc­
ible organic liquids in the vadose zone, 
where contamination problems usually origin­
ate. Moreover, a number of technical issues 
that suggest limitations in modeling the sub­
surface behavior of organic chemicals were 
identified and examined. The issues indicate 
that further advancement of modeling capabil­
ity is not possible without explicit exper­
imental clarification of immiscible flow 
phenomena. The report identifies areas of 
multiphase immiscible flow theory where both 



mathematical and experimental progress must 
be made to advance organic chemical subsur­
face transport models. We concluded that an 
experimental facility should be fostered to 
study the interactive behavior of transport, 
chemical sorption, and biodegradation pro­
cesses in national subsurface environmental 
systems. 

A position paper explaining the proposed ex­
periments to be performed in an intermediate­
scale facility was developed. The paper 
discusses the scientific hypotheses on which 
the multiphase flow theory for immiscible 
organic fluids is based. Rationalized 
sequences of both laboratory column and 
intermediate-scale experiments were 
described. These experiments systematically 
test the validity of the fundamental 
hypotheses, such as Darcy's flow law extended 
to a simultaneous movement of immiscible 
fluids (i.e., water, organic liquid , and or­
ganic vapor in air) in vadose zones. A col­
laborative research effort between university 
computer model developers and PNL researchers 
is recommended to help develop the next gen­
eration of predictive computer models. De­
sign criteria developed in FY 1986 for the 
facility will be used by university scien­
tists in FY 1987 to model the proposed bench­
mark experiments. These simulations will 
provide information needed to adjust dimen­
sions and variables of the intermediate-scale 
flow cells to test research hypotheses on 
miscible and immiscible chemical transport. 
This collaborative research will be initiated 
by a workshop early in FY 1987. 

Under a cooperative contract with Virginia 
Polytechnic University researchers, the basic 
flow properties of trichloroethylene (TCE) 
liquid in a sandy soil were measured . The 
measurements were made of two-phase fluid 
combinations of air-water, air-TCE, and 
water-TCE. The specific soil medium was for­
mu 1 a ted by PNL as a mode 1 sandy soi 1 , and TCE 
was selected as an example of an organic liq­
uid that is more dense than water but less 
viscous. The purpose of the experiments was 
to test the scaling hypothesis, which asserts 
that triple-phase flow behavior can be ana­
lytically deduced fro:n flow parameters meas­
ured in two-phase subsystems. Fluid perme­
ability-saturation relationships for all 
two-phase combinations were also calculated, 
based on a theoretical capillary conductivity 
model. Warranting further research is the 
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discovery that the dynamic viscosity of TCE 
in a relatively inert soil is much greater 
than the chemical handbook tabulated value . 
The implication is that permeability scaling 
may be a more complicated phenomena than pre­
sently accounted for by the scaling hypoth­
esis. In FY 1987, PNL researchers will 
examine other hypotheses about the reactivity 
of TCE with the presumed inert soil medium. 

A technical issue of concern pointed out in 
the modeling capability assessment report 
prepared by Streile and Simmons (1986} is the 
mathematical t reatment of porous-flow hetero­
geneity . Models that predict the migration 
of immiscible organic chemicals in ground­
water must also be able to describe the mis­
cible transport of the soluble portion of the 
contamination. With that objective, two re­
search papers describing a stochastic mathe­
matical extension of classical deterministic 
miscible transport theory were prepared for 
journal publication. This work was also pre­
sented (Simmons 1986) at the Sixth Annual 
American Geophysical Union Hydrology Confer­
ence in Colorado and at the Gordon conference 
on modeling flow in permeable media at 
Andover , New Hampshire, on July 30, 1986. 

The mathematical expression of Darcy's flow 
law, in terms of a scaler flux potential , 
neglects the local rotational contributions 
important in heterogeneous media. This re­
search is investigating the rotational com­
ponents of flow when the porous medium is 
heterogeneous rather than homogeneous , as is 
often conveniently assumed. It was found 
that for a mathematical representation in­
cluding both nonrotational (scaler flux po­
tential) and rotational (vector flux poten­
tial) aspects of flow, the conventional 
minifl'IUm kinetic energy theorem for irrota­
tional flow no longer applies. A technical 
note prepared for submission to Water Re­
sources Research Journal will highlight these 
theoretical mathematical findings. 
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FUTURE RESEARCH 

Future subsurface transport research will 
evaluate the influence of organic surface 
coatings on contaminant binding, using 
carefully selected subsurface materials, 
their clay fractions, and three multi - ring 
N-containing organic compounds of various 
hydrophobicities. Forward and backward 
sorption rates will be evaluated in 
disaggregated aquifer materials to probe the 
diffusion of organic contaminants into and 
out of organic coatings and microparticulate 
organic material . Investigations will begin 
to probe the relationship between sorption 
and microbiologic degradation . Initial 
experiments will be performed in static 
systems with representative mineral surfaces 
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and microbial isolates of specific 
degraders. These studies will progress to 
aquifer materials and water-saturated columns 
where physical (diffusion, mass flow}, 
chemical (sorption), and microbiological 
(degradation) effects are integrated. 
Collectively this research will advance 
understanding of contaminant transport in 
groundwater by carefully elucidating the 
contributions of different controlling 
processes. 

Other experiments will focus on the degrada­
tion of one- and two - ring , N-containing, 
aromatic compounds (nitrobenzene, aniline, 
pyridine, quinoline, and aminonaphthalene) 
under aerobic and anaerobic conditions to 
obtain relative biodegradation kinetic 
information. In addition, these experiments 
will create conditions that will aid in the 
isolation of specific contaminant degraders 
to be used to probe sorption-biodegradation 
relationships, and help elucidate the 
relative importance of co-contaminants and 
natural substrates in the degradation of 
these compounds. 
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• Marine Sciences 

PNL research in the marine sciences is focused on geochemical cycles and the molecular, biochemical_ 
cellular, and organismic responses of marine animals to the combined effects of environmental stress and 
infectious diseases. Studies utilize newer PNL capabilities in probing for specific gene transcripts (which 
may encode for stress-response proteins) in conjunction with long-established expertise in marine chem­
istry. This combined capability is being applied in investigations that both probe the interactions of geo­
chemical and biological processes, and establish the genetic basis for globally distributed diseases that 
affect the ability of marine mussels to physiologically transport and tolerate metal contaminants. 

MARINE CHEMISTRY OF ENERGY-RELATED 
CONTAMINANTS 

E. A. Crecelius and J. S. Young 

In this and previous studies, PNL has quan­
tified the concentrations and sources of sol­
uble and particulate metals in Puget Sound 
waters. This information serves as the foun­
dation for other studies that will identify 
the geochemical processes controlling the 
concentrations and biological availability of 
metals to aquatic organisms. Results of the 
research will be used to determine the upper 
limits of contaminant exposure that organisms 
and ecosystems can safely tolerate. This 
information can be used in monitoring such 
activities as ocean dumping, harbor dredging, 
and industrial discharges. 

