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ABSTRACT 

Cone penetrometer tests (CPT) have become 
an increasingly popular characterization 
method for Tertiary shallow subsurface 
investigations (less than 200 feet) in the 
Atlantic Coastal Plain of South Carolina.  
These sediments consist primarily of 
interbedded and interfingering fluvial, deltaic, 
and shallow marine sediments. CPT provides 
relatively inexpensive subsurface data without 
drilling fluid or cuttings. For environmental 
restoration applications at the Savannah River 
Site (SRS), CPT is typically used to obtain 
depth-discrete groundwater samples, small
diameter permeability samples, and to define 
hydrostratigraphic horizons. A recent 
example is the C-reactor area at the SRS, the 
focus of this study. At this site, 140 CPT 
locations were used to define contaminant 
plumes and hydrostratigraphy over a 3 mi2 

area, rather than conventional borehole 
techniques (e.g. monitoring wells, cores, 
electric well logs, slug and pumping tests). In 
this investigation, the CPT lithologic data are 
further used to predict hydraulic conductivity 
variations within hydrostratigraphic zones of 
the uppermost aquifer unit. The method 
involves correlating tip resistance, sleeve 
resistance and pore pressure measurements to 
percent fines (mud, silt, and clay) content and 
hydraulic conductivity. Predicted percent fines 
content at the scale of the CPT measurements 
(0.1 ft) were categorized into high, medium 
and low conductivity and upscaled to the flow 
model resolution using geostatistical methods.  
The resulting model conductivity field 
provided a realistic representation of aquifer 
heterogeneity in coastal plain sediments. The 
method significantly improved groundwater 
modeling flow path predictions. The resulting

tritium transport simulations compared well 
with field data.  

PURPOSE OF STUDY 

A geospatial mapping and groundwater 
modeling case study was completed at the C
Reactor Area at the Savannah River Site 
(SRS) based primarily on cone penetration 
testing (CPT) (Figures 1 and 2). For a 
detailed discussion on CPT methods see Syms 
and others (2000). CPT was utilized for the 
definition of hydrostratigraphic unit 
boundaries and hydraulic conductivities 
instead of conventional hydrogeological 
methods (e.g. monitoring wells, cores, electric 
well logs, slug and pumping tests).  
Approximately 140 CPT tests were used to 
map the hydrostratigraphic unit boundaries 
and define hydraulic conductivities of the 
hydrostratigraphic units. In conjunction with 
the CPT tests approximately 1000 depth
discrete water samples were taken to 
characterize the tritium and volatile organic 
compound (VOC) contaminant plumes in the 
area. A three-dimensional geospatial model of 
the hydrostratigraphy was constructed based 
on correlation of the CPT data, while three
dimensional groundwater plume maps were 
constructed based on the water samples. The 
resulting hydrogeological framework was 
coupled with a groundwater flow model for 
particle track analysis and subsequent 
transport modeling. This paper concentrates 
on two main areas of the case study. The first 
illustrates CPT data for detailed 
hydrogeological mapping and integration of 
all characterization data (geological, 
hydrological, and contaminant) to understand 
the relations of groundwater and plume
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movement. Secondly this study presents a 
method for transforming CPT data into 
hydraulic conductivity data for definition of 
hydrogeologic properties in groundwater 
modeling.  

SITE DESCRIPTION AND HISTORY 

The study area is located in the Upper Atlantic 
Coastal Plain physiographic province in 
southwestern South Carolina at the U.S.  
Department of Energy's Savannah River Site 
(SRS). The SRS occupies about 300 mi2 and 
was set aside in 1950 as a controlled area for 
the production of nuclear material for national 
defense and specialized nuclear materials.  
This study focuses on a 3 mi2 area in the 
central portion of the SRS near the C Reactor 
Area which is undergoing environmental 
characterization and remediation for RCRA 
and CERCLA regulatory investigations. The 
C-Reactor Seepage Basins (CRSBs) and the 
C-Area Burning/Rubble Pit (CBRP) (Figures 
1 and 2) are the two principal reactor waste 
units associated with C-Area.  

The CRSBs consist of three unlined (earthen) 
basins constructed in 1957 to contain 
radioactive water discharged from the reactor 
process buildings. The seepage basins were 
used from 1959 to 1970 to dispose of low
level radioactive process purge water from the 
reactor disassembly basin. In 1963, the purge 
water was deionized and filtered and to 
remove solids and sludge prior to discharge to 
the basins. The seepage basins were not used 
from 1970 to 1978. During this period, purge 
water was mixed with large volumes of 
cooling water from the heat exchanger and 
discharged to area streams. Discharge to the 
CRSBs resumed in 1978 after improvements 
were made to the processing of purge water 
from the disassembly basin. The C-Reactor 
was shutdown for repairs in 1985, and the 
CRSBs have not received wastewater since 
1987. The CRSBs are currently undergoing 
feasibility studies to determine the regulatory 
path forward. Waste disposal records indicate 
that the main basin received aqueous 
radioactive waste. Radionuclides in the

wastewater from the disassembly basin, 
sumps, tanks and drums included tritium, 
chromium-51, cobalt-60, cesium-134, cesium
137, and other beta-gamma fission products 
(WSRC, 1993). Tritium releases to CRSBs are 
documented in Environmental Protection 
Department (EPD) annual monitoring reports.  

The CBRP was constructed in 1951 and used 
to dispose of and burn organic solvents, waste 
oils, paper, plastics, and rubber through 1973.  
After 1973, the pit was filled with inert rubble 
and soil (WSRC, 1994). The CBRP was a 
shallow, unlined excavation (approximately 
25 feet wide and 350 feet long) with depths of 
approximately 8 to 12 feet. The history of 
solvent disposal at the CBRP and the 
persistence of high VOC concentrations 25 
years after operations ceased suggests the 
presence of VOC in non-aqueous phase liquid 
(NAPL) within the vadose zone beneath the 
CBRP. A Soil Vapor Extraction and Air
Sparging (SVE/AS) remediation system are 
currently in operation for cleaning up the 
solvents in the soil and groundwater at this 
site.  

Primary groundwater contaminants in C-area 
include tritium for the CRSBs and VOC for 
the CBRP. This study will only discuss the 
CBRP VOC groundwater contamination 
distribution in detail.  

CHARACTERIZATION DATA 

Geologic descriptions from three cores and 
CPT lithologic data (tip stress, sleeve stress, 
and pore pressure) from 139 locations were 
used to identify and delineate 
hydrostratigraphic boundaries beneath the 
study area (Figure 2). The CPT data were 
also used to infer conductivity distribution 
using stochastic methods. The 
hydrostratigraphic boundaries were compiled 
into a hydrogeologic model using 
EarthVision® geospatial analysis (Dynamic 
Graphics Inc., Alameda CA, www.dgi.com).  
Contaminant plume mapping was based on 
over 1000 depth-discrete water samples taken 
with the cone-penetrometer to characterize
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tritium and VOC plumes in the area.  
Analytical data was compiled into three
dimensional maps utilizing EarthVisionTM 
software.  

HYDROGEOLOGY 

The SRS lies within the Upper Atlantic 
Coastal Plain, a southeast-dipping wedge of 
unconsolidated and semi-consolidated 
sediment that extends from its contact with the 
Piedmont Province at the Fall Line to the edge 
of the continental shelf. The sediment ranges 
from Late Cretaceous to Miocene in age and 
comprises layers of sand, muddy sand, and 
mud with minor amounts of calcareous 
sediment (Fallaw and Price, 1995). The 
Coastal Plain sediment rests unconformably 
on Triassic-aged sedimentary rock of the 
Dunbarton Basin and Paleozoic-aged 
crystalline rock.  

This study involves the Tertiary-age sediment, 
principally the Eocene to Miocene sequence.  
The up-dip portion of the Floridan aquifer 
system includes the Gordon aquifer, the 
Gordon confining unit and the Upper Three 
Runs aquifer (Aadland and others, 1995), and 
is considered in geospatial and groundwater 
analysis. The Upper Three Runs aquifer was 
analyzed in more detail in relation to the CPT 
data and will be discussed in more detail than 
the underlying hydrostratigraphic units.  
Figure 3 correlates the hydrostratigraphic 
nomenclature with the local lithostratigraphy 
as defined by Fallaw and Price (1995).  

Gordon Aquifer Unit (GAU) 

The Gordon aquifer constitutes the basal unit 
of the Floridan aquifer system at the SRS and 
is the lowermost unit characterized in this 
study. The aquifer includes loose sand and 
clayey sand of the Congaree Formation and, 
where present, the sandy parts of the 
underlying Fourmile Branch and Snapp 
Formations (Figure 3), (Harris and others, 
1990; Aadland and others, 1991 and 1995).  
The sand within the Gordon aquifer is 
yellowish to grayish orange and is sub- to well

rounded, moderately to poorly sorted, and 
medium- to coarse-grained. Pebbly layers and 
zones of sand cemented with iron and silica 
are common. The Gordon aquifer includes 
rare interbeds of light tan to gray clay that 
range up to three feet in thickness. Lenses of 
clay less than 6 inches in thickness are 
common near the base of this unit. The 
Gordon aquifer contains a small amount of 
sporadically distributed calcareous sediment.  
The thickness of this unit is variable, ranging 
from approximately 60 feet to 160 feet across 
the SRS (Flach and others, 1999). Multi-well 
pumping tests performed on Gordon aquifer 
wells at the SRS and vicinity produce 
conductivity values that average 35 ft/day 
(Aadland and others, 1995). Ten single-well 
pumping tests within the Gordon aquifer give 
permeability values that range from 0.82 to 
143 ft/day (Flach and others, 1999).  

Gordon Confining Unit (GCU) 

The Gordon confining unit separates the 
Gordon aquifer from the Upper Three Runs 
aquifer. This unit is commonly referred to as 
the "green clay" in previous SRS literature 
and includes sediment of the Warley Hill 
Formation (Figure 3). The unit comprises 
interbedded silty and clayey sand, sandy clay 
and clay. The clay is stiff to hard and is 
commonly fissile. Glauconite is a common 
constituent and imparts a distinctive greenish 
cast to the sediment, hence the informal name 
of "green clay" given to this unit. Within the 
study area the GCU includes some calcareous 
sediment and limestone, primarily 
calcarenaceous sand and clayey sand with 
subordinate calcarenaceous clay, micritic clay, 
and sandy micrite and limestone.  

The GCU dips toward the south-southeast, 
increasing in thickness downdip across the 
SRS from approximately 10 feet to 80 feet.  
Laboratory tests of undisturbed samples taken 
from the GCU at locations across the SRS 
indicate vertical permeability ranges from 
1.14E-06 to 4.27E-01 ft/day and horizontal 
permeability ranges from 5.40E-06 to 1.22E-
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01 ft/day within this unit (Flach and others, 
1999).  

Upper Three Runs Aquifer (UTRA) Unit 

The Upper Three Runs aquifer includes the 
informally named "upland" unit, Tobacco 
Road Sand, Dry Branch Formation, 
Clinchfield Formation, and Santee Limestone.  
At SRS, the UTRA is divided into informal 
"lower" and "upper" aquifer zones separated 
by the "tan clay" confining zone (Figure 3).  

