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~ ABSTRACE The cone penetrometer has been used fortgeologic characterization at the US Department of 
Energy-owned Savannah River Site (SRS) for the past 7 years. In addition to/ the standard suite of sensors 
(Le., tip pressure, sleeve friction, capillary pressure), the cone penetrometer has been used with innovative 
sensors to perform contaminated site assessments and has also been used to install wells. By inte&i@g >. - 

geologic information from the standard cone penetrometer sensor with the depth-dismte chemical . 
’ information obtained from innovative cone penetrometer-based samplers and sensors, an accurate ~ p i d ,  and 

cost+ffkctive characterization can be accomplished. Using the added capability of cone penetr&neter-ins&led 
wells; the placement of targeted remediation systems can be initiated during the characterization. Cone . . 
Penetpmeter tests (CPT) provide high resolution, hi& quality data, are minimally invasive, and produce a 
minimum of investigation derivkd waste. These athibutqs are critical to cleanup Operations at large hazardous 
waste sites with heterngenepus sediments. 
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at the site was achieved. 
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’ 1 TOOLS ONTHE COWPENETROMEXER e 

The standard sui& of sensors on the cone 
penetrometer includes tip resistance, sleeve 
friction, and pore pressure. This ensemble is 
commonly a piezo-done configuration. 
Electrical resistance measurement capability has 
recently been included as a standard tool in several 
cone penetrometers. This measurement has a long 
history as a standard borehole logging tool but has 
only lately been commonly implemented with the 
cone penetrometer, The data from these sensors 
have not been routinely integrated with the soil 
type algorithms to provide refined determination of 

implemented with the cone penetrometer at SRS 
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subsurface geology. Other tools that have been 

include: 
e 

At SRS, nearly 4 rnifiion pounds-of chlorinated org 
waste was released primarily as a de& nonaqueous khase liqbid @NAPL);the co&ainiqnt m5gmtion- has 
been controIled by the saturation and moxphology of the confining units in the vadose zone and the topology 
of the units below the water-tabIe. Standad CPT sensors were used to precisely deterrmn * e the location and 
extent of these‘confining units and innovative sensors (e.g., fiber optic spectroscopy, electrical resistiGity, soil 
moisture b b e s )  and samplers (e-g., ConeSipperGD) we= used to obtain a targeted evaluation of the lwtion,’ 
magnitude and poFntial pathway of the contamination. Conventional borehole logs and well sample analyses 
were also evaluated to provide additional perspectives. By using the combined daia from the ~- standard 
CPT sensors as well as conventional data, a more achra~ conceptual model of the-subsurface con- 

were &leased to the subsurface. Because this 
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seismic cone (geophones in the cone 
penetrometer tip) 
inclinometers 
vibratory cone (to determine liquefaction 
potential) 
laser induced fluorescence (primarily for 
poly aromatic ’hydrocarbon detection) 
non-laser induced fluorescence (same as. 
previous) 
Raman spectroscopy ( for identification of 
separate phase liquid contaminants) 
gamma pmbe 
fiber optic TCE sensor (TCE in the vapor 
Phase) 
various in-cone chromatographic systems 
(for contaminant analysis in the liquid or 
gas phase) 



0 samplers (soil, liquid, and gas) 
0 POLO (subsurf& position locating 

soil moispue sensors 
- system) 

and others. In this text we will describe two site 
characterization activities on the Savannah River 
Site that have benefited from the integration of 
data from multiple cone penemmeter tools. 

2 MAREABASINPLUME 
The M area basin was designed to receive waste 
h m  metal pmssing operations in the AD4 m a  
that included dissolved metals (nickel, aluminum, 
uranium, lead), acids, caustics, salts, and solvents 
(Looney et al., 1992). The aqueous and 
nonaqueous waste stream was carried through a 
process sewer line (approximately 1 km-long) to 
the unlined basin (8 million gallon capacity). 
Contaminants were released as a mult of leaks in 
the'sewer Iine and from the unlined basin. 
Approximately 500,000 lbs of acids, caustics, and 
salts, and 140,OOO lbs of solvents consisting 
primarily of tetrachloloethyene (PCE) and/or 
trichlomethylene (TCE) wexe released to the basin 
per year (Jackson et al., 1996). The wastes were 
npnaIly released in batches, probably producing 
slugs of dense fluids in the pracess lines. 
Appximately 260 miliion gallons per year of 
process water were also released, but as a 
continuous stream. A total of.approximately 2 
million pounds of solvents were released to the M 
area basin, MOR thah 300 monitoring wells have 
been installed in the A/M area since groundwater 
monitoring began in 1979. DNAPLs (95% PCE) 
have been identified in only two wells immediately 
adjacent to the M area basin, although high 
aqueous-phase concentrations of organics 
(suggestive of DNAPL presence) have been 
detected in several other wells in the area. 
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Groundwater gradients for the water table quifer 
in this area produce predominately, verticaUy 
downwad flow with a significantly smaller l;& 
component to the west-south-west, Aqueous phase 
concentrations of TCE and PCE have been 
detected in the water table aquifer and the semi- 
confined aquifer below it over a large area 
(approximately 2 miles) around the M area basin . 
and other r e l w  points in the A/M area (Looney 
et al., 1992). 
Because of the large amount of DNAPL rele;sed + 