Bioavailability of Copper to Mussels Exposed 
to Contaminated Suspended Sediment 

PNL studies have shown that marine organisms 
bioaccumulate dissolved copper, and that the 
presence of dissolved organic matter reduces 
the bioavailability of copper by complexing 
the copper onto sediment particles. In 
marine waters near industrial and urban cen­
ters, the concentration of particulate copper 
in the form of suspended sediment can be 
greater than that of dissolved copper. The 
objective of these experiments was to compare 
the bioavailability of dissolved copper with 
copper adsorbed onto suspended sediment. 
Mussels (Mytilus edulis) were exposed for a 
month to flowing, raw seawater in six 
aquaria. To two of these aquaria, sediment 
containing an ambient copper concentration of 
20 ~g/g dry weight was continually added to 
maintain a suspended load of approximately 
4 mg/L. The dissolved and particulate copper 
concentrations were 0.27 and 0.026 ~g/L, 
respectively. To the second pair of aquaria, 
sediment that had been amended to contain 
600 ~g/g copper was continually added to 
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maintain a suspended load of approximately 
4 mg/l. The dissolved and particulate copper 
concentrations were 1.4 and 1.6 ~g/L, respec­
tively. To the third pair of aquaria, 
dissolved copper was continually added, re­
sulting in dissolved and particulate concen­
trations of 3,1 and 0.15 ~g/L, respectively. 
After a month of exposure, 20 mussels from 
each aquarium were dissected, and the gills 
and other soft tissue were analyzed for 
copper. The concentrations of copper in the 
gills were as follows: 10.4 ~g/g dry wt for 
mussels exposed to ambient copper, 31 ~g/g 
for mussels exposed to copper-amended sedi­
ment, and 208 ~g/g for mussels exposed to 
dissolved copper. These results indicate the 
relatively low bioavailability of sediment­
bound copper compared to dissolved copper. 

Silver in Marine Mussels 

Roesijadi et al. (1984) found that the gills 
of mussels living in or transplanted to 
metal-contaminated waters near Tacoma, Wash­
ington, accumulated up to 65 times more sil­
ver than the gills of mussels from a pristine 
environment. In addition, recent results of 
NOAA Status and Trends (Mussel Watch), a pro­
gram which analyzes pollutants in mussels 
from clean and impacted marine waters from 
around the United States, have revealed in­
creased tissue levels of silver in mussels 
from urban areas. The gills of bivalves 
serve as an uptake site for some metals; the 
metals are eventually transported to the kid­
ney, sequestered in small granules, and ex­
creted with the urine. The purpose of this 
investigation was to see if silver, which can 
be highly toxic, behaves in a similar manner. 

For this experiment, mussels (Mytilus edulis) 
were exposed to a continuous flow of 5 ~g/l 
silver in seawater for 2 weeks. They were 
then dissected and selected tissues were pre­
pared for analysis of silver concentration by 
flameless atomic absorption spectrophotometry 



(AA) and X-ray microanalysis (XM). Samples 
for AA analysis were freeze dried, weighed, 
and digested in nitric acid. Samples for XM 
were fixed in phosphate-buffered glutaralde­
hyde containing Na2S and NaCl . They were 
embedded in Spurr's resin without postfixa­
tion, sectioned at 90 nm, and mounted un­
stained on beryllium grids. They were exam­
ined by scanning transmission electron 
microscopy (STEM) on a JEOL 1200 EX analy­
tical electron microscope equipped with an 
X-ray detector and a Tracor Northern 5500 
multichannel analyzer . 

The mean silver concentrations of 10 mussels 
examined by AA were 2. 17 ug/g (SD = 1.69) in 
the gills and 0. 72 ug/g (SD = 0.80) in the 
remaining tissues . Gills and kidney were 
examined by XM. Silver was found as sparse 
electron-dense particles in the gill epithe­
lium and in some kidney granules . The only 
metal found in most of the granules was zinc, 
which normally accumulates in the kidneys . 
The granules that contained only silver or 
silver mixed with zinc were morphologically 
different from the zinc granules (Figures 1 
and 2). This preliminary experiment suggests 

that one of the processes used by mussels to 
handle silver is to store it in kidney 
granules. 
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FIGURE 2. X-Ray Microanalysis Spectrum of the larger 
Aggregated Dark Bodies in the left Half of Figure 1. Sulfur 
was a component of the fixative; copper is found in trace 
amounts in tissues. 

FIGURE 1. Scanning Transmission Electron Microscopy Photograph of Mytilus edulis Kidney Granules. The 
larger granules in the left half contain both silver and zinc; the smaller granules on the right contain only zinc. 
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ENVIRONMENTAL STRESS AND DISEASE IN MARINE 
ANIMALS 

R. A. Elston 

The objectives of this research are to iden­
tify specific infectious disease phenomena in 
marine ani rna l s, and to characterize the mole­
cular, biochemical, and cellular bases for 
the diseases and their modulation. In addi­
tion, the program addresses the effects of 
environmental stresses on the immune systems 
of marine animals. It has been necessary to 
identify and select a number of naturally 
occurring candidate diseases that are suit­
able for more detailed study. Consequently, 
the research for the past year has focused on 
identifying which infectious diseases are 
most suitable for the molecular and biochem­
ical studies now beginning. 

In Vitro Characterization of Cadmium Effects 
on Salmon Disease 

This continuing study investigated the 
effects of cadmium on the ability of an obli­
gate intracellular pathogen of salmon to in­
fect salmon cells in vitro. Research 
described earlier defined the toxicity thres­
hold of the tissue culture cells for cadmium 
and accomplished the intracellular isolation 
of a unique pathogen (Rosette Agent) of the 
salmon. Once these methods were standard­
ized, the interactive effects of cadmium and 
the pathogen on the tissue culture cells were 
investigated. Preliminary results suggest 
that the addition of 10 ~m cadmium to the 
cell culture medium increases the infectivity 
rate of the pathogen. These studies were 
terminated, however, in favor of the use of 
other invertebrate models of disease and en­
vironmental stress, which are reported below 
and are more promising for the proposed 
studies on molecular and biochemical mechan­
isms of disease. 

Proliferative Disease in the Bay Mussel and 
Its Effects on Metal Accumulation 

Pacific Northwest Laboratory discovered this 
disease in Washington State and documented 
that local populations contain the highest 
incidence that has been recorded of prolif­
erative disease, a blood cell disorder. The 
occurrence of the disorder in up to 46% of 
the individuals in natural populations is 
associated with high levels of mortality in 
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these populations. This mollusk disease has 
been selected as a principal focus for fur­
ther studies. 

In 1986 in vitro methods were developed to 
remove affected tissue from a mussel and 
maintain the tissue in a cell culture for up 
to 6 weeks. Using histological and blood 
cell diagnostic techniques, the natural pre­
valence of the disease was documented and it 
was determined that during certain seasons of 
the year the disease completely eliminates 
reproductive development in the mussels. 
Currently, monoclonal antibodies to normal 
and affected cell populations are being 
developed; these monoclonal antibodies will 
be used to probe for cell surface proteins 
that are specifically induced in the stressed 
or diseased state. In addition, blood cell 
collection and diagnosis methods are being 
used to collect the tissue used in examining 
for novel gene transcripts that could code 
for stress-induced proteins. Expression of 
these transcripts will be compared with the 
monoclonal antibody probes developed for cell 
surface proteins. 