"Lower" Aquifer Zone (LAZ). The "lower" 
aquifer zone of the UTRA consists of 
siliciclastic and calcareous sediments of the 
Santee Formation and parts of the Dry Branch 
Formation beneath the "tan clay" confining 
zone (TCCZ) (Figure 3). The zone is highly 
variable in thickness ranging from around 40 
80 feet thick in the study area. The LAZ 
represents shallow, moderate to high-energy 
nearshore fluvial and marine environments 
(Harris and others, 1997). Core descriptions 
within and adjacent to the study area indicate 
the LAZ represents a dual facies, one that is 
dominated by siliciclastic components and the 
other dominated by carbonate components 
resulting in highly permeable sediments 
directly in contact with sediments of lower 
permeability. Typically, the sands and clayey 
sands are unconsolidated fine- to medium 
grained, moderate to well sorted and have 
good to excellent measured porosities (>30%) 
with permeabilities ranging from 6.8 to 40.8 
ft/day (Harris and others, 1997). In contrast 
the carbonate sediments are unconsolidated 
and consolidated with excellent measured 
porosities (>35%) and moderate to low 
permeabilities ranging from .03 to 4.0 ft/day 
(Harris and others, 1997). The carbonate 
sediments are generally mud supported 
(wackestones and packstones). The lithified 
carbonates are sometimes partially silicified 
with biomoldic characteristics. Both 
lithologies exhibit good porosity but low 
permeability because the pores are not 
interconnected or are filled with micrite mud 
that is highly porous but not very permeable.

Based on the heterogeneity within the LAZ 
and for the purposes of this study, the LAZ 
was sub-divided into five informal 
hydrostratigraphic intervals. Characteristic 
log signatures of tip, sleeve, and pore pressure 
data from the CPT data were utilized to 
delineate permeable (dominantly siliciclastic) 
and non-permeable (dominantly calcareous) 
intervals. This sub-division was necessary to 
map the calcareous sub-zones which function 
as localized confining zones and strongly 
influence groundwater flow direction. From 
the bottom up, these intervals include the 
lower siliciclastic interval (1LAZ), calcareous 
interval 2 (CC2), middle siliciclastic interval 
(mLAZ), upper calcareous interval (CC 1), and 
upper siliciclastic interval (uLAZ) of the LAZ.  

"Tan Clay" Confining Zone (TCCZ). The 
"tan clay" confining zone is lithologically 
equivalent to the Twiggs Clay and Irwinton 
Sand Members of the Dry Branch Formation 
(Figure 3). The zone contains light-yellowish 
tan to orange clay and sandy clay interbedded 
with clayey sand and sand. Clay layers are 
dispersed vertically and horizontally 
throughout the zone and are probably not 
laterally continuous over distances greater 
than 100 to 200 feet (Harris and others, 1990; 
Aadland and others, 1991). The TCCZ 
consists of two sequences of interbedded mud 
and sand with some calcareous sediment in 
the study area. The lower sequence contains 
light green to tan, slightly fissile clay and silty 
sand that is commonly interbedded with sand, 
silty sand, and coarse-grained, carbonate 
gravel. The carbonate gravel consists of 
oysters and other shell debris that is mixed 
with mud, sand, and gravel. The lower 
sequence commonly includes interbeds of 
relatively dense, well-indurated layers of a 
matrix-supported, shelly, sandy carbonate 
mudstone. This material consists of 
siliciclastic sand, mud, and gravel, shell 
debris, and other carbonate fragments 
contained in a micrite (mud) matrix.  

The upper sequence within the TCCZ consists 
of interbedded siliciclastic sand and mud and 
represents an interbedded dual facies with low
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permeability sediments closely interbedded 
with high permeability sediments . The mud 
is waxy and commonly fissile, with a very 
high clay content. The interbedded sand is 
generally well-sorted and medium-grained, 
with good interstitial porosity. Thicknesses of 
the TCCZ range from approximately 2 feet to 
40 feet. The TCCZ becomes very thin in the 
vicinity of Caster Creek and is deeply incised 
at Fourmile Branch. Laboratory tests of 
undisturbed samples taken from the TCCZ in 
cores across the SRS indicate vertical 
permeability ranges from 3.70E-08 to 2.39E
01 ft/day and horizontal permeability ranges 
from 1.45E-05 to 2.04E-01 ft/day within this 
unit (Flach and others, 1999).  

"Upper"Aquifer Zone (UAZ). The "upper" 
aquifer zone includes the "upland" unit, 
Tobacco Road Sand, and part of the Dry 
Branch Formation (Figure 3). Massive beds of 
sand and clayey sand with minor interbeds of 
clay characterize the UAZ. The sediment 
within the "upland" unit is commonly very 
dense and clayey and often contains gravely 
sand.  

The top of the UAZ is defined by the present
day topographic surface. The UAZ may be 
subdivided into four informal 
hydrostratigraphic intervals that are delineated 
by characteristic log signatures of tip, sleeve, 
and pore pressure data from the CPT tool.  
From the bottom up, these intervals include 
the "transmissive" zone (TZ), "AA" interval, 
"A" interval, and an undifferentiated soils 
interval ("uu" interval) (Figure 3). All the 
units vary greatly in thickness due to the 
fluvial nature of deposition. The UAZ 
averages around 75 feet in thickness in the 
study area.  

Hydrostratigraphic Mapping 

Geologic descriptions from three cores and 
CPT lithologic data from 139 locations 
(Figure 2) were used to identify and delineate 
hydrostratigraphic boundaries within the near 
surface sediments beneath the study area.  
Figure 4 is a composite log illustrating

correlation between CPT, core, and 
geophysical data which form the basis for the 
correlation of the hydrostratigraphic units 
within the Upper Three Runs aquifer. The 
hydrostratigraphic boundaries were compiled 
into a 3-dimensional hydrogeologic model 
using EarthVision® geospatial analysis 
software. EarthVision® processes sets of 
spatial and property data by calculating 
minimum-tension grids to contour a "best fit" 
of the data. The grids can contour data in 3 
dimensions (x,y,z), such as the top of a 
geologic unit, as two-dimensional grids, or 
contour data in 4-dimensions: x,y,z, and a 
"property." Figure 5 is a 3-dimensional 
visualization of the hydrostratigraphic model 
illustrating the relations of the units to stream 
and valley incisions.  

Hydrogeological Conceptual Model 

Based on the hydrogeology and knowledge of 
groundwater recharge and discharge zones, a 
hydrogeological conceptual model for the area 
was developed. Figure 6 presents a 
schematic depiction of the hydrogeologic 
conceptual model for groundwater flow within 
the study area. The figure illustrates the water 
table and the hydrostratigraphy previously 
discussed. Groundwater flow in the Upper 
Three Runs aquifer is driven by recharge, with 
Fourmile Branch and tributaries intercepting 
flow from higher elevation. The underlying 
Gordon aquifer is influenced at a regional 
scale by the Savannah River and Upper Three 
Runs. Within C-Area, the Gordon aquifer is 
recharged by the overlying Upper Three Runs 
aquifer. Except for process water outfalls, 
surface water bodies gain from groundwater 
discharge. Groundwater flow in the Gordon 
aquifer appears to be influenced significantly 
by recharge from the overlying UTR aquifer, 
and lateral flow within the study area 
boundaries. Solute groundwater contamination 
originating in the C-Area is expected to be 
confined to the Upper Three Runs and Gordon 
aquifers. Most surface recharge groundwater 
discharges to the nearest stream (e.g. Fourmile 
Branch), with the balance entering the Gordon 
aquifer. In C-Area, the flow between the

1-5

WSRC-MS-2000-00606



Carolina Geological Society, 2000 Annual Field Trip Guidebook

deeper coastal plain aquifers and the overlying 
Gordon aquifer is upward; therefore 
contamination is not expected to be migrate 
downward.  

Hydrogeologic Property Mapping Using 
Cone Penetration Testing 

CPT data were also used to define hydraulic 
conductivity variation within the 
hydrostratigraphic zones previously discussed.  
The method discussed herein involves 
correlating CPT tip resistance, sleeve friction 
and pore pressure measurements to fine 
grained (mud, silt, and clay) sediment 
percentages and hydraulic conductivity. The 
resultant small-scale conductivity estimates 
were upscaled and interpolated onto the 
groundwater model grid using stochastic 
methods.  

Fines Correlation to CPT 

Soil classification charts in the geotechnical 
literature typically correlate CPT tip 
resistance, sleeve resistance, and pore 
pressure to soil categories (e.g. Lunne and 
others, 1997), but do not predict fine-grained 
sediments percentages within categories.  
Fine-grained sediments, or fines, are defined 
as particle sizes passing a #200 sieve (e.g.  
mud, silt, clay). Techniques for prediction of 
fines content have been demonstrated by 
Jefferies and Davies (1993) and Robertson 
and Fear (1995). These studies were used as 
guidelines for the prediction of the fine
grained sediment percentages.  

Data specific to the Savannah River Site 
(SRS) were used to develop the correlations.  
Sieve data from F- and H-areas of the SRS 
were paired with nearby CPT pushes. A total 
of 516 data pairs were assembled. The paired 
data were next segregated into 4 categories of 
fines content based on #200 sieve results: 0
15%, 15-30%, 30-50% and 50%-100%. The 
data pairs are plotted in Figures 7 and 8, 
color-coded by percentage fines content 
(%FC) category: 0-15% (group 1, blue), 15-

30% (group 2, green), 30-50% (group 3, red) 
and 50%-100% (group 4, yellow/black). The 
data are plotted in terms of normalized tip 
(Q,,), sleeve (Fs,) and pore pressure (Bq) 
parameters that, in part, account for depth 
effects. Normalized tip resistance, Qtn, is 

defined by

Qtn = qt (1)

where qt is the corrected tip resistance, and a 
and d are the total and effective overburdens.  
Normalized tip resistance can be interpreted 
as the net force required to advance the cone 
tip (deform the medium) divided by the grain
to-grain contact stress. Normalized sleeve 
friction (a type of friction ratio) is defined by

Fsn- = ×X100% 
qt -a

(2)

and represents sleeve friction relative to the 
net force required to advance the cone tip.  
Normalized pore pressure is similarly defined 
as

B-u-p Bq q -a (3)

The numerator is net pore pressure in excess 
of hydrostatic conditions.  

Figures 7 and 8 illustrate that although the 
%fines groups significantly overlap, they are 
separated in an average sense. "Center of 
mass" points are depicted in each figure, and 
represent the average positions of each %fines 
group. The first three groups (0-50% fines) 
follow a definite, nearly linear, trend in Figure 
7. Specifically, %fines increases with friction 
ratio (Fs,,) and pore pressure (Bq) on average.  
The sieve data show little dependence on 
normalized tip resistance (Q,,,) in Figure 8.  
However, the 50-100% fines group, which 
represents low conductivity sediments, 
deviates from the trend established by the 0-
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50% fines data. Specifically, friction ratio 
decreases on average when the fines content 
exceeds 50%.  