we recognized that finding and remediating this 
long term source offers the most expedient and 
costeffective strategy for clean up. To &*.there 
is no single, consistently suocessfu? method for 
detecting DNAPL in the subsurface but throurgh an 

, integration of several COmpIementary data seits, 
mofe accurate characterization is possible. 
In addition to standard characterization methods 
such ai conventional drilling and soil  and w e  
sampling techniques, the cone penemmeter mas 
used to map the top of a known subsurface 
confining unit called the green clay. The exen& 
consisted of i d e n m g  the green clay unit &iig 
the friction ratio and electrical resistivity logs fkqm 
25 cone penetrometer pushes combined with 
existing core Mbrmation fmm drilled web ,  The 
combined data sets ~sdted  in a map of the 
undulating top of the green clay which provides a - 
gravity driven conduit for the movement of. 
DNAE%(Looney et al., 1992). In €5- 1, it iis 
evident that them is a trough leading from the: M 
area basin to the west and north-west. The' 
presence of this p0tenth.I DNAPL pathway 
explains unusually high concentrations of 
chlorinated organics found in well samples dong 
this trough up to one half mile from the h i n .  
These highly contaminated wells are flanked by 
wells outside of the trough whose concentrations 
are more than three or&= of magnitude lower. 
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Figure 1 Contour map of Green Clay confining unit, 

In another study, cone penetrometer resistivity 
data were combined with standard well resistivity 
logs to evaluate the impact of disposal, and to 
trace the historic pathway of inorganic waste 
migration in companion with chlorinated organic 
migration pathways. 
A review of the borehole and cone penetrometer 
logs for the A/M Area conducted by Nelson and 
Kibler (1996) of the USGS provides evidence for 
postulated DNAPL behavior in the subsurface. 
Specifically, the data confirm that DNAPL 
transport is dependent on the topology of 
subsurface confining units and gravitational forces 
not necessarily coinciding with the direction of 
groundwater flow in the region. Two separate 
contaminant pathways are evident near the M area 
settling basin corresponding to the movement of 
DNAPL and to dissolved phase transport. 
In their report, Nelson and Kibler reviewed 
electrical resistivity borehole and cone 
penetrometer (CPT) logs, and gamma-ray logs 
acquired in the A/M area. The electrical resistivity 
borehole logs were acquired using both short (16- 
inch) and long (64-inch) tools and were corrected 
for borehole fluid and borehole diameter effects. 
Gamma-ray logs were smoothed to reduce 
statistical noise. The cone penetrometer electrical 
resistivity logs did not require correction. 

Nelson noticed a trend of anomalous negative 
resistivity gradients (increased conductivity with 
depth) in several wells and CPT pushes 
corresponding to specific areas around the M basin 
and sewer line. The wells and CPT pushes 
exhibiting the trend are located along the process 
sewer line and generally south and southwest of 
the M area basin. They postulated e a t  the 
increased conductivity around the basin could be 
due to the historical release of conductive fluids 
(acids, caustics, and salts) in the process waste 
stream. This theory is reinforced by the 
observation that the more conductive wells tend to 
be located near waste release points while the 
wells without a negative resistivity gradient do 
not. 
From the disposal history, groundwater flow data, 
historical well analyses for VOCs, CPT confining 
surface data, and the electrical resistivity data, a 
plausible conceptual model of the fate and 
transport of organic contaminants released to the 
M area basin can be developed. 
Organic and inorganic waste were released as 
slugs from operations areas to outf'alls, and to the 

*M area basin through the process sewer line. The 
organic slugs were immiscible with water and 
proceeded down through the vadose mne where 
they were trapped in pres  of fine grained 
materials by capillary forces, or suspended on the 
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surface of water-saturated fine grained zones 
(possibly collecting in local depressions on these 
surfaces). When the capacity of these materials 
was exceeded, the DNAPL moved downward 
towards the water table. The DNAPL continued to 
move down through the saturated zone until 
encountering fine grain zones (confining surfaces) 
then began moving laterally on the surface driven 
by gravity and directed by the topology of the fine 
grained units. Water contacting the DNAPL 
dissolved a portion of the organics and advanced 
in the direction of the hydraulic gradient but the 
majority of the DNAPL remained intact and 
moved by gravity. One DNAPL pathway resulting 
from the M area basin is evidently on a west- 
north-west path not corresponding to the 
groundwater flow direction. 