Experiments were also conducted to charac­
terize the consequences of the blood cell 
disease on the ability of mussels to trans­
port metals through their blood stream and 
accumulate these metals in their tissues. 
The results of these experiments are cur­
rently being analyzed. 

Fatal Immunodeficiency in the Flat Oyster 

This year PNL identified in local waters an 
oyster disease identical to a disease that 
has decimated the same species of oyster in 
Europe. PNL scientists also identified a 
local stock of oysters with a resistance fac­
tor of about 75% to the disease, a fatal 
deficiency of the i nrnune system. In order to 
evaluate this disease as a candidate for fur­
ther studies, transmission criteria for the 
disease in the laboratory were established 
and highly susceptible, disease-free stocks 
of oysters were identified. These studies 
have provided a base for the use of this 
disease model in molecular and biochemical 
studies, but further information on defining 
the resistance phenomenon in individual 
oysters is needed. A graduate student (M.S.) 
project at the laboratory was begun to facil­
itate further studies. 



Specific Proteases from Marine Myxobacteria 

In another project involving a graduate stu­
dent, marine myxobacteria that have specific 
proteolytic activity for oyster ligament pro­
teins were identified, isolated, and charac­
terized. These bacteria were identified in 
oyster hinge ligaments where they cause 
liquefaction of the ligament, which kills the 
oysters. Isolation of the bacteria led to in 
vitro studies, which showed that the bacteria 
have a highly specific proteolytic activity 
for the ligament protein; this proteolytic 
activity is not found in other bacteria. In 
addition, research found that these bacteria 
could use the oyster ligament as a sole 
source of organic carbon and nitrogen for 
their proliferation (Figure 1). Thus, these 
mYXObacteria contain the genetic information 
for enzymes that may have a variety of 
research and industrial applications. 

Oyster Fatal Inflammatory Bacteremia 

This year another study involving a col­
laborative graduate research project on fatal 
inflammatory bacteremia of oysters was begun. 
The prevalence of this disease increases from 
near zero in undisturbed environments to 
almost 30% in "stressful" environments, char­
acterized by relatively low levels of sea­
water exchange, high temperatures, and high 
levels of primary productivity. The disease 
may be responsible for the oyster mortality 

rates of 30% or higher that are annually ob­
served. Studies completed this year have 
tentatively identified the causative bac­
terium as an actinomycete and may have iso­
lated the organism. Continuing work is aimed 
toward verifying the isolate, characterizing 
it biochemically and molecularly, and study­
ing the disease pathogenesis. 

FUTURE RESEARCH 

Future research in marine sciences will focus 
on the behavior of metals, examination of how 
environmental stress modulates disease in 
marine animals, and the underlying molecular, 
biochemical, and cellular basis for this 
modulation. In addition, the consequences of 
disease and stress will be examined at the 
organismic level. For example, continuing 
studies on the mussel blood cell disease will 
elaborate unique gene transcripts present in 
the disease condition and the expression and 
function of resultant stress-related proteins 
at the cellular level. The studies will also 
examine how the differential expression of 
stress protein affects cellular function, 
such as the polymerization of actin and 
myosin filaments. These studies will also be 
expanded to examine both the diseases' conse­
quences at the organismic level and stress, 
which may induce or enhance the diseases. 
Thus, the laboratory's traditional strengths 
in marine chemistry will be used to evaluate 
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FIGURE 1. Growth of Marine Myxobacterium (CLB) Using Oyster Ligament as a Sole Source 
of Organic Nitrogen and Carbon, in Comparison with the Growth of a Variety of Typical 
Marine Bacteria Which Cannot Enzymatically Degrade the Ligament. 
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the effect of stress-induced disease on the 
physiological transport and degradation of 
environmental pollutants . 

To make maximum use of knowledge developed on 
t he existing programs, PNL will build on the 
current interdisciplinary approach by adding 
staff in the fields of molecular biology, 
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physiology, chemistry, and genetics . Spe­
cialized equipment is needed for isolation of 
DNA/RNA, synthesis of genes, and appl ication 
of recombinant DNA techniques. The combined 
additional support would markedly accelerate 
progress in the protection, management , and 
pharmaceutical use of valuable marine 
species . 
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• Theoretical (Quantitative) Ecology 

Field studies in ecology are often limited by the lack of suitable designs for sampling contaminants and 
populations in time and space. Particularly difficult areas of recent concern are in subsurface microbiol­
ogy, global change, and hazardous wastes. This program is partially directed toward adapting concepts 
from other fields, such as geostatistics, to meet these needs. This entails mathematical advances as well as 
hypothesis testing with data developed in field studies. Similarly, standard experimental designs, demo­
graphic theory, and methods of statistical estimation are generally not applicable for estimating the influ­
ence of natural and man-induced stresses on wildlife and fish populations. Such needs are particularly 
manifest at the large DOE sites in the West. 

Several major new statistical approaches have been developed with the program for understanding how 
populations react to environmental change. Examples of these approaches are: 

• replacing the general, restrictive assumptions previously required in modeling survival curves with 
assumptions that are specific to a population 

• using comparative population dynamics to simplify the equations used and data required in model­
ing net maternity 

• adapting methodologies to design ecosystem studies that optimize data-gathering methods. 

DYNAMICS OF WILD POPULATIONS 

L. L. Eberhardt 

For a number of years, this research has been 
concerned with large mammal population dyna­
mics, in particular population regulation, a 
major unresolved issue in ecology. Popula­
tion regulation problems will probably not be 
resolved simply by mechanistic appraisals of 
ecological system components. Furthermore, 
opportunities for understanding population 
regulation are weakened with each new human 
impact. Most of the work has to be done 
through cooperative studies with management 
agencies and takes many years to complete. 
Thus, to address immediate problems, this re­
search has focused on the top of the trophic 
levels, using field data to understand the 
forces regulating large animal populations. 

In the current year, work continued on the 
Yellowstone grizzly bear, a species classi­
fied as "threatened" under the Endangered 
Species Act and impacted by energy develop­
ment. The research includes estimates of 
abundance and certain essential population 
parameters, such as reproductive and survival 
rates. Various kinds of models have been 
used in an effort to assess the available 
data. One such model is based on a simple­
difference equation, and was developed to 
assess data on population trends and mor­
tality. Some inconsistencies in the trend 
data were demonstrated, which may be useful 

35 

in devising research and management strate­
gies (Eberhardt, Knight, and Blanchard 1986). 