Because the objective of this study is to 
distinguish between high and low conductivity 
sediments, accurate prediction of fines >50% 
is not critical and these data were omitted in 
regression analysis in order to achieve a better 
correlation in the 0-50% range. The resulting 
correlation is

%FC 5.009 +15.98 * log1 0 F,.,, + 

24.14* Bq + 6.869 *log 10 Q,,
(4)

The correlation coefficient (R2) for the 
regression is 0.45, meaning that the equation 
(4) explains about 45% of the variation in 
%FC. While there is large uncertainty in the 
predictions, the correlation is nevertheless 
useful given the absence of other more precise 
characterization data in C-area.  

Hydraulic Conductivity Correlation 

Hydraulic conductivity has been directly 
correlated to CPT measurements on SRS 
sediments by Parsons and ARA (1997) and 
Celeste (1998). Also, conductivity has been 
correlated to %fines (e.g. Kegley, 1993; 
Parsons and ARA, 1997; Celeste, 1998; Flach 
and others, 1998; Flach and Harris, 1999).  
These correlations could be used in 
conjunction with equation (4) to predict 
conductivity from CPT data. In this study, a 
hybrid approach was preferred, whereby 
conductivity is related to CPT measurements 
indirectly through predicted %fines from 
equation (4), and directly through the 
normalized pore pressure parameter, Bq.  

The %FC ranges of 0-15%, 15-30% and >30% 
are considered to correspond to "high", 
"medium" and "low" conductivity. Based on 
conductivity data taken at various scales, 
previous flow models, and groundwater flow 
model calibration, reasonable values for these 
conductivity categories appear to be 20, 2 and 
0.01 ft/d. Since Bq is good predictor of low

conductivity intervals, we also use Bq > 0.1 to 
define an "extra low" conductivity category.  
The "extra low" conductivity zone is assigned 
a value of 0.0001 ft/d, irrespective of 
predicted %fines. The chosen hydraulic 
conductivity relationship is summarized in 
Table 1.  

The conductivity settings listed in Table 1 are 
based partially on qualitative knowledge of 
how conductivity varies with lithology and 
support scale. As with all groundwater flow 
models, the specific values of conductivity 
assigned to a grid are ultimately based on 
model calibration. The settings in Table 1 are 
typical values for small-scale conductivity 
measurements on sediments ranging from 
clean sand (high K) to clay (extra low K) (e.g.  
Kegley, 1993; Parsons and ARA, 1997; 
Celeste, 1998; Flach and others, 1998; Flach 
and Harris, 1999). Example small-scale tests 
include the laboratory falling head 
permeameter and mini-permeameter. After 
the correlation is applied to the CPT data, the 
small-scale conductivity estimates are scaled 
up to the flow model grid (field scale) through 
a process described in the next section. The 
upscaled estimates for horizontal conductivity 
compare favorably with average field-scale 
measurement data from slug and pumping 
tests, and previous calibrated flow models.  
The predicted conductivity fields based on 
Table 1 are viewed as a starting point for final 
flow model calibration to additional targets 
such as water level and plume data.  

Upsealing to the Groundwater Flow Model 
Grid 

CPT measurements have a vertical resolution 
of 0.1 ft, and the radius of influence of the 
cone in the horizontal plane is similarly small.  
Therefore, a method for upscaling CPT 
measurements to the coarser resolution of the 
groundwater flow model mesh is required.  
Upscaling refers to the process of replacing a 
heterogeneous conductivity field within a 
particular finite volume with a single, 
"equivalent", conductivity value. The reader 
is referred to Sanchez-Vila and others (1995),
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Wen and Gomez-Hernandez (1996), and 
Renard and de Marsily (1997) for a review of 
upscaling and related topics in the stochastic 
hydrology.  

The stochastic upscaling approach in this 
study is based on combining the work of 
Gelhar and Axness (1983), Ababou and Wood 
(1990), and Desbarats (1992). Gelhar and 
Axness (1983) derived analytical expressions 
for the effective conductivity tensor of an 
infinite, ergodic, anisotropically-correlated 
medium subjected to a uniform mean flow.  
The three-dimensional anisotropy of the 
heterogeneous medium is defined in terms of 
an exponential autocovariance function with 
distinct correlation scales for each coordinate 
direction, 1, ý 2 and I3. Ababou and Wood 
(1990) pointed out that expressions of the type 
derived by Gelhar and Axness (1983) can 
alternatively be written in terms of a "power
average" defined by 

Kp - •- = (5) 

where the exponent (power) p is application 
specific. Arithmetic, geometric and harmonic 
averaging are special cases of equation (5) 
gotten by choosing p = 1, 0 and -1. Hence, 
power-averaging is a generalization of 
common approaches to averaging. Through 
numerical studies, Desbarat (1992) 
demonstrated that the power-averages are an 
effective approximation to upscaled 
conductivity, provided an appropriate 
exponent is chosen. The work of Gelhar and 
Axness (1983) provides guidance for selecting 
exponents appropriate for upscaling horizontal 
and vertical conductivity in C-area.  

The conductivity estimates inferred from CPT 
measurements have a vertical resolution of 0.1 
ft and are considered to be "point" 
measurements. Atlantic Coastal Plain 
sediments are clearly stratified and imply 
anisotropic correlation scales in the horizontal 
and vertical directions, I h and I . Their ratio

cannot be derived from the CPT data because 
none of the 139 locations are close enough in 
the horizontal plane (i.e. within inches).  
However, judgement based on knowledge of 
the depositional environment and visual 
inspection of outcrops suggests a reasonable 
ratio is approximately ih / 1, = 10.  
Furthermore, the vertical and horizontal 
correlation scales within stratigraphic zones 
are probably on the order of a few inches and 
several feet, respectively. Considering that 
the typical model block will be a few feet 
thick and span on the order of 100 ft in the 
horizontal plane, the "equivalent" block 
conductivity should be close to the "effective" 
conductivity (Kitanidis, 1997), in the 
terminology of Sanchez-Vila and others 
(1995). Therefore, power averaging 
parameters derived from Gelhar and Axness 
(1983) can reasonably be applied to upscaling 
of C-area CPT data. For ih / , = 10, the 
power-averaging exponents are p, = +0.86 and 
pv = -0.72 for horizontal and vertical 
conductivity, respectively. For horizontal 
conductivity the averaging is nearly 
arithmetic, and for vertical conductivity 
averaging is similar to harmonic.  

To avoid introducing bias into the predicted 
conductivity fields, the following upscaling 
process is chosen for K1, and Kv: 

1) Transform the point data K to Kp, where 
p = +0.86 for horizontal conductivity and 
p = -0.72 for vertical conductivity 

2) For each CPT push, arithmetically average 

Kp over the thickness of each model 
layer 

3) Interpolate Kp within each layer using 
two-dimensional block kriging 

4) Back transform Kp block estimates by 

computing (KP)I/p, where p takes on 

the value used in step 1)

1-8
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Vertical averaging in step 2) reduces the 
three-dimensional CPT data to a sequence of 
two-dimensional data sets, one per model 
layer. Model layers conform to stratigraphic 
units, zones or sub-zones. Kriging is chosen 
in step 3) because it is an exact interpolator 
for point estimation and can be optimized for 
the characteristics of individual formations 
through the variogram model.  

For kriging, an isotropic exponential 
semivariogram model was chosen (e.g. de 
Marsily, 1986). The functional form is

y(h) =c[I - exp- 3hj 

where 

y(h) semivariogram;

(6)

I E{[KP(R+hi)KP(R)r} 

h -lag distance, 

c -contribution 

a -effective range 

A variogram analysis of the synthetic K' 
data for each model layer in the UTRA was 
performed to estimate the effective range, a.  
As an example, the experimental variograms 
for horizontal and vertical conductivity for 
model layer #13 in the Transmissive Zone are 
presented in Figure 9. The variograms are 
based on the 139 lithologic CPT pushes in 
C-area, among a larger total number that 
included groundwater sampling. The 
estimated variogram ranges (a) vary from 300 
to 1000 ft, confirming that the vertically
upscaled CPT estimates are relevant at field 
scale. Occasionally a nugget effect is 
observed. For convenience and consistency, a 
model variogram with a range of 750 ft and no 
nugget effect was subsequently used in the 
block kriging performed for each unit. The 
model variograms for model layer # 13 are also

shown in Figure 9. The contribution, c, does 
not affect the block conductivity estimates so 
its specification can be arbitrary. The 
contribution does affect the uncertainty of the 
conductivity estimates, and an estimate would 
be needed if an uncertainty analysis were 
desired.  

Predicted Conductivity Fields for C-Area 

Figures 10 through 13 illustrate predicted 
upscaled hydraulic conductivity for key model 
layers which represent in descending order, 
the TZ, the TCCZ, the uLAZ, and CC1 
(Figure 3). The spatial trends observed in the 
predicted conductivity fields are supportive of 
geological interpretations based on CPT data, 
groundwater flow directions and plume 
movement. Figure 10 illustrates the predicted 
horizontal conductivity for the TZ of the 
UAZ. This zone is important 
hydrogeologically because it represents a 
sandy saturated zone overlying the TCCZ and 
is a controlling factor for the water table flow 
directions. The predicted conductivities over 
a large portion of the study area exceed 10 
feet/day, which is consistent with field test 
conductivities for this aquifer zone from other 
areas at SRS. Figure 11 illustrates vertical 
conductivity for the TCCZ underlying the TZ.  
In the northern portion of the study area the 
predicted conductivities of roughly 10-3 ft/day 
are consistent with known TCCZ 
conductivities at SRS and are indicative of a 
good confining zone. In contrast, the southern 
portion of the study area near Caster Creek 
exhibits much higher conductivities (roughly 
3x10-2) that are more typical of aquifers at 
SRS. Interpretation of CPT data suggest that 
toward the south the zone becomes a coarse 
grained sandy material while the clayey 
sediments become very thin and 
discontinuous. A possible explanation is 
fluvial channeling which would produce 
coarser grained sandy sediments with higher 
conductivities and aquifer characteristics.  
Figure 12 illustrates the predicted 
conductivities for the uLAZ which lies 
directly beneath the TCCZ. Good aquifer 
conductivities are observed in the northern

1-9
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portion of the study area and excellent aquifer 
conductivities are prevalent in the southern 
region. Figure 12 illustrates the predicted 
conductivities for CC1. Geologically this 
zone is interpreted to represent a calcareous 
confining sub-zone within the LAZ. In 
contrast to the TCCZ conductivities decrease 
from the northern to southern portions of the 
study area. Predicted values indicate that CC1 
is a very competent confining zone having 
values of 10-4 ft/day or lower. The 
combination of the range of aquifer and 
confining zone conductivities of these four 
hydrostratigraphic intervals control shallow 
groundwater flow and contaminant migration.  