The dense aqueous phase liquid (DAPL) also 
moved downward through the vadose zone and 
into the water table and then, probably, along the 
surface contours of the confining unit traveled by 
the DNAPL. The DAPL slug, however, dissolved 
at a much faster rate than the DNAPL and could 
more easily move into the semi-confined aquifix 
so its movement was soon controlled by ae 
hydraulic gradients in the direction of 
groundwater flow to the south. 
In figure 2, the conductive wells are denoted b y  
solid symbols and are located slightly to the w&t 
but predominately to the south of their source 
release points. This is consistent with the theory of 
initial gravity controlled movement followed by 
flow with the natural groundwater gradient. The 
arrows indicate the direction of suspected DNAPL 

The inorganic slugs, although miscible, were also 
more dense than uncontaminated water and 
initially followed a similar path to the DNAPL. 

movement to the west of the sourqe. This clearly 
shows that DNAPL movement is not controlled by 
groundwater flow in this area. 

010 : 

A 4 9 A  

738 A 
A758 

12 

.11 

M area basin 

z 
tesis~ity gradied 
present absent : 

A728 1 

44 46 48 50 52 5 4  56 

East Coordinate ( IO3 feet) 

Figure 2 Resistiviay gradients arcand M area basin. 

To test the conceptual model for DNAPL 
movement around the M area basin, a strategy was 

subsurface. One of the methods tested was Raman 
spectroscopy (inelastic scattering of light by 

A - A  C-, - - - : ,J l . ,  Anto,- t ;nm 1 7 K T A D T  :.. +L,. ;"tOrQf.t;rrn ..,:+I. ",.l:.J.- l : - . . : A -  _ -  ---\ &l-----.-L - 



8 CPT. A probe was developed by ARA Inc. and 
EIC Inc. (Bratton et al., 1994) that could perform 
remote Raman spectroscopy through an optical 
window in the CPT tip via fiber optic links to the 
surface source and detector optical and electronic 
components. CPT pushes were made immediately 
adjacent to two wells from which DNAPL 
samples were collected. Spectra produced from 
this activity yielded no useful Raman spectra 
because of an interfering fluorescence signal 
produced by elastic scattering of the source light. 
Fluorescence is a bane of Raman spectroscopists 
because it can overwhelm and mask the inherently 
much weaker Raman scattered light. An argon ion 
laser source (wavelength = 5 14 nm) was used in 
this field test because it produced the best signal to 
noise response in laboratory tests with SRS soil. 
Since this field test, new lasers have been 
developed at infrared wavelengths which should 
significantly reduce the confounding fluorescence 
signal. 
An important result of this work was the 
observation of the fluorescent signal as a fhction 
of depth. These data indicated a significantly 
higher ( three times the background signal) 