Various facets of the grizzly bear study can 
best be developed by using data from other 
populations of large hears; therefore, PNL 
scientists have been in contact with investi­
gators in Alaska and Canada. For instance, 
work on polar bears de~onstrates some intri­
guing differences in reproductive patterns 
among these populations, which we believe may 
he largely caused by a temporary shortage of 
the hears' principal food supply, ringed 
seals. This data may shed light on how the 
grizzly bear food supply in Yellowstone, com­
pared to the food supply in Alaska and 
Canada, causes differences in reproductive 
patterns between grizzlies in Yellowstone and 
elsewhere. However, one of the major diffi­
culties in assessing how data, such as 
changes in food supply, affect population 
regulation is the lack of suitable survival 
estimates. To resolve this, we have been 
working on methods for using age structure 
data to evaluate survivorship, and we expect 
to continue these investigations in more de­
tail. The problem is to replace the restric­
tive assumptions (stationarity of population 
trend and constant annual recruitment) 
currently required in estimating survival 
with assumptions that can be approximated for 
each population nodeled. 

In general, solution of the survivorship 
problem requires additional information on 



population trends. Therefore, investigations 
are continuing into ways of incorporating age 
structure and population trend data into a 
common framework, which will probably involve 
iterative computer-based evaluations of sim­
ple population dynamics models with a chi­
square criterion. 

Ne1v concepts were developed which allowed a 
great simplification of models of the "net 
maternity curve" (a product of reproductive 
rates and survivorship) so that the popula­
tion dynamics of several species can now be 
compared. While such curves are useful for 
theoretical purposes and with large data 
sets, they severely limit efforts to incor­
porate population trend data, age structure, 
and reproductive and survival rates in prac­
tical models of actual populations. A pos­
sible solution is to truncate the net 
maternity curve and thus replace a rather 
complicated equation with a much simpler ver­
sion. An example (Figure 1) uses data on the 
northern fur seals of the Pribilof Islands. 
Figure 1 shows how a complex equation con­
taining six unknowns [Equation 8 as given in 
Eberhardt (1985)] can, under appropriate con­
ditions, be replaced by: 

where y = net maternity, f = annual reproduc­
tive rate, la = survival to age at first 
reproduction, s = annual adult survival, 
x = age, and a = age at first reproduction. 

.~ 
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~ 0.08 ... 
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o Truncated Curve 
• Complex Curve 

Age 

FIGURE 1. Complex Net Maternity Curve for the Pribilof 
Fur Seals, Compared with an Approximation Produced by 
Truncating the More Complex Curve. 
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QUANTIFYING ENERGv"-RELATED EFFECTS ON MOBILE 
SPECIES 

J. R. Skalski, M.A. Simmons, D. S. Robson,* 
and M. Kosorok** 

Temporal and spatial variability is common to 
all natural systems. The elusive and secre­
tive nature of mobile species makes the 
detection of these changes a·ll the more dif­
ficult because direct observations and meas­
urements are not feasible. Hence, population 
studies incorporate all the design and analy­
sis problems of other environmental investi­
gations, plus the parameter estimation diffi­
culties encountered in dealing with wild 
populations. In addition, advances in sam­
pling sessile components of the environment 
(i.e., plants, soil, air, and water) cannot 
always be directly transferred to the study 
of mobile species. However, the statistical 
methods for mobile species often provide a 
general framework for the broader class of 
environmental analyses. 

Research during the past year has focused on 
issues specific to wild populations, as well 
as environmental investigations in general. 
Research on design optimality for tag­
recapture studies was extended to the design 
of studies that use indices to estimate 
abundance. In turn, these index studies are 
analogous to the design of soil or plant 
ecology investigations. Survival analysis of 
clinical data was also extended to the more 
general case of analyzing lifetime data for 
free-ranging populations. In both index and 
survival analysis, the statistical framework 

*Biometrics Unit, Cornell University, 
Ithaca, New York. 

**Department of Statistics, Brigham Young 
University, Provo, Utah. 



includes as special cases an analysis of more 
traditional biological or ecological data. 

Design Optimality 

The magnitude of environmental noise and the 
high costs of investigating mobile species 
almost ensures that unless a study is de­
signed efficiently it will not be effective. 
As such, a major goal has been the publica­
tion of a Wildlife Monograph that details the 
statistical and programmatic approaches to 
optimizing the design of wildlife investiga­
tions. This methodology indicates, for 
instance, that the optimal size of study 
plots and intensity of sampling effort change 
with the overall objectives of the investiga­
tion. For instance, the optimal study plot 
size in a comparative census of animal abun­
dance between habitats is twice as large as 
the optimal plot size for a single-plot 
demographic study of equal precision. The 
incorporation of such findings can make the 
difference between a successful and an unsuc­
cessful field experiment. 

An investigation of the statistical basis of 
wildlife index studies indicates an analogy 
to the design of multiple -plot agricultural 
studies with subsampling. The variance 
structure of this field design is nonpara­
metric in form and has broad applicability to 
environmental sampling whenever subsampling 
is employed. Optimality procedures were 
developed and computer programmed for this 
field design, which can be used not only in 
the study of mobile species but also in plant 
ecology studies and physical/chemical char­
acterization of the environment. Until now, 
the optimization of tests of effects had been 
considered an unsolved statistical problem 
(Scheffe 1959}. 

Survival Analysis 

Among the most important demographic param­
eters in the regulation of wild populations 
is the survival rate(s). In classical sur­
vival analyses , the objective is to relate 
the probability of survival against possible 
mortality factors by following individual 
case histories through time. ln wildlife 
investigations, individual case histories are 
typically unavailable and inferences concern­
ing survival and causality must be based 
solely on records of surviving individuals. 
For instance, survival rates of migratory 
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waterfowl are estimated from the recovery 
rates of banded individuals surviving to a 
given sampling period, while the fate of the 
non recovered birds remains a mystery . A 
formal theory for relating environmental 
conditions to the estimated survival rates of 
waterfowl does not exist and, consequently, 
the inferences concerning population regu­
lation are both subjective and speculative. 
Similar interests exist with other wild popu­
lations and how their fates may be influenced 
by man's activities, such as energy produc­
tion. It is for these reasons improvements 
in survival analysis are important. 

We are researching ways of incorporating the 
theory of survival analysis with current 
methods of estimating the survival rates of 
wild populations . Again, using the example 
of migratory waterfowl for illustration, 
covariates could be incorporated in the band 
recovery analysis to determine the possible 
influences of environmental factors, hunting 
regulations , or other human activities on the 
annual survival of the species. One model 
being investigated is the exponential regres­
sion model , where survival (S) to time t , 
given a particular set of covariates (~) [for 
example S(t) 1~)] , is expressed as 

-xB 
S(tl~) = S

0
(t)e-- (1) 

Here, the conditional survival rate, given~. 
is simply a function of baseli~~ survival 

-~ [S0 (t)] raised to the power e • Equa -
tion (1) is also known as the proportional 
hazards model in risk assessment. This sur­
vival model (1) can be readily incorporated 
into tag - recapture procedures to provide 
estimates of the regression coefficients 
(~) . Similarly, likelihood ratio tests can 
be constructed to test the significance of 
particular explanatory variables such as air 
emission data, climatic factors, disease 
incidence, or changes in resource use on the 
observed survival rates of wild species. 
Equation (1) is a special case of the more 
general class of survivorship given by the 
Weibull regression model 