Tritium Contaminant Migration Pathways 

Prior to the detailed conductivity field 
predictions just presented, preliminary 
groundwater modeling flow predictions of 
groundwater flow from the CRSB indicated a 
westerly migration of tritium towards Twin 
Lakes and Fourmile Branch (Figure 13), along 
a path parallel to the VOC contamination from 
CBRP. However, this interpretation 
contradicted depth discrete tritium data from 
CPT. Tritium concentrations above 400 
pCi/ml are shown in Figure 13. These data 
indicate that the tritium plume is moving 
primarily south toward Caster Creek, with 
smaller concentrations discharging to 
Fourmile Branch well south of Twin Lakes.  

Based on initial hydrostratigraphic CPT 
interpretations, the initial groundwater model 
assumed that the LAZ functioned as a 
relatively homogenous aquifer zone, and the 
TCCZ as a competent confining zone. Careful 
re-examination of the CPT data, coupled with 
nearby core data, identified two low 
permeability calcareous intervals in the LAZ.  
Based on the heterogeneity within the LAZ 
and for the purposes of this study, the LAZ 
was subsequently sub-divided into five 
informal hydrostratigraphic intervals.  
Additionally, the TCCZ was recognized as 
becoming extremely sandy in the southern 
region of the study area with the clays very 
thin and discontinuous. Within this

framework, the observed CRSB plume 
movement can be explained by the 
corresponding conductivity variations 
predicted in Figures 10 through 13. In the 
southern portion of the study area, higher 
horizontal conductivities in the TZ and uLAZ, 
coupled with the water table being supported 
by the deeper CC 1 rather than the TCCZ, 
preferentially draw groundwater toward 
Caster Creek.  

Figure 15 illustrates simulated tritium 
migration from CRSB based on the revised 
hydrostratigraphic intervals and conductivity 
variations. In agreement with the CPT depth 
discrete contaminant data the bulk of the 
tritium plume discharges to Caster Creek with 
a low concentration fringe discharging to 
Fourmile Branch.  

CONCLUSIONS 

CPT was successfully utilized in the absence 
of conventional borehole data for geospatial 
and contaminant plume mapping. The 
variations of hydraulic conductivity within the 
hydrostratigraphic zones of the UTRA were 
predicted by coupling CPT data and 
geostatistical methods. Incorporating the 
hydraulic conductivity variations into 
groundwater modeling significantly improved 
flow path predictions. The model conductivity 
field provided a realistic representation of 
aquifer heterogeneity in coastal plain 
sediments. The resulting tritium transport 
simulations compared well with field data.  
The CPT geospatial mapping is a viable 
method for characterization of 
hydrostratigraphy and sediment behavior in 
coastal plain depositional environments.

[-10
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Table 1. Hydraulic conductivity correlation.
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Conductivity category Definition Value (ft/d) 

High 0-15% fines predicted from equation (4) 20 

Medium 15-30% fines predicted from equation (4) 2 

Low >30% fines predicted from equation (4) 0.01 

Extra Low Bq > 0.1 irrespective of predicted %fines 0.0001
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Figure 6. Comparison of the relative amounts of pinking or K-metasomatic alteration of PBF 
Metaplutonic Suite observed in PBF-7. Second and third numbers refer to box # and footage 
(depth from surface). XRF analysis of whole rock powders from this set was used to construct 
the isocon diagram (Fig 8).
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Figure 2. Locations of CPT and borehole data within C-area.



Carolina Geological Society, 2000 Annual Field Trip Guidebook

Figure 3. Lithostratigraphic and hydrostratigraphic nomenclature.
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Figure 4. Composite log illustrating correlation between CPT, core and geophysical 

data.  
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Figure 5. Three-dimensional map of hydrostratigraphic model.  
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Figure 6. Conceptual model of hydrogeology and groundwater flow.  
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Figure 8. Normalized tip resistance (Qtn) and friction ratio (Fsn) CPT data, color-( 
by %fines content (group 1 /blue - 0 to 15%; group 2/green 15 to 30%; group 3 

30 to 50%; group 4 / yellow & black = 50 to 100%).
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Figure 11. Block kriging estimates of K, in model layer #11 (Tan Clay Confining
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Figure 12. Block kriging estimates of Kh in model layer #9 (upper LAZ).  
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Figure 13. Block kriging estimates of K, in model layer #8 (CC1).  
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Figure 14. Plan view of CPT tritium concentration data exceeding 400 pCi/mIl 
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Figure 15. Simulated tritium plume originating from C-Reactor Seepage Basir
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Soil Vapor Extraction Remediation of Trichloroethylene Contamination at 
the Savannah River Site's C-Area Burning Rubble Pit 

Christine Switzer and David Kosson' Department of Civil and Environmental Engineering, Vanderbilt University, 
Box 1831, Station B, Nashville, TN 37235 
Joseph Rossabi, Savannah River Technology Center, Aiken, SC, 29808

ABSTRACT 

Soil vapor extraction (SVE) has become the 
Environmental Protection Agency's (EPA) 
presumptive remedy for cleanup of the vadose 
zone when contaminated with volatile organic 
compounds. Air sparging (AS) has been 
employed to remediate shallow groundwater 
contamination, normally in conjunction with 
SVE. A SVE/AS pilot system was installed at a 
small waste area on the Savannah River Site to 
remediate trichloroethylene (TCE) 
contamination and evaluate the technology for 
application to future projects. The system has 
been operating since October 1999.  
Concentrations of TCE measured in vadose zone 
extraction wells and monitoring points between 
extraction wells have decreased since operation 
began. After periods of shutdown, subsurface 
soil gas concentrations of TCE have rebounded 
to high levels indicating remaining 
contamination, possibly in the form of dispersed 
non-aqueous phase liquid (NAPL) or a mass 
transfer limited phase in the subsurface.  

INTRODUCTION 

In the past ten years, soil vapor extraction (SVE) 
has become the presumptive remedy for the 
remediation of volatile organic compound 
(VOC) contamination in soils and sediments.  
Because of the unique aspects of individual 
waste sites and contaminant configurations, no 
standard approach to SVE design or modeling 
has been adopted, although several guidance 
documents have become available (USEPA, 
1994).  

In typical implementations of SVE, wells are 
screened in the vadose zone according to the 
geology and the contaminant distribution.  
Vacuum is applied to the configuration and the 
contaminant is drawn out of the subsurface and 
either treated or discharged. Treatment methods 
include collection on activated carbon,

collection of the VOC by condensation, and 
thermal oxidation techniques.  

During SVE operation, three phases of mass 
transport have been observed (Hiller and 
Guidermann, 1989; Johnson et al., 1990). At the 
beginning of SVE operation, concentrations 
remain approximately constant as the available 
gas phase contaminant is removed from the 
subsurface pore spaces that are in the directly 
accessible flow path of the vapor extraction 
system. The length of this period depends on the 
type of soil, the vapor flow achieved through the 
subsurface, and the extent of contamination.  
Operation then enters a transition period where 
concentrations decline drastically as the VOC in 
the accessible flow path is depleted. Diffusion of 
VOC from less accessible pores and mass 
transfer from the liquid or aqueous phase to the 
accessible pores limit VOC recovery.  
Eventually, a point is reached where mass 
removal becomes diffusion-limited. In the 
diffusion-limited regime, contaminant mass 
removal rates may decline further, even if total 
mass flow rates are held constant, because VOC 
diffusive flux may have been diluted by 
advective flow from clean areas. When the 
system is shutdown, the accessible pores in the 
flow path had time to re-equilibrate with the less 
accessible sources of contaminant. In this 
regime, the rebound regime, subsurface 
contaminant concentrations in the soil gas 
increase as more contaminant became available 
for removal.  

Remediation by SVE/AS can be greatly affected 
by the presence of non-aqueous phase liquid 
(NAPL) in the subsurface. Modeling approaches 
have varied with respect to inclusion of a NAPL 
component. Some researchers neglected the 
NAPL phase entirely for reasons that included 
the age of the spill and the type of soil in which 
the spill occurred (Ng and Mei, 1996, Kaleris 
and Croise, 1999, Ng, 1999). The presence of 
partially saturated, low permeability material in 
the subsurface increases the likelihood of NAPL,
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as capillary action retains the NAPL in the pore 
space (Massmann et al., 2000). Partially 
saturated conditions also diminish the effective 
diffusivity of the contaminant in the gas phase 
by the cube (approximately) of the gas phase 
saturation (Rossabi, 1999). Smaller effective 
diffusivity limits the volatilization and removal 
of the NAPL.  

SITE BACKGROUND 

The C-Area Burning Rubble Pit (CBRP) at the 
Department of Energy's Savannah River Site 
(SRS) was used for trichloroethylene (TCE) 
disposal during the site's Cold War activities.  
The pit was active from the 1950's to the 
1980's. The amount of TCE disposed in the pit 
is not accurately known because disposal 
records were not kept. The site was selected as a 
pilot site for evaluation of soil vapor extraction 
and air sparging (SVE/AS) technologies.  

Prior to startup of SVE/AS operation, site 
characterization was carried out to aid in system 
design. In January 1999, cone penetrometer 
pushes were carried out at six locations to 
determine subsurface stratigraphy. Thirty-nine 
SVE wells and seventeen AS wells were 
installed in the western portion of the pit in 
February and March (Figure 1). Some wells 
were installed in a clustered configuration of 
three depths per location. Since these three 
depths differed in each cluster, the deepest has 
been designated as the "A" well, the middle 
designated the "B" well and the most shallow 
designated the "C" well. Locations 1 through 12 
and 15 through 17 have a single well installed at 
the equivalent "A" depth. Locations 13, 14 and 
18 through 23 have the clustered configuration.  
The vadose zone wells were not developed 
before operation. The wells are manifolded 
together with underground piping leading to the 
soil vapor extraction and catalytic oxidation 
treatment unit. The unit was designed to operate 
with a vacuum of up to 24 kilopascals at each 
well and a flow capacity of more than 470 cm3/s 
(600 scfm).  

Three well locations (SVE 18, 19 and 22) were 
selected for extensive characterization. All three 
of these locations were clustered configurations.  
In May 1999, twenty-three soil cores were taken 
from locations along the triangle connecting 
SVE 18, 19 and 22. In June, EPA installed

twenty-six concentration and pressure 
monitoring implants along the same triangle 
(Figure 1).  

Operation began at CBRP in October 1999.  
Operation was limited to SVE 18, 19 and 22 at 
the B and C depths. Samples were collected at 
the wells and the implants at regular intervals.  
Operation of additional wells began in 
December.  

In January 2000, the system was shutdown for a 
few days and rebound was observed based on a 
single sampling event. In late January, the 
system was shutdown for two weeks to measure 
the rebound effect with more detail. The system 
was turned on again for a few days in mid
February before it was shutdown for repairs.  
Many of the wells and some of the underground 
pipes in the manifold system had become 
clogged with sediments and required cleaning 
before operation could resume.  

Operation resumed in late April using a subset 
of available wells. The wells that continued 
operating were 12, 13AB, 17, 18AC, 19AC, 
21A, 22AC and 23C.  