fluorescence signal at the precise depth that 
DNAPL is known to occur in this location(Bratton 
et al., 1994). Subsequent optical and mass spectral 
analysis of DNAPL samples from the nearby wells 
identified co-constituents of the PCE and TCE 
including long chain hydrocarbons and alkyl esters 
which may explain the fluorescence at the 
relatively high excitation wavelength from the 
argon laser. The absorption spectra for pure PCE 
and the collected DNAPL sample at various 
concentrations are shown in Figure 3. This figure 
illustrates the relatively low absorption 
wavelength range of pure PCE (250-280 nm) in 
comparison with the higher wavelength range of 
SRS DNAPL (250-330 nm). The wavelength 
difference is significant because commercially 
available fiber optics will substantially attenuate 
light of wavelengths below 300 nm. The low 
absorption wavelength of pure PCE (and 
subsequently low emission wavelength) has 
discouraged most researchers from attempting to 
use fluorescence to locate DNAPL. With the 
presence of fluorescent co-constituents, 
fluorescence for DNAPL may be a viable 
technique. 
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Figure 3 Absorption spectra of PCE and SRS DNAPL. 
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3 321 M SOLVENT STORAGE TANK AREA 
This site is within the A/M area and is therefore 
part of the larger plume from the historical release 
of process solvents and fluids from the various 
outfalls. In addition, this site was contaminated by 
a 1200 gallon leak of PCE from one of the solvent 
storage tanks in 1985. It is this most recent spill 
that is currently being characterized. 
Several cone penetrometer pushes were conducted 
at this site to support characterization associated 
with the installation of a vacuum extraction well 
and catalytic oxidation remediation system. 
Nearby core logs from hollow stem auger drilling 
operations indicated the presence of a shallow, yet 
substantial, low permeability zone in the area. 
Because of the importance of low permeability 
sediments in determining the fate and transport of 
dense non-aqueous phase liquids, a program to 
carefully characterize the vadose zone around the 
solvent storage tank was begun. Standard piezo- 
cone measurements were made to characterize the 
geologic features with high resolution. Continuous 
soil gas measurements were made using the Cone 
Sipped3 gasbiquid sampler and a Bmel& Kjaer 
Model 1302 multi gas analyzer. Gas 
concentrations approaching the vapor saturation 
limit were detected near the clayey zones in the 

shallow subsurface which suggests the presence of 
non-aqueous phase liquids. Soil samples were 
taken with the cone penetrometer using the 
MOSTAP sampling system and split spoon. 
Concentrations of PCE in some of these samples; 
exceeded 1000 mgkg, confirming the presence of 
DNAPL in these zones. Because DNAPL can 
serve as a groundwater contamination source for 
many years, it is imperative to locate this source 
and remove it to effectively clean up a site. 
The movement of DNAPL in the subsurface cani 
be quite complicated in the vadose zone and mtty 
be determined by different forces than aqueous 
phase contamination. Specifically, the morphology 
of geologic units, and capillary forces will 
dominate the transport of DNApLs. It is therefore 
critical to map the topology of confining surfaces. 
In the vadose zone, a surface will constrain the 
flow of DNAPL depending primarily on its pore 
size and moisture content. With the addition of i3 

volumetric soil moisture probe to the standard 
piezo-cone, data were taken at the 321 M solvertt 
storage tank area that provided an indication of 
potential confining surfaces that would control the 
movement of DNAPLs in the vadose zone. Figure 
4 depicts the plots of sleeve to tip friction ratio 
and volumetric soil moisture with respect to depth. 
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. e From this plot it is clear that the clayey zones at 9 
feet, 15-20 feet and 23-30 feet will constrain the 
transport of organic contaminants when the zones 
are saturated with water. The soil data show 
DNAPL-likely PCE concentrations (1 400 mgkg 
at 8 feet; 1 100 mgkg at 12 feet; 1200 mgkg at 22 
feet) on top of these clay zones, indicating that the 
water-saturated, fine grain sediments are 
excluding occupation of the pore space by the 
organic contaminants. Therefore, DNAPL would 
migrate on top of these clays controlled by gravity 
and the topologic structure of the clay. Relatively 
high concentrations of PCE were also found 
within the clay ranging from 150 mgkg to 460 
mgkg. We can explain the fact that DNAPL- 
likely concentrations were found below confining 
structures and within the clayey units by noting 
that the soil moisture content of sediments in the 
vadose zone vary and PCE may have migrated 
through the clay during a period of lower soil 
moisture content in the clay thereby allowing the 
imbibation of contaminant into the pore space. 
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5 CONCLUSIONS 
Many innovative tools are currently available for 
deployment with a cone penetrometer. These tools 
use several sensing methods and address the 
interrogation of both the inherent subsurface 
media (sediments, groundwater, etc.) and 
introduced materials (contaminants). In addition to 
enabling the use of an array of subsurface tools, 
the cone penetrometer has the added advantages of 
providing rapid access to precise depths in the 
subsurface; being minimally invasive; minimizing 
the production of investigation’derived waste; and 
being relatively inexpensive when compared with 
standard access technologies. The high resolution 
data available from cone penetrometer sensors 
greatly enhances the conceptual model of a site 
characterization. 
At SRS, data from several different cone 
penetrometer sensors has enabled us to focus 
remediation efforts and additional 

characterizations to target contamination hot spots 
and likely-source zones. As with all subsurface 
sensing methods, data from individual CPT 
sensors are not unconditionally correct in their 
detection of contaminants or determination of 
subsurface properties but when combined with 
other complementary data sets, a much more 
accurate picture of the subsurface contaminant fate 
and transport is obtained. 
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