5 
S(tl~) = e-(xBt) (2) 

(where 6 = the shape parameter), which has 
been shown to fit a wide range of survivor­
ship curves (Figure 1} of human and animal 
populations. Results of this basic research 
will increase the sensitivity of ecological 
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FIGURE 1. Alternative Shapes of Survivorship Curves Based 
on a Weibull Regression Model and a Change in the Value 
of 6. For 6=1, the survivorship curve is an exponential decay 
model with a half-life of S(t=1) = 0.5. 

studies in detecting natural and human­
induced perturbations in mobile species 
before such effects are reflected by large 
decreases in population levels. 
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DESIGNS FOR ENVIRONMENTAL FIELD STUDIES 

J. M. Thomas and L. L. Eberhardt 

A shortcoming of current field studies in 
ecology and environmental science is that 
some study objectives cannot be evaluated ex­
perimentally. Suitable designs for several 
classes of sampling have been developed in 
fields other than ecology, and are thus 
largely unknown to ecologists and environmen­
tal scientists. Hence, one emphasis has been 
on adapting methodology developed in other 
fields, such as geostatistics and industrial 
research. This ranges from further develop­
ment of the "superpopulation" concept as a 
way to provide a framework for analytical 
sampling (in community and ecosystem studies) 
to computer searches for optimal sampling 
times and distances, used in kinetic models 
that describe the movement of trace materials 
(heavy metals, radionuclides, pesticides, and 
other environmental contaminants) . 

The prospects for conducting true, ecological 
experiments (without pseudoreplication) are 
not good without major methodological inno­
vations. Thus, some of this research was 
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focused on areas where existing data and ci r­
cumstances might allow statistical hypothesis 
testing. A high potential for true replica­
tion was found to be available, using data 
from long-term studies or surveys conducted 
on state game management units. Thus, it is 
possible to statistically test hypotheses 
about populations, thereby settling questions 
rather than just endlessly discussing the 
data. This research shows that the simplest 
surplus-yield models may be used as the basis 
for the null hypotheses of formal statistical 
tests of density-dependent population regula­
tion. One caution is that the more interest­
ing hypotheses, such as the interaction of 
resources with population regulation , cannot 
yet be tested with these surplus-yield 
models. Current quantitative research also 
indicates that much of the needed work lies 
in the realm of the biologist, who can help 
statisticians avoid errors caused by failure 
to account for field conditions, and who can 
also provide life histories for individual 
species. 

In an attempt to provide a quantitative basis 
for the use of indices in ecological surveys, 
a study was conducted of the accuracy 
obtained when indices were estimated via 
double sampling. Double sampling (related to 
ratio estimation) is a statistical technique 
often mentioned in survey sampling texts. 
However, the technology has been largely 
ignored in the environmental sciences and the 
assumptions have not been tested for circum­
stances peculiar to these areas. 

A paper was prepared that describes the ini­
tial effort to assess the prospects for cali­
brating indices by using either ratio estima­
tion or double sampling. Seventeen sets of 
data were assessed in checking that the 
approximations imposed by the need to utilize 
the ratio of two random variables are valid 
for ecological work. Moreover, since meas­
urement errors are often a serious factor in 
environmental studies, as opposed to human 
demographic research, simulations were used 
to check the effect of measurement errors on 
estimates of animal population means and 
variances. Double-sampling methodology was 
demonstrated to be a cost-effective way to 
calibrate indices of population size. 

Theoretical ecology scientists also partici­
pated with other staff in the planning of the 



"DOE Arid and Semi-Arid lands Research Pro­
gram." As a result of that study and 
research on sampling for pattern, two col­
laborative field projects were initiated . In 
the first joint study, soil samples were 
obtained near the dripline of replicate sage­
brush plants. Several forms of nitrogen, as 
well as measures of pH, Eh, moisture, and 
organic carbon, were recorded as a function 
of depth and compass direction. This infor­
mation will be used in an ongoing multi­
laboratory study designed to determine the 
response of arid ecosystems to water and 
nitrogen amendments . Results of surface 
(0 to 2.5 em) soil tests indicate a strong 
directional component for organic carbon, 
nitrate, and ammonia (Figure 1) concentra­
tions. These results are consistent with 
~vement of surface litter (the primary ini­
tial source of carbon and nitrogen) via wind 
(there were no significant directional dif­
ferences for other parameters, including 
moisture), and indicate that measurements 
obtained during the multilaboratory experi­
ment may need to be adjusted to allow for 
directional differences. In addition , the 
coefficients of variation were found to be 
less than 5~ for Eh and pH, between 20~ and 
30% for organic carbon and nitrate, 39~ for 
ammonium ion, and 70% for nitrate. Compar­
able data will soon be available for the 2. 5-
to 5,0-cm soil horizon. Clearly, sample 
sizes needed to detect treatment differences 
will be parameter-dependent. 

Legend 

I Nitrate (x10°) 
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) 

ppm* 

*See legend 4 

In another collaborative experiment (designed 
by Dr. John Skalski), the spatial distribu­
tion of plant cover and soil particle size 
over the ALE Reserve was statistically 
modeled . The study required a special 
geometric sampling design as well as 
measurements on plots of various sizes . The 
major objective in deriving empirical 
relationships for important spatial - variance 
phenomenon is to use these data to suggest 
field designs for future hydrologic and plant 
ecology studies . A second goal is to develop 
analytic solutions that describe the spatial 
variance phenomenon. Such fundamental 
statistical models could be used at other 
sites . 

FUTURE RESEARCH 

Future research in these projects will focus 
on: 

• developing new , highly innovative sampling 
approaches to allow precise estimates of 
contaminant inventories, patterns of dis­
persal, and evaluation of the success of 
remedial measures 

• devising new quantitative methods to 
explain population dynamics based on age 
structure data from populations undergoing 
change, and 

ppm* 

FIGURE 1. Organic Carbon, Ammonia and Nitrate Concentration (ppm) in 0- to 2.5-cm 
Soil Cores as a Function of Direction Around SaRebrush (n=6). 
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• continued specialized investigations of 
improving study designs and survival 
analyses for mobile species. 
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The basic research currently under way, as 
well as that projected for the near term, 
will lay the foundation for attaining these 
longer-term goals. 

' 
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• University Interactions 

PNl scientists recently formulated a proposal to form a laboratory Science Education Center under the 
auspices of the Department of Energy. The Education Center is aimed at making the scientific resources of 
the laboratory more available to students and faculty from the university and pre-university communities. 
The Environmental Sciences programs have for many years served as a model for these types of interac­
tions, with active university collaboration on every project. However, new emphasis is being placed on 
expanding the participation of educational institutions in research planning and implementation, and use 
of unique PNl facilities. The latter represent a major resource and include advanced biogeochemical 
laboratories, the National Environmental Research Park at Hanford, the Marine Research laboratory at 
Sequim, the Aerosol Research Center, the Arid land Watershed Facility, and the new Intermediate-Scale 
Subsurface Transport Facility. 