RESULTS AND DISCUSSION 

Initially, data were collected daily at all 
operating SVE points. Monitoring transitioned 
gradually to semiweekly, weekly, biweekly and 
then monthly. Between each transition, VOC 
concentration and operating pressure were 
measured at the implants. After each long-term 
shutdown event, the sampling schedule was 
revised to capture the expected system behavior.  

Operational data showed the characteristic 
behavior of a SVE system (Figure 2).  
Concentrations decreased over time and 
eventually reached a point where continued 
operation produced little mass removal. When 
the system was shutdown, concentrations 
rebounded significantly at most locations. Since 
operation began, TCE concentrations have 
decreased at the wells and implants from their 
initial values. The observed high rebound has 
indicated that residual TCE contamination must 
continue to be addressed.
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The highly heterogeneous vadose zone with 
many low permeability layers (Figure 3) 
increased the probability of NAPL in the vadose 
zone, despite the age of the pit. The observed 
high soil gas concentration rebound at wells 18, 
19 and 22 during the two monitored shutdown 
periods also suggested the possibility of NAPL, 
because TCE concentrations rebounded to levels 
at or near those before SVE operation began 
(Figure 2). Concentrations of TCE at the C 
series wells were as high as 5% of the TCE 
saturated partial pressure during the rebound 
events. Pressure and concentration data recorded 
at the EPA implants have helped provide a better 
understanding of contaminant distribution and 
behavior during operation and rebound periods 
(Figure 4). Implant data suggested that, although 
high concentrations have persisted at the wells, 
SVE operation has reduced concentrations of 
TCE in the subsurface at distances away from 
the wells.  

Many of the wells experienced low vapor flow 
or a loss of flow due to clogging by sediments 
and water. The screened zones were selected to 
be in permeable materials (sandy) that were 
adjacent to fine grain units (silt and clay) where 
residual contamination was likely to reside.  
Because of the heterogeneity of the formation, 
however, screened zones often crossed some 
fine grain units as well as the more permeable 
zones. Since the wells were not developed 
before operation began, the initial operating 
period served as a well development cycle, 
producing an accumulation of fines and water in 
the wells. The wells were cleaned by bailing and 
brushing. Limited operation of a subset of the 
wells was conducted so that the remaining wells 
could be cleaned and fitted with filters to limit 
fines traveling through the pipes to the 
extraction unit. The limited operation at the pit 
area, which began in April, isolated several 
problem wells. Flow criteria were defined as 
"good flow" at wells producing 5 cfm or greater, 
"acceptable flow" as wells producing 3 cfm or 
greater and "poor flow" at wells producing less 
than 3 cfm. Wells 18C and 22C had poor flow 
and high concentrations. In contrast, well 19C 
had good flow and a much lower concentration.  
When the system was shutdown again the first 
few days of June, soil gas concentrations of TCE 
at all wells rebounded. Poor flow was observed 
in most of the operating wells in the limited 
configuration (Figure 5).

J-3

After several weeks of operation, the removal 
rate of TCE observed at well 19C was more than 
twice that observed at 18C and four times that 
observed at 22C (Figure 5). Possible 
explanations for the poor flow at 18C and 22C 
included well placement and sediment 
accumulation. Because 18C and 22C were 
screened mostly into the stiff clay layer, residual 
moisture may have decreased the permeability 
of the sand layers above and below, where high 
permeability would normally be expected.  
Advective flow was determined by the relative 
permeability of the sediments, which depended 
on the tortuosity of the subsurface material. This 
parameter also scaled with the cube of the gas 
saturation in subsurface pore space (Rossabi, 
1999). As the relative saturation of water in a 
two fluid phase porous medium increased, the 
advective flow decreased. The remedies to the 
flow problem included removing the 
accumulated sediments from the wells, 
developing the wells, and injecting air in at both 
low and high pressures to create pathways for 
airflow to the wells. These repairs have been 
successful for many but not all of the wells.  
Some of the poorly performing wells may have 
been screened in zones that are inaccessible to 
permeable sediments.  

Early zone of influence testing at CBRP, which 
used the EPA implants to measure pressure 
changes in the subsurface when each well in the 
group of SVE 18, 19 and 22 was operated 
individually, provided interesting insight to the 
flow problems. During pressure testing, a single 
SVE well in that group was operated and 
pressure was recorded at the EPA implants.  
Implant depth varied by location. For most 
locations, there were two implant depths 
installed. For simplicity in discussion, these 
were grouped as "upper" (above 30ft) and 
"lower" (below 30ft). These groupings 
corresponded with location of the stiff clay 
layer, which was present between 25 and 30 ft 
(Figure 3b). Comparison of vacuum at 19C and 
vacuum response at the implants, a well that that 
produced high flow rates, and 22C, a well that 
produced low flow rates, supported well 
placement as a significant contributing factor to 
well performance. Both of these wells were 
included in the "upper" grouping because 
portions of their screens were above 30ft. While 
19C was operating, vacuum diminished in the 
corresponding "upper" implants as distance from

WSRC-MS-2000-00606



Carolina Geological Society, 2000 Annual Field Trip Guidebook

the well increased. Vacuum recorded at the 
"lower" implants was close to or at zero. While 
22C was operating, vacuum at the "upper" 
implants was small, approaching zero while 
vacuum at the "lower" implants was much 
greater, suggesting that 22C was inducing flow 
below the stiff clay layer (in the clayey sand) 
instead of above it (Figure 6).  

This same zone of influence testing at 18C also 
provided insight to the low flow there. When 
18C was operated, a significant vacuum was 
measured at the nearest of the shallow implants 
only. Little to no vacuum was measured at all of 
the other implants, suggesting a small radius of 
influence for 18C (Figure 7).  

CONCLUSIONS 

Soil gas concentrations of TCE in the subsurface 
have decreased significantly at many locations 
since operation of the SVE/AS system began.  
The observed high rebounds in soil gas TCE 
concentration at several locations indicated that 
TCE contamination must continue to be 
addressed. Limited operation at the pit area, 
which began in April, isolated several poorly 
performing wells. Low flow was observed in 
most of the operating wells in the limited 
configuration. Possible explanations for the poor 
flow included well placement and sediment 
accumulation. Some of the wells were placed 
across lower permeability zones. The attempted 
remedies to the poor flow problem have been 
partially successful. Despite these problems, the 
observed decrease in soil gas TCE 
concentrations at the implants indicated 
significant removal of TCE from the subsurface 
by the SVE/AS system.  
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Soil cores were collected 
for extensive characterization 
in the laboratory. (5/99)

EPA installed implants for 
S I'monitoring pressure and 

concentration in all phases 
of operation. (6/99) 

CRESP selected three SVE wells 
within C-BRP to focus characterization 
and modeling efforts.

Figure 1. Diagram of SVE and AS well locations with region of study indicated.
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DNAPL Penetration of Saturated Porous Media Under Conditions of 
Time-Dependent Surface Chemistry 

David M. Tuck, Westinghouse Savannah River Company, Aiken, SC 29808', 
Gary M. Iversen, WSRC, Aiken, SC, 29808 
William A. Pirkle, University of South Carolina, Aiken, SC 29801

ABSTRACT 

Two long-term experiments were run to 
observe the behavior of a DNAPL containing 
a nonvolatile, surface active dye in water
saturated porous media. The DNAPL was 
tetrachloroethylene (PCE), and the dye was 
Sudan IV, the most frequently used dye used 
to stain organic phases in multiphase flow 
visualization studies. The DNAPL penetrated 
the top two millimeters of the porous medium 
in which a PCE-dye solution with 0.508 g/L of 
dye was used. The results provide the first 
qualitative experimental evidence in support 
of a pore-scale model which explicitly 
incorporates the time-dependent surface 
chemistry exhibited in the water-PCE
SudanIV dye system.  

INTRODUCTION 

The presence of dense, non-aqueous phase 
liquids (DNAPLs) in the subsurface is a major 
environmental problem facing the Savannah 
River Site, as well as other commercial and 
industrial sites around the country. It is 
important to understand and attempt to predict 
their behavior during any enhanced 
remediation effort to avoid exacerbating the 
existing problem. Previous research (Pirkle et 
al. 1997a) indicated that entry pressures are 
considerably different for PCE/Sudan IV dye 
solutions than for pure PCE, due to the surface 
active nature of the dye. This is important 
since most sites contaminated with PCE or 
other DNAPLs involve impure solutions 
containing potentially surface active 
substances. The purpose of the current 
research was to experimentally examine the

subsurface behavior of perchloroethylene 
(PCE), which is the major component of the 
SRS M-Area DNAPL, under conditions of 
time-dependent surface chemistry.  

BACKGROUND AND THEORY 

Capillary forces play a major role in 
controlling where and how DNAPLs migrate 
in the subsurface. DNAPL fluid saturation in 
an initially water-saturated porous medium is 
a function of the capillary pressure, i.e., the 
difference between the wetting and non
wetting fluid pressures. This capillary 
pressure-saturation relationship is important 
input data required for modeling multiphase 
fluid flow in porous media.  

In previously reported research (Pirkle et.al., 
1996, 1997a), the Hobson Equation, a 
modification of the Young-Laplace equation 
(HOBSON, 1954, 1975), was changed to 
account for the fact that, under the 
experimental conditions used, there was no 
bouyant force supporting the PCE column 
prior to its entry into the medium. For our 
experimental set-up (Figure 1) the Young
Laplace equation was expressed as:

Pe Lv pog 2 aow cosO (1)

Where Lv is the height of the PCE or SUDAN 
IV dye/PCE solution column prior to 
penetrating the medium (cm), c,, is the 
interfacial tension between SUDAN IV dyed-

1 Current address NAPLogic, Inc. P.O. Box 72, Princeton, NJ 08542-00722; email: dtuck@naplogic.com
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PCE solution and water (dynes/cm), 0 is the 
contact angle between the PCE-water 
interface and a glass surface, r, is the 
"effective" pore throat radius (cm), p,, is the 
density of PCE (g/cm 3), and g is the 
acceleration of gravity (980 cm/ sec2 ).  

SUDAN IV dye dissolved in PCE reduces 
interfacial tension between the PCE and water 
and changes the wetting relationship between 
PCE, water and glass. These changes occur 
relatively slowly in a roughly log-linear 
fashion over time spans of minutes to days 
(Tuck and Rulison 1998). The extent to which 
interfacial tension reduction and wetting 
changes take place depends upon the 
concentration and activity of the dye (Tuck 
and Rulison 1998). In addition to the above 
considerations, the addition of a dye may also 
affect other parameters such as the fluid 
density and viscosity. The effects of the 
SUDAN IV dye are analogous to the surface 
chemistry and physical changes one might 
expect of a weak, oil-soluble surfactant. The 
extent to which Sudan IV dye effects the 
system surface chemistry (contact angle and 
interfacial tension) depends on the 
concentration of the dye (see Figure 2 a and 
b).  

The H-obson equation treats the surface 
chemistry as constant, i.e., as equilibrium 
values. Recent theoretical work (Tuck 
accepted, Tuck 1999, Tuck et al. 1998b) 
suggests that equilibrium values do not 
necessarily yield the best understanding and, 
therefore most accurate modeling of 
multiphase flow in porous media. Surface 
chemical kinetics, i.e., the time-dependent 
nature of surface chemical properties (surface 
or interfacial tension and contact angle), may, 
under certain circumstances, dominate the 
pore-scale processes which govern multiphase 
flow in porous media. The time-dependence 
may be represented as a = o(t) and 0 = 8(t), 
where (T is the interfacial tension, 0 is the 
contact angle, and t is time.

The conditions under which surface chemical 
kinetics (i.e., the time rate of change of the 
surface chemical properties interfacial tension 
and contact angle) become important are when 
the capillary pressure is close to the critical 
capillary pressure required for immiscible 
displacement to occur.  

Tuck (accepted) postulated the age of an 
interface gets re-set each time it becomes 
unstable and advances through the subsequent 
pore-body during a "Haines jump." He 
suggested this results in a time-dependent 
critical capillary pressure for any given pore
throat because the surface chemistry 
controlling the stability of the interface is 
time-dependent. Thus for a given pore-throat 
of radius r, and constant fluid pressure 
difference, Pc, a critical age (tot,1 ) at which an 
interface will become unstable is given when 
the following equation is satisfied

2 o'(t •,,)cosO(t c, ) Pý -0 
rt

(2)

Using this model, he showed that immiscible 
displacement can occur at lower hydrostatic 
fluid pressure differences than those normally 
measured in experimental work. His model 
was designed to approximate a fine sand, and 
the surface chemical kinetics were those for 
the water-glass-PCE-Sudan IV dye system 
with a dye concentration of 0.508 g/L. The 
modeled PCE penetration rate under these 
conditions decreased in log-linear fashion as 
the hydrostatic fluid pressure difference 
decreased. Penetration of the model medium 
continued at hydrostatic fluid pressure 
differences well below the entry pressure 
difference for pure PCE. The model results 
thus predict that Sudan IV-dyed PCE should 
penetrate a water saturated porous media even 
at pressures below the normally defined "entry 
pressure", but the rate of penetration should 
be quite slow.
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The objective of this research was to test the 
conceptual theoretical model developed by 
Tuck (accepted). Under the relatively slow 
surface chemical kinetics associated with the 
Sudan IV dye, PCE should penetrate a water 
saturated medium at hydrostatic fluid pressure 
differences less than measured in previous 
experimental work (Pirkle et al. 1997a), but 
the rate of penetration is expected to be very 
slow.  

EXPERIMENTAL PROCEDURE 

The experimental apparatus is illustrated in 
Figure 1. Two identical experimental set-ups 
with "uniform" diameter glass bead porous 
media were used. The glass beads were 
obtained from Potter Industries Inc. They were 
washed and re-sieved at the University of 
South Carolina Aiken. The beads were dry 
sieved to reduce the amount of material for 
further processing. Dry-sieved beads were 
soaked overnight in ethanol, and then 
thoroughly washed with ethanol to remove 
any hydrocarbon residues. The beads were 
thoroughly rinsed with deionized (DI) water to 
remove the ethanol. Washed beads were then 
wet classified on stainless steel sieves to 
obtain the desired size range (US 170 mesh 
sieve, 106g > db > 904). Finally, the beads 
were permitted to air dry, were homogenized, 
and stored in a dessicator prior to use. The 
experiments were set up with the same, 
narrow-size-range of glass beads used in 
previously reported work (Pirkle et al. 1997a).  
Both fluid reservoirs (water reservoir burette 
and PCE standpipe) were Schellbach burettes, 
which allowed fluid volume changes of 0.01 
mL to be clearly detected. This corresponds to 
approximately 33,000 unit voids (pores) of 
displacement ocurring in the glass bead 
medium assuming orthorhombic packing of 
uniform spheres with a grain diameter midway 
between the sieve limits (Graton and Fraser 
1935).  

A known mass of the glass beads was loaded 
into each apparatus. A vacuum of 21 inches of

mercury was applied. This vacuum was less 
than that which would cause water to boil at 
the prevailing range of laboratory 
temperatures (approximately 22' ± 2 0 C). The 
medium of glass beads was saturated from the 
bottom under the vacuum conditions. Several 
pore volumes of DI/DA water were drained 
downward through the media as a final form 
of packing and stabilization of the media.  
Falling-head permeability measurements were 
then made on each medium (Pirkle et al.  
1997a, 1997b).  

For the current experiments, two solutions 
used in prior research were utilized except 
that they were equilibrated with deionized 
water prior to use. Table 1 contains the dye 
concentration data. These concentrations 
correspond with concentrations Tuck and 
Rulison (1998) used to characterize the 
surface chemical kinetics of the water-glass
PCE-Sudan IV-dye system (see Figure 2).  
Solutions C2 and C4 were chosen for the 
current research and were equilibrated with 
deionized water. Originally the second 
experiment was to be run with pure PCE.  
However it was desirable to have some dye in 
the solution for visualization purposes. The 
surface chemistry illustrated in Figure 2 and 
the entry pressures reported in Table 1 
indicate that the C4 dye concentration solution 
behaves virtually identically as pure PCE. The 
two long-term experiments were designated 
"C2 170F" and "C4 170H".  

The media were flushed with ten pore 
volumes of pre-equilibrated water following 
the permeability determinations for each 
experiment. This water had been pre
equilibrated with the SUDAN IV dye/PCE 
solution. The water reservoir burette was 
adjusted so the water pressure was just 
sufficient to fully saturate the medium. Thus 
the top of the bead media was conveniently 
selected as the reference height for all fluid 
head measurements.  

The levels in the water reservoir burette and 
the media were allowed to equilibrate for 15 
minutes. A Schellbach burette, which had
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been cut off and fused to a glass bulb with an 
O-ring, was used as the standpipe for the PCE 
column. The standpipe assembly was inserted 
to 2mm above the media surface. Finally, a 
column of the PCE-Sudan IV dye solution was 
added to the Schellbach standpipe to a height 
of 9 cm above the top of the water saturated 
glass bead porous media. This height was well 
below the expected entry pressure for PCE 
having the 0.508 g/L dye Sudan IV dye 
concentration.  

In prior work (Pirkle et al. 1997a). the mean 
entry pressure for PCE with this dye 
concentration was 15.45 cm of PCE with a 
standard deviation of 0.66 cm (n=4) (Table 1).  
This translates to an expected capillary entry 
pressure of 24,500 baryes (g/cm-sec 2). The 
95% confidence interval for the entry pressure 
of PCE with this dye concentration in this 
medium was thus 13.35 to 17.55 cm of PCE 
(21,200 to 27,900 baryes). The run times for 
the previous experiments were less than eight 
(8) hours. Thus the surface chemical time
dependence became the primary variable 
governing penetration of the glass bead 
medium in the experiments described here 
since the target fluid pressure difference was 
less than 60% of the expected entry pressure 
and less than 70% of the lower 95% 
confidence limit for entry pressure.  

Evaporation of the fluids was anticipated to be 
significant in these experiments since they 
were to be run for many weeks. Therefore 
separate evaporation studies were conducted 
in order to assess the extent of evaporation.  
Initial evaporation studies were conducted in 
ordinary Schellbach burettes. Later, the 
burettes were cut off and fused at the base to 
eliminate fluid losses through the stop-cocks.  

RESULTS 

Evaporation Studies 

The results of the evaporation rate studies 
were divided into three essentially linear 
evaporation rate groups for both water and 
PCE. The groups correspond to the following

evaporation burette conditions: early, unsealed 
burette; later, unsealed burette; and sealed 
burette. High rates of evaporative loss were 
interpreted to be the combined result of 
evaporation loss upward through the burette 
above the fluid surface and evaporative loss 
through the burette stopcock. The stopcocks 
were tightened in an effort to reduce that 
source of fluid loss. Stopcocks were later cut 
off the Schellback burettes, and the open ends 
were fused shut. Evaporation studies were 
initiated in the sealed burettes when the losses 
were still noted to be high. Thus evaporation 
was only possible upward above the top of the 
fluid surfaces in these sealed burettes, 
allowing an estimate to be made of the 
separate evaporative loss components. The 
loss rate through a stopcock was estimated 
assuming the early, unsealed rate represents a 
sum of stopcock loss plus evaporative loss out 
the top of the burette. The stopcock loss rates 
were estimated to be 0.0057 mL/day for water, 
0.0561 mL/day for C2-PCE, and 0.0348 
mL/day for C4-PCE.  

Experiment C2 170F 

The rates of fluid loss from the water reservoir 
burette in experiment C2 170F were noted to 
be high. Periodic additions of water were 
made to the burette to prevent the water 
pressure from decreasing to the point where 
the capillary entry pressure for the dyed-PCE 
solution would be reached. The water loss was 
essentially linear over the time intervals 
between additions, but the rates of fluid loss 
decreased by an order of magnitude in 
approximately exponential fashion over the 
course of the experiment (Table 3). The 
cumulative fluid volume loss measured in the 
water reservoir burette over the nearly 70 days 
of the experiment was 9.31 mL. The 
cumulative fluid loss measured in the PCE 
standpipe was 0.34 mL.  

The capillary pressure history for experiment 
C2 170F is shown in Figure 3. The capillary 
pressure followed a saw-tooth pattern with 
time since water was periodically added to
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keep the reservoir pressure difference 
relatively constant. It is important to note the 
spike in capillary pressure that occurred due to 
fluid loss from the water reservoir burette over 
the first four days of the experiment. The 
reservoir pressure difference, at its peak, 
exceeded the lower 95% confidence limit of 
the maximum stable pressure difference for 
this medium and this dye concentration.  

Tiny fiber-like structures, presumably 
consisting of water sheathed with a PCE-film 
containing a significant surface excess of the 
dye, were noted emanating from the top of the 
water saturated porous medium on the second 
day of the experiment. PCE was visually 
observed to be entering the top of the medium 
on day four with "fingers" extending to depths 
of up to 1 mm. At the same time, the tiny 
fibrous structures appeared to be continuing to 
"grow" out of the medium. Examination of the 
fibrous structures with a magnifying glass 
revealed an appearance resembling a "string 
of pearls" with small bubbles of water 
connected via the fibers. The PCE fingers 
extended as much as 1.8 to 2 mm below the 
porous medium surface by day five. In 
addition, many of the tiny water balloons had 
begun to agglomerate into larger drops having 
an exterior texture resembling a tight cluster 
of grapes. PCE continued to accumulate in the 
top 2 mm of the porous medium leading to a 
noticeable darkening of that portion of the 
medium by day 30. There was never any 
visual indication that PCE had penetrated to a 
depth greater then the top 2 mm. While water 
was clearly escaping from the top of the 
medium, there was never any significant 
accumulation of water in the PCE standpipe.  

Figures 4 and 5 are photographs showing early 
and ending conditions in experiment C2 170F.  
The photo in Figure 4 was taken 
approximately 1.7 hours after starting to add 
the dyed-PCE solution to the standpipe in 
experiment C2 170F. Figure 5 illustrates the 
penetration of the dye to a maximum depth of 
2mm after 69 days.