The PNl university program is administered 
through the PNl Office of External Affairs on 
a cooperative basis with the Northwest Organ­
ization for Colleges and Universities for 
Science (NORCUS) in the Tri-Cities Universi­
ties Center (TUC). 

During FY 1986, overall laboratory support to 
the universities was significantly increased, 
This included direct support via subcontracts 
and indirect support to NORCUS for stipends 
to allow student and faculty participation at 
PNL. In addition, several new collaborative 
relationships were developed under a Collab­
orative Agreement between PNL and Washington 
State University (WSU). The new agreement 
includes provisions for the appointment of 
se 1 ected university faculty as PNL Affi 1 i ate 
Staff Scientists {PASS), with full privileges 
of access to and use of PNL facilities. 
Joint planning is also under way for the 
development of a physical facility to house 
and better integrate these cooperative act i v­
i ties with other ongoing educational activ­
ities of both PNL and TUC. Under the new 
PNL!WSU Collaborative Agreement, Dr_ David 
Bezdicek, Professor of Soil Science at WSU, 
was awarded a PASS appointment in the Envi­
ronmental Sciences. 

Twenty university faculty members, 2 postdoc­
toral scientists, and 30 graduate students 
working on dissertations participated in 
PNL 's ongoing projects in FY 1986. Their 
work covered a wide range of topics in earth 
and environmental sciences, including geo­
chemistry, geohydrology, biotechnology, 
remote sensing, soil physics, meteorology, 
ecology, wildlife biology, and atmospheric 
chemistry. In FY 1gs5 these university 
collaborative studies resulted in eight re­
search papers published and two dissertations 
filed. ln addition, four research papers are 
pending with publishers, and two new 
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dissertation studies commenced in FY 1986, 
Citations are in the Publications and 
Presentations Section. 

In addition to university faculty and gradu­
ate students, the Center also provided oppor­
tunities for "hands-on" experience to 
36 student trainees (third and fourth year 
college). The Environmental Sciences Depart­
ment also hosted 34 visiting scientists dur­
ing FY 1986 as part of the research and 
review of OHER programs. 

NATIONAL ENVIRONMENTAL RESEARCH PARK 

The National Environmental Research Park 
(NERP) provides a mechanism for university 
environmental scientists and their students 
to interact with PNL scientists and to uti­
lize PNL facilities and NERP lands for their 
research. Student research at the Pacific 
Northwest Laboratory has primarily focused on 
the ecological sciences and has provided in­
formation critical to the long-term use of 
large areas of undeveloped land on the Han­
ford site. 

Currently, 19 dissertation studies oneco­
logical topics are in progress, providing 
opportunities for students to combine real­
world experience in environmental sciences 
with their formal training. E~amples of this 
research include studies of elk, coyote, 
Canada goose, and bald eagle populations. 
Student researc\1 also includes population 
studies of the response of two plant species 
(Lupinus sulfureus and!:_. leucophyllus) in 
re 1 at ion to 1 ong-terrn vegetative recovery 
following wildfire. 

Although the current NERP program is quite 
active in regard to filculty and graduate 
student participation and sponsorship of 



dissertation studies in the ecological 
sciences, future plans call for expansion of 
both the scientific scope and types of 
activities to be undertaken. This expansion 
shoulrJ significantly broaden the NERP 
scientific program into new topical areas and 
should significantly 1ncrease recognition of 
Hanford NERP activities and facilities within 
the scientific community. Topical areas 
scheduled for increased emphasis are within 
the Atmospheric Sciences, Geosciences, and 
En vi ronmenta 1 Sciences. 

Available for student use at PNL are state­
of-the-art research equipment, logistics sup­
port, and l"entoring. Students are encouraged 
to publish the results of their studies in 
peer-reviewed scientific journals. 

SUBSURFACE MICROBIOLOGICAL TRANSPORT PROGRAM 

The PNL Subsurface Transport Program con­
tinues to have strong ties with the univer­
sity community, with university scientists 
functioning both as technical advisors and 
collaborators. Technical advisors to the 
progra:fi review research plans for laboratory 
and intermediate-scale experiments and sug­
gest alternative and possibly more fruitful 
approaches where necessary. Several univer­
sity research groups possessing unique exper­
tise are collaborators on the PNL program as 
subcontractors to strengthen fundamental re­
search in specific scientific areas germane 
to subsurface transport. Collaborative re­
search is also under way with other univer­
sity scientists who are funderl separately by 
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the DOE/OHER Subsurface Transport Program. 
Major new interactions occurred in FY 1986 
through the consortia of laboratory and uni­
versity scientists participating on the first 
joint subsurface microbiological sampling 
effects at Savannah River Laboratory. Joint 
research with the university sector wi 11 ex­
pand as the PNL program extends experimental 
efforts into ITIJltiphase transport and micro­
bial phenomena and progresses from basic sci­
entific research in the laboratory to larger­
sea 1 e experiments in the intermediate-sea 1 e 
facility and the field. Currently, the 
co 11 aborati ve re 1 ati onshi ps exist with the 
following universities: Purdue University, 
Princeton University, University of Florida, 
California Institute of Technology, Stanford 
University, University of Notre Dame, Auburn 
University, University of Virginia, Univer­
sity of Oklahoma, Cornell University, Massa­
chusetts Institute of Technology, 
Pennsylvania State University, and University 
of Illinois. 

OTHER INTERACTIONS 

Pacific Northwest Laboratory staff members 
hold affiliate or adjunct appointments at a 
number of universities, and contribute to the 
universities' educational programs directly 
and through the Tri-Cities University Center 
in Richland, Washington. Approximately two­
thirds of the TUG teaching staff are scien­
tists and engineers from PNL, including 
14 senior staff members from the Earth and 
Environmental Sciences Center. 



• Technology Transfer 

Research for non-DOE federal agencies and for industry offers the opportunity to both develop new 
technology in the environmental sciences, and apply existing talent in solving practical problems. Con­
tract arrangements between DOE and Battelle Memorial Institute provide unique avenues at PNL for 
problem solving and technology transfer. 

A brief synopsis of representative examples of technology transfer are outlined below by major program 
area. 

DETECTI~G AND MANAGING CHANGE IN TERRESTRIAL 
ECOSYSTEMS 

For the Department of Defense (Army), two 
major studies are continuing on the char­
acterization of army smoke aerosols and smoke 
effects on vegetation, using the advanced 
instrumentation available in the PNL wind 
tunnel facility. Nonintrusive particle char­
acterization by the new laser optical tech­
nique is b'!ing successfully applied to 
severa 1 smokes, and the facility has now been 
rnodified to bring under control the extremely 
wide range of environmental conditions needed 
to determine the effects on vegetation of 
these complex, polydisperse aerosols. Re­
cently, studies were initiated at the Yakima 
Firing Center to develop a means for the 
rapid assessment of environmental damage 
associated with Army training activities. 
This research is based on proven sartlpli'lg 
techniques developed at Hanford, coupled with 
advanced computer analysis and remote sensing 
techniq11es available at PNL. Additional work 
for the l!epartment of Defense includes the 
development of bioassessment techniques to 
evaluate the relative biotoxicity and sources 
of chemica 1 s at open-bu rni ng/open-detonat ion 
sites, Advanced statistical approaches 
developed on DOE programs are being utilized 
to define the distribution of pollutants over 
large areas of firing ranges. 