The glass beads in the top 2 mm of the column 
were found to be stained red by Sudan IV dye 
upon disassembling the column. Excavation of 
the medium confirmed a) that penetration had 
occurred relatively uniformly over the top of 
the medium, and b) that penetration had not 
occurred to any detectable degree beyond 
approximately 2 mm below the top of the 
medium.  

Experiment C4 170H - Control Experiment 

As in experiment C2 170F, capillary pressure 
followed a saw-tooth pattern with time (Figure 
6). The early rate of fluid loss measured in 
experiment C4 170H was high (0.217 
mL/day), significantly exceeding the 
measured evaporation loss rate. This high rate 
lasted approximately 7 days after which it 
declined to a rate of 0.068 mL/day, 
approximating the loss rate in an unsealed 
burette (i.e., including a stopcock). This 
second rate declined further beginning on day 
18 when it decreased to 0.016 mL/day. The 
spike in fluid reservoir pressure difference 
occurred when a "major" leak occurred in the 
apparatus. This spike (approximately 25,500 
baryes), however, remained well below the 
expected entry pressure for the medium of 
27.71 cm of PCE (44,050 baryes) (see Table 
1) and the lower 95% confidence limit for the 
entry pressure (21.64 cm of PCE or 34,400 
baryes).  

There was no indication of PCE penetration 
into the glass bead medium throughout the 
course of experiment C4 170H (43 days). The 
contact between the water-saturated glass 
beads and the free dyed-PCE phase remained 
visually sharp throughout the course of the 
experiment. Figure 7 is a photo of the PCE
glass bead contact at the start of experiment 
C4 170H (3.5 hours after starting to add the 
dyed-PCE solution to the standpipe), and 
Figure 8 shows the contact at the end of the 
experiment (43 days). Excavation of the glass 
bead medium indicated there was no staining 
of the beads nor any penetration in the interior 
portion of the column away from the glass 
walls.
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DISCUSSION 

PCE Evaporation 

The order of magnitude difference between 
C2 and C4 PCE solution evaporation rates is 
notable. It suggests that minor (<<1%), 
nonvolatile components dissolved in volatile 
solvents can greatly reduce solvent volatility.  
The dye concentration in C2 was about 300 
ppm by weight; in C4 it was about 3 ppm. A 
major implication is that one of the important 
mechanisms for solvent depletion in the 
vadose zone, volatilization, may be 
significantly curtailed by comparable minor 
components in a field DNAPL. The 
concentration of nonvolatile components 
would increase as evaporative remediation 
progresses. This process could place a limit on 
the fraction of solvent contamination in the 
vadose zone that can be recovered by vapor 
extraction. At the least, it could be expected to 
significantly reduce the rate of solvent 
recovery. More detailed study is needed to 
confirm these results.  

Time-Dependent Penetration of a Capillary 
Barrier 

The results of experiment C2 170F are 
interesting, but do not as yet provide solid 
experimental support for the hypothesis that 
the time-dependent chemistry can govern the 
penetration of a porous medium capillary 
barrier. The spike in capillary pressure early 
in the experiment exceeds the lower 95% 
confidence limit for entry pressure for this 
medium and this dyed-PCE solution. It only 
exceeded that limit for less than a day, 
however, and likely for only a matter of hours.  
The correspondence of PCE penetration of the 
medium beginning on day 4 raises questions 
regarding whether the entry pressure for this 
medium, as defined by previous work (Pirkle 
et al. 1997a) was exceeded. On the other hand, 
the slow and limited penetration of the 
medium is consistent with the time-dependent 
pore-scale behavior modeled by Tuck 
(accepted). In addition, Pirkle et al. (1997a)

found that if the entry pressure had been 
exceeded, the PCE penetrated the whole 
length of the medium and even drained into 
the open space below the screen any time an 
experiment was left overnight. The broad, 
relatively uniform penetration over the whole 
upper portion of the medium is also consistent 
with Tuck's modeling results for capillary 
pressures significantly below the entry 
pressure for pure PCE (i.e., zero dye content).  
An experimental apparatus specifically 
designed for maintaining constant capillary 
pressure during longer-term experiments is 
needed to provide a better test of Tuck's model 
of pore-scale behavior incorporating time
dependent surface chemistry.  

There is additional anecdotal evidence 
supporting the role of the time-dependent 
surface chemistry in the behavior observed in 
the experiment, including the fiber-like 
structures emanating from the medium and the 
staining of the glass beads. Formation of the 
fiber structures was not observed until day 
two; at least 10 hours passed before they were 
observed. The best explanation for these 
structures is that partitioning of the dye into 
the water-PCE interface lowers interfacial 
tension sufficiently to allow tubes of water to 
form which rise due to the unstable density 
configuration. Adsorption of the dye onto the 
glass bead surfaces was indicated by the fact 
of their having become stained. Dye 
adsorption explains the change in PCE-glass
water contact angles observed by Tuck and 
Rulison (1998) and illustrated in Figure 2.  

Incorporating the role of time-dependent 
surface chemistry into our understanding of 
multiphase flow in porous media is important, 
presuming it is a real phenomenon and 
behaves comparably to the pore-scale model 
developed by Tuck. In the case of NAPL 
contamination, any separate phase penetration 
of finer-grained layers will be significantly 
harder to remediate. Relatively little 
penetration, such as observed in experiment 
C2 170F, can result in a significant amount of 
NAPL penetration into finer layers. DNAPL 
contamination at the Savannah River Site
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A/M-Area has been found to be distributed in 
multiple, relatively thin zones in the M-Area 
aquifer (Tuck et al. 1998a). The magnitude of 
this issue can be estimated by making a few 
simple assumptions. A total bulk volume of 
40,000 L of DNAPL-containing, finer-grained 
layers results if we assume ten such zones 
each of 1000 mr in area and bounded above 
and below by finer-grained layers each of 
which has been penetrated to a depth of 2 mm 
by DNAPL. The total pore space available to 
contain fluids is 1,520 L assuming an average 
porosity of 0.38 (Eddy-Dilek, et al. 1994). If 
we further assume a range of DNAPL 
saturation between 0.10 and 0.50, the total 
volume of DNAPL caught in those bounding 
zones due to the time-dependent penetration 
would be 150 to 760 L. This volume of 
DNAPL would be expected to be more 
difficult to remediate.  

Another important issue arises from how we 
model and understand DNAPL flow and 
distribution following its initial release into 
the subsurface. The result of time-dependent 
surface chemistry during flow of a NAPL is to 
increase the effective interfacial tension 
governing that flow (Tuck et al. 1998b). The 
result is that the faster a NAPL-front is 
advancing, the higher will be the average 
interfacial tension governing the capillary 
forces acting to resist the NAPL movement.  
This arises from the lower average time that 
NAPL-water interfaces spend in pore-throats.  
The influence of average interface age on the 
effective interfacial tension can be seen in 
Figure 2b. The net result in terms of modeling 
multiphase flow is that there will be an 
additional iteration loop required since 
interfacial tension plays an important role in 
the capillary pressure-saturation relationship, 
which in turn will effect the average rate of 
advance of NAPL-water interfaces through the 
medium.  

Further research is needed to confirm or 
negate the validity of incorporating time
dependent surface chemistry in pore-scale 
models of multiphase flow as developed by 
Tuck (accepted) given its potential importance

for better understanding of NAPL behavior in 
porous media. Additional research should 
include experimental testing under more 
closely maintained capillary pressure 
conditions and the development of a more 
comprehensive pore-scale model. The means 
for scaling-up the time-dependent pore-scale 
behavior into continuum scale models is also 
an important area requiring research and 
development.  
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Table 1. Sudan IV dye concentrations in PCE used in this and previous research and resulting entry 
pressures for dyed PCE in glass-bead media of the same type used here (Tuck and Rulison year, Pirkle, 
et a]. 1997a).  

Entry Pressures from Prior Research in glass-bead media 

Solution Sudan IV dye Number of Mean Entry Pressure Standard Deviation Mean Entry 
Pressure 
Label Conc. (g/L) Experiments (cm of PCE) (cm of PCE) (baryes, g/cm-sec 2) 

CO 0.00000 12 27.14 2.48 43,150 

C4 0.00508 7 27.71 2.48 44,050 

C2 0.508 4 15.45 0.66 24,560 

Table 2. Rates of evaporative loss for the different fluids. The difference between sealed burette and 
unsealed burette loss rates provides an estimate of evaporative loss through a stopcock.  

Water C2 PCE C4 PCE 

Early, Unsealed Burette 
rate (mL/day) 0.0121 0.0598 
r2 0.9215 0.9925 
n 17 36 

Later, Unsealed Burette 
rate (mL/day) 0.0086 0.0554 0.0676 
r2 0.9919 0.9929 0.9818 

n 29 14 30 
Sealed Burette 

rate (mL/day) 0.0064 0.0037 0.0328 
r2 0.9933 0.9846 0.9939 

n 40 33 32

Table 3. Fluid loss rates from the water reservoir burette in experiment C2 170F

Time Interval 
Midpiont (days)

Loss Rate 
(mL/day) RA2

Number of Average 
Data Points, n Temperature (C)

1.97 0.6114 0.9931 25 23.16 
4.41 0.8739 0.9951 5 22.93 
5.91 0.3753 0.9985 7 23.44 
8.43 0.2748 0.9854 7 23.17 

11.40 0.1947 0.9994 6 22.72 
14.58 0.1777 0.9881 5 22.20 
21.66 0.1112 0.9933 14 22.84 

35.58 0.0693 0.9966 18 22.73 
51.23 0.0516 0.9946 17 22.46 
64.27 0.0460 0.9842 11 22.60
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Figure 1. Experimental set-up used for PCE entry pressure in the water-glass-PCE-Sudan IV dye s
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Figure 2. Time-dependence of interfacial tension and contact angle in the water-glass-PCE-Sudan I 
system.
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Capillary Pressure- Exp. C2 170F
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Figure 3. Capillary pressure history for experiment C2-170F. Sudan IV dye concentration in PCE was 
0.5 g/L.
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Figure 4. Beginning of experiment C2 170F. Photo was taken approximately 1.7 hours (0.069 days) after 

the first addition of PCE to the PCE-Standpipe.
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Figure 5. End of experiment C2 170F. Photo was taken on the 6 9th day from the start of the experiment.  
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Fluid Reservoir Pressure Difference, Pc - Exp. C4 170H
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Figure 6. Capillary pressure history for experiment C4 170H. Sudan IV dye concentration was 0.005 g/L, 
too low to significantly change the entry pressure for PCE.
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Figure 7. Beginning of experiment C4 170H. Photo was taken approximately 3.5 hours (0.15 days) after 

the first addition of PCE to the PCE-Standpipe.
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Figure 8. End of experiment C4 170H. Photo was taken on the 4 3rd day from the start of the experiment.
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Subsurface Correlation Of Cenozoic Strata In The Updip Coastal Plain, 
Savannah River Site (SRS), South Carolina 