BIOGEOCHEMICAL PHENOMENA 

Pacific Northwest Laboratory has been 
conducting a long-term study for the Electric 
Power Research Institute (EPRI) on chemical 
reactions that occur in coal combustion waste 
materials, soil, and the groundwater aquifer, 
and that control the dissemination of 
inorganic contaminants. The work focuses on 
meas\.lring precipitation and adsorption 
reactions that immobilize chemical 
constituents in wastes and the subsurface, 
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Thermodynamic and kinetic descriptors of 
these phenomena are heing developed at the 
mechanistic level for inclusion in reaction­
based transport codes. The work will eventu­
ally provide EPRI and member c~tilities 11i':.h 
rigorous scientific data and models to fore­
cast contaminant mover~ent and devise effec­
tive disposal and mitigation strategies where 
needed. 

For NRC, "!fforts are under ~ay to develop 
samp 1 i ng strategies and rnode ls for prediction 
of biological transport of radionuclides from 
low-level waste disposal sites, This will 
allow validation of r~odels developed in part 
by OHER. In other studies for NRC, a project 
to be completed in FY 1987 is examining the 
effect of excretory prodr1cts from tree roots 
in mobilizing soil-dispersed radioacti~ity, 
extending capabilities initially developed by 
OHER to define radionuclide complexation by 
extracellular soil microbial metabolites, 

For the EPA-Corvallis Environmental Research 
Laboratory, three new projects have been ini­
tiated. The first is directed toward devel­
opment of a "microcosm" test system for 
evaluating the transport, fate, and effects 
of genetically engineered microorga'lisms 
(GEM), The second project is designed to 
evaluate the relative importance of the 
routes of pesticide exposures to wildlife. 
The third project is eva 1 uat i ng hydrogeochem~ 

ical models used to estimate the effects of 
acid rain on watersheds, The PNL wind tunnel 
has been modified to address this concern. 
In other work for EPA, tile PNL environmental 
staff will continue to aH in planning exer­
cises on acid rain and global change re­
search, and will be providing technical 
guidance for ocean dumping of lo,o~-level 

radioactive wastes, i dent i fi cation of screen­
ing models for dose assessment, and technical 
gui -1ance for Superfund activities in 
Region X, 



~ARINE SCIENCES 

Information from the Marine Chemistry program 
on sedimentation rates and the distribution, 
sources, and fate of contaminants in Puget 
Sound is being used by NOAA, EPA, and local 
regulatory agencies to plan cleanup strate­
gies for the Puget Sound region. 

Work on a DOE-sponsored program on the ef­
fects of environmental stress and disease on 
marine organisms has yielded results with 
pract i ca 1 s i gni fi cance for the region a 1, and 
possibly worldwide, <;hellfish industry. This 
program required that we characterize a lo­
cally occurring disease of the flat oyster. 
The disease is caused by an obligate intra­
cellular pathogen of immune cells, and thus 
ca1Jses a fatal immunodeficiency in the oyster. 
It was first discovered that this disease is 
ho11amiasis, which has nearly eliminated pro­
duction of the flat oyster in France and the 
Netherlands and has spread to England, 
Ireland, Denmark, and Spain, with devastat­
ing effects on the shellfish industry in 
Europe. It was also determined that the 
disease spread to Europe from a North 
American source. Perhaps most significantly, 
a local stock of oysters has been identified 
which seems to have acquired a substantial 
degree of resistance to the disease. Need­
less to emphasize, these discoveries have 
been of great interest to the governmental 
agencies concerned with shellfish diseases 
and the local industry, both of which have a 
keen interest in the eradication and manage­
ment of this disease in Pacific Northwest 
waters. The ~!ashington Department of Fish­
eries requested technical advice on eradica­
tion or management of the disease in 
Washington and on methods to evaluate various 
oyster stocks for the presence of the 
disease. The discovery of a strain resis­
tance to the disease may have worldwide sig-
11ificance to the culture of the flat oyster. 

In work for the Army Corps of Engineers, 
studies will continue on the effects of 
dredging at several locations i.11 Puget Sound, 
including effects on the behavioral responses 
of crabs. Research will also be undertaken 
to identify the hydrochemical causes of fish 
toxicity observed in new Snake River 
hatcheries. 

Field studies were conducted off the coast of 
California for the Pacific Outer Continental 
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Shelf Jffice of the Minerals Management Ser­
vice to examine how sound emissions from geo­
phys i ca 1 survey operations might affect the 
commercial fishery for rockfish. Both 
in situ behavioral experiments and experi men­
tal fishing were done to discern the effects 
of air-gun sounds on rockfish behavior and 
fishing success. The statistical design of 
the experimental fishing used concepts and 
techniques developed in the DOE-sponsored 
research on assessing impacts on populations 
of mobile species. 

Studies are under way for the Alaska Office 
of NOAA/DAD on the effects of petroleum con­
tamination on the spawning migrations of 
Pacific salmon. In the first year of work, 
laboratory studies have shown that salmon can 
detect petroleum hydrocarbons at low concen­
trations. Additional laboratory work and/or 
fie1d tracking experiments are planned for FY 
1987. 

A series of studies are under way for the 
Seattle District of the U.S. Army Corps of 
Engineers on the environmental impacts of the 
Grays Harbor Navigation Improvement Project. 
Other work for the Grays Harbor Project has 
included reporting on the ocean surveys con­
ducted by MRL to select ocean disposal sites, 
a series of studies to assess potential im­
pacts to the Dungeness crab, and the devel­
opment of plans for management and monitorif1g 
of the ocean disposal sites off Grays Harbor, 
Washington. 

Studies for the National Cancer Institute are 
under way to determine if early embryonic ex­
posure of fish to organic environmental con­
taminants results in the subsequent 
appearance of cancer in the fish. Other 
studies are utilizing marine invertebrates as 
models for the development of cancer in hu­
mans and are addressing fundamental biolog­
ical mechanisms at the molecular and biochem­
ical level. 

Studies have been conducted to evaluate the 
importance of the sea-surface microlayer as a 
site for emryogenesis of valued marine 
species, and to determine the current levels 
and biological effects of sea-surface con­
tamination in Puget Sound. The sampling and 
analysis methods developed under this project 
may provide a model for evaluating sea­
surface contamination in other areas. 



The MRL also aided in designing a field sur­
vey of juvenile lingcod in the Grays Harbor 
estuary. The statistical design and analysis 
benefitted from concepts developed in the 
DOE-sponsoreci research on populations of 
mobile species. 

THEORETICAL (QUANTITATIVE) ECOLOGY 

The publication of a PNL wildlife monograph 
by the !Jildlife Society will make available 
to the public a myriad of statistical 
approaches to optimizing wildlife investiga­
tions. Baseci on this research, environmental 
i!T\')act studies can be designed so that the 
probability of success will be knowt'l in 
advat'lce. 
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Basic research on vertebrate population dyna­
mics has resulted in techniques and models 
that allow use of limiterl data for decisions 
concerning both endangered species and normal 
rnanagement activities. 

The U.S. Army has recently begun to use DOE­
sponsored research results on survey designs 
to define the potentia 1 en vi ronrnenta 1 hazards 
caused by open burning and detonation at 
their amlllJnition plants. 

Fundamental ideas on compositing samples, 
deve 1 oped under the OHER quantitative eco 1 ogy 
program, are being used by other Hanford con­
tractors in an attempt to provide more cost­
effective worker radiation exposure 
surveillance. 





• Exploratory Research 

PNL is committed to major investments of discretionary resources on basic science programs. Direct 
investments were made in the Environmental Sciences as well as in those areas that strongly support 
efforts in environmental sciences, including advanced analytical technology, molecular biology, geologi­
cal modeling, hazardous chemical/mixed wastes, and advanced computational methods. The investments 
should have long-term impact on the scientific depth and quality of research throughout the laboratory. 

Exploratory research investments in the Environmental Sciences for FY86 reflected, in part, the new direc­
tions and goals of these programs. 

DETECTION OF GENETICALLY ENGINEERED 
M l CROORGA~ ISMS 

J. K. Fredrickson 

Reco•nbinant DNA technology holds many prom­
ises, but there is also concern over the re­
lease of any genetically engineered micro­
organisms (GEMs) into the environment, 
whether deliberate or accidental. Risk 
assessment requires careful monitoring of 
GEMs once released. Research at PNL has 
established capabilities for detecting GEMs 
and determining their fate and potential 
hazards to the ecosystem. To achieve this, 
model GEMs were constructed by inserting 
transposable genes into soil bacteria for use 
as identifiers. A rapid most-probable-number 
procedure, used in conjunction with DNA 
hybridization, was able to detect the model 
GEMs in several soil types at a sensitivity 
equal to or greater than presently available 
methods. Our procedure could detect selected 
genetically modified bacteria at de9sities 
of less than 10 per g (1 cell in 10 ), 
al'::hough for less-easily cultured bacteria 
the sensitivity was diminished. This tech­
nology has been used directly in research 
funded by the EPA; with further refinement 
it will he a candirlate for technology trans­
fer. Fut1.1re research will incl1.1de refining 
•Tiethods of DNA hybridization to increase the 
sensitivity and specificity of environmental 
detection of GEMs. In addition, PNL scien­
tists have made presentations to private com­
panies and the U.S. Army to discuss the 
potential of this technology for such uses as 
Gonitoring agricultural applications and 
verifying the Biological Warfare Treaty. 
This technology might also be used for devel­
oping in situ toxic waste biodecontamination 
processes. For instance, the present capa­
bilities could help in determining the 
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survival and effectiveness of bacteria genet­
; ca lly engineered to degrade en vi ron menta 1 
pollutants. 

REMOTE AEROSOL MEASUREMENT FOR WIND TUNNEL 
TESTS 

M. W. Ligotke 

Environmental wind tunnels can provide oppor­
tunities to investigate the interactions of 
gaseous and particulate pollutants in simu­
lated natural conditions. Formation, trans­
port, fate, and effects of air-suspended 
particles are studied by scientists at PNL to 
provide new understanding of the ways man 
influences his environment. Of controlling 
importance in these investigations is the 
need to accurately measure the concentration, 
particle size, and chemical composition of 
the airborne contaminants studied in wind 
tunnel tests. Previously used methods of 
obtaining these data required that phys i ca 1 
probes be placed within the test canopy. 
This method often led to inaccurate measure­
ments, caused by limitations of the probes in 
collecting suspended particles, or from dis­
turbance of the air flow by the probes them­
selves. One method of avoiding these 
problems, a remote laser particle analyzer, 
was modified and demonstrated in the wind 
tunnel of the PNL Aerosol Research Facility. 

An existing laser particle spectra analyzer 
(LPSA) was set up to propagate a helium-neon 
laser beam through the transparent walls of 
the PNL wind tunnel and to receive the light 
scattered from particles passing through a 
specific portion of the 1 aser beam. The LPSA 
was positioned on a three-dimensional track 
to allow rapid focusing of the system's 
"viewing volume" at most locations within the 



20-ft-long wind tunnel test section. The 
particle-scattered pulses of light were con­
verted to an electrical signal via a photo­
voltaic processor and then analyzed to pro­
vide information on particle size and 
concentration. 

The LPSA was shown to be practical for pro­
viding information on air-suspended particle 
characteristics in plant canopies, above 
soil5, and close to other environmental sur­
faces. In addition, the system may provide 
information quickly and accurately on the 
resuspension of particles from surfaces, such 
as mill tailings and storage piles. Future 
work will measure a wider range of particle 
sizes and the addition of computer control 
for faster and more accurate focusing. 

REMOTELY ACQUIRED THERMAL DATA FOR ENERGY 
EXCHANGE IN ARlO REGIONS 

P. A. Beedlow 

The objectives of this exploratory research 
are to determine how data from the Landsat 5 
satellite can aid our understanding of the 
energy exchange processes affecting the heat 
and water balance of arid ecosystems, and to 
develop techniques to measure those processes 
over large regions. The data collected in 
FY 1986 will address these objectives more 
specifically by 1) producing a calibrated and 
verified map of soil and canopy temperatures 
for Hanford (such a map is key to calculating 
energy budget parameters), and 2) de vel oping 
and validating a model to predict latent heat 
flux from soil and canopy temperature data 
(this model is necessary for calculating en­
ergy budget components from satellite data). 
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Lluri ng FY 1986, our research brought together 
an interdisciplinary team of scientists fro'n 
the geophysics (G. E. Wukelic and J. E. York), 
Hydrology (G. W. Gee and R. l. Skaggs), and 
Terrestrial Sciences (S. 0. Link) sections ::>f 
PNL, and D. F. Gibbons of Fort Lewis College, 
Durango, Colorado. This team has identified 
areas of joint research that are not only 
key to this effort, but that also contribute 
to the development of their respective disci­
plines. 

Landsat 5 scenes of Hanford were acquired for 
single days in October 1985, and May, June, 
and July 1986, Rawinsondes were flown, and 
ground truth data (soil and canopy tempera­
ture, reflectance, and soil moisture) were 
gathered for reference points within the Han­
ford landscape on each of the overflight 
days. Micrometeorological stations were 
estab 1 i sheri to collect camp 1 ete energy budget 
data at reference points for the Landsat 5 
overflight days. Preliminary analyses indi­
cate that temperature resolution on the order 
of 0,6°C is attainable for water bodies when 
the thermal data are corrected for local 
atmospheric effects (the resolution potential 
of landsat 5 is 0,5°C). 

Research proposed for FY 1987 wi 11 focus on 
establishing the relationships between satel­
lite data and basic parameters of the energy 
budget for arid landscapes. Beyond FY 1987, 
research will address other key landscape 
processes, possibly including a new research 
program to develop methods using satellite 
data for measuring evapotranspiration from 
arid landscapes. 
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