R. K. Aadland, Westinghouse Savannah River Co. Aiken, S.C. 29808 
P. A. Thayer, University of North Carolina at Wilmington, Wilmington N.C. 28403-3297

ABSTRACT 

Difficulties with correlation and the paleo
geographic reconstruction of fluvial and 
marginal-marine terrigenous strata near the 
Fall Line result from: 1) lithologic similarity 
throughout the section, typically coarse, 
poorly sorted unconsolidated sand and mud; 2) 
few marker beds; 3) paucity of age-diagnostic 
fossils due to original depositional environ
ment and post-depositional leaching; 4) facies 
changes; 5) hard to recognize unconformities; 
and 6) structural complexity. Down-hole 
geophysical logs and core descriptions from 
245 soil borings and monitoring wells were 
used to delineate the stratigraphy and structure 
of the Cenozoic section in the 15 square mile 
A/M Area at SRS. The density of subsurface 
data made possible the detailed correlation of 
stratigraphic units and the understanding of 
facies relationships. In addition, the impor
tance of faulting, which has largely gone 
unrecognized in previous studies in the 
Atlantic Coastal Plain, has been demonstrated.  
The juxtaposition of differing lithologies in 
coastal plain strata has commonly been 
interpreted to result from facies change. This 
study however, indicates that fault displace
ment of stratigraphic units often accounts for 
the perceived "facies changes." In order to 
develop correct depositional models incorpo
rating the relative contribution of eustacy, 
sediment supply and tectonics, the density of 
subsurface data must be sufficient to distin
guish stratigraphic variations resulting from 
sedimentological factors versus post
depositional structural events.  

'Information developed under Contract DE-AC09

89SR19015 with the U.S. Dept. of Energy 

INTRODUCTION 

The Savannah River Site (SRS) is a 300-

square-mile facility located near the Fall Line 
in the Upper Atlantic Coastal Plain of South 
Carolina (Figure 1). The A/M Area, which 
covers approximately 15 square miles, is 
situated in the northwestern part of the Site 
(Figure 1). The sedimentary section underly
ing A/M Area is 700 to 800 feet thick and 
consists of coarse to fine, often gravely sands 
and interbedded clays of Late Cretaceous to 
Holocene age.  

The purpose of this study is to describe and 
evaluate the stratigraphy and structure of 
unconsolidated coastal plain strata in the A/M 
Area. The study will aid in delineating 
hydraulic characteristics of the sediments for 
modeling groundwater movement and con
taminant transport.  

METHODS 

Detailed analysis of down-hole geophysical 
data and core from more than 245 monitoring 
wells and soil borings were utilized in the 
study. Down-hole geophysical logs, including 
gamma ray, gamma ray density, neutron 
density, resistivity surveys, and detailed 
descriptions of drill core were used to deline
ate lithologic types and facies relationships.  

Eight cross-sections were prepared and used to 
correlate lithologic units. Structure contour 
and isopachous maps were constructed to 
show the overall geometry, thickness, and 
continuity of the stratigraphic units in the 
study area.  

STRATIGRAPHY 

The SRS is underlain by Paleozoic igneous 
and metamorphic rocks, Mesozoic terrigenous 
clastics of the Dunbarton rift basin (Marine 
and Siple, 1974), and Late Cretaceous and 
Tertiary sediments of the Atlantic Coastal 
Plain.
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Paleozoic basement and Triassic/Jurassic (?) 
sedimentary rocks of the Dunbarton Basin 
have been beveled by erosion and are uncon
formably overlain by unconsolidated to poorly 
consolidated Late Cretaceous and Tertiary 
coastal plain sediments (Cooke, 1936; Siple, 
1967; Colquhoun and Johnson, 1968;).  
Coastal plain strata form a mostly clastic 
wedge that thickens and dips to the southeast 
(Colquhoun and Johnson, 1968). The sedi
mentary wedge is about 700 feet thick in the 
A/M Area, and accumulated in environments 
ranging from fluvial to shallow marine shelf.  
Fluctuating conditions of deposition account 
for the complex variations in sediment 
lithology throughout the study area.  

Paleontological data is sparse in coastal plain 
strata of A/M Area. Further south, in the 
southern and central parts of SRS, coastal 
plain sediments were deposited in lower delta 
plain and shallow marine environments. It is 
here that age-diagnostic fossils are more 
plentiful; hence, age and stratigraphic relation
ships can be resolved with greater certainty.  
The stratigraphy of coastal plain sediments in 
A/M Area was determined by correlation to 
type wells located less than 10 miles to the 
southeast, which were established by Fallaw 
and Price (1995).  

Cretaceous Strata 

In A/M Area Upper Cretaceous strata overlie 
Paleozoic basement. The Upper Cretaceous 
sequence includes the basal Cape Fear 
Formation and overlying Lumbee Group. The 
Lumbee Group includes from the base upward 
(Faye and Prowell, 1982), Middendorf, Black 
Creek, and the Steel Creek Formations (Figure 
2). The Cretaceous sequence is about 400 feet 
thick in A/M Area, and consists of quartz 
sand, pebbly sand and sandy clay, which 
accumulated in lower to upper delta plain 
environments.  

Tertiary Strata 

Tertiary sediments are approximately 300 feet 
thick in A/M Area and range from Paleocene 
to Miocene/Oligocene (?) in age (Figure 2).

They are interpreted to have been deposited in 
fluvial, marginal marine, and shallow marine 
shelf environments. Tertiary strata consist of 
moderately to very poorly sorted quartz sand 
and pebbly quartz sand with varying amounts 
of mud matrix. Interbedded mud units consist 
mainly of quartz silt and kaolinitic clay and 
are commonly sandy.  

Four regionally significant unconformities are 
recognized within the Tertiary section of A/M 
Area. From the base upward, they include the 
Cretaceous-Tertiary unconformity, Lang 
Syne/Sawdust Landing unconformity, Santee 
unconformity, and "Upland" unconformity 
(Figures 2, 3 and 4). Four sequence strati
graphic units, here labeled Sequence I, II, III 
and IV, which are bounded by the unconfor
mities, are delineated (Figure 2). Work is 
currently underway to place these sequences 
into a global sequence stratigraphic frame
work.  

STRUCTURE 

Post Sequence I Faulting 

Figure 4 is a cross-section showing faulting in 
A/M Area and Figures 5, 6 and 7 illustrate 
fault distribution in plan view. The oldest 
post-Sequence I oblique-slip reverse faults are 
labeled alphabetically, and the youngest post
Sequence II and IlI/IV series of normal faults 
are labeled numerically.  

Several episodes of oblique-slip reverse 
faulting or renewed faulting occurred in A/M 
Area following the Triassic/Jurassic rifting 
event. The first episode began at the close of 
Cape Fear time and continued intermittently 
through Paleocene time (Aadland, 1997). The 
final episode of oblique-slip reverse offset 
involved the upper Paleocene Lang Syne 
Formation, and was followed by erosion and 
truncation of the unit at the Lang 
Syne/Sawdust Landing unconformity. The 
unconformity is the defining event in A/M 
Area, as it is regionally, separating Paleocene 
Sequence I strata and associated tectonic 
events from Sequence II and younger 
strata/tectonic events.
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The pre-Sequence II oblique-slip reverse faults 
(Figures 4, 5 and 6) form a series of closely
spaced (< 2000 ft), high-angle reverse faults, 
any one of which can be traced for approxi
mately 1 to 4 miles. The faults overlap 
resulting in a fault zone where several sub
parallel faults are noted. The faults form a 
series of horsts and grabens, some of which 
truncate at fault intersections. The strike of 
individual fault segments varies from N 170 E 
to N 420 E, averaging about N 300 E. Apparent 
vertical offset on the faults varies from 15 to 
60 feet (Figures 3, 4, 5 and 6), with throws of 
30 to 40 feet most common in the Cretaceous
Paleocene section.  

Post Sequence II and III/IV Faulting 

Faulting that offsets post-Sequence II and 
III/IV strata form an en echelon series of 
normal faults that strike from N 21 0 W to N 60 
E, averaging N 110 W (Figures 6 and 7). The 
en echelon normal faults strike at an acute 
angle (about 410) to the average orientation of 
the oblique-slip reverse faulting that offsets 
the underlying late Cretaceous-Paleocene 
sediments of Sequence I (Figure 6). The 
apparent throw on the normal faults usually 
varies from 10 to 20 feet (Figure 4).  

DISCUSSION 

Active tension in a direction perpendicular to 
the strike of faults in the post-Sequence 11 and 
III/IV section would account for the observed 
normal faulting. However, regional tension 
acting in this direction cannot account for the 
en echelon fault pattern. Left-lateral shear 
along one of the pre-existing post-Sequence I 
oblique-slip reverse faults beneath the passive 
Sequence II and III/IV strata (Figure 8), where 
the northwestern block moves to the southwest 
relative to a southeastern block, could account 
for the en echelon pattern of normal faults 
observed in the Sequence II and III/IV section.  
Alternately, a couple (Figure 9), caused by a 
northerly block moving towards the southwest 
relative to a southerly block moving towards 
the northeast, with a block wedged between 
the two moving blocks, could produce the type 
of en echelon normal faults observed in the

overlying Sequence II and III/IV passive 
sediments.  

SUMMARY AND CONCLUSIONS 

1. The density of subsurface data has made 
possible the detailed correlation of strati
graphic units and understanding of facies 
relationships in the A/M Area.  

2. The importance of faulting, which has gone 
largely unrecognized in Atlantic Coastal Plain 
studies, is demonstrated.  

3. The juxtaposition of differing lithologies in 
coastal plain strata has commonly been 
interpreted to be the result of facies change.  
This study however, indicates that fault 
displacement of stratigraphic units often 
accounts for the perceived "facies changes." 

4. The relative contribution of tectonics, 
versus eustacy and sediment supply, to the 
depositional model developed in the updip 
coastal plain setting of A/M Area is critical to 
remediation efforts of contaminants in 
subsurface aquifers. The density of subsurface 
data must be sufficient to distinguish strati
graphic variations resulting from sedimen
tological factors versus post-depositional 
structural events in determining the hydraulic 
characteristics of sediments for modeling 
groundwater movement and contaminant 
transport.  
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Figure 1. Location of the Savannah River Site and the A/M Area.  
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Figure 2. Stratigraphic units in A/M area at Well MSB-69. The locat 
MSB-69 is shown in Figure 5.  
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Figure 3. Stratigraphic Units in Wells MCB-CH2 and MCB-CH3. Missing Section in Botl 
Wells is due to Greater Erosional Truncation on the Upthrown Fault Blocks.
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Figure 5. Middle Eocene time "C" Sand structure map. Note location of wells Rt 
MCB-CH2 and MCB-CH3 (see Figs. 2 and 3). "C" Sand mapped from the 
Syne/Sawdust Landing unconformity surface datum. The unconformity surfac 
arbitrarily assigned an elevation of 200 feet from which the "C" Sand surface was rr 
The offset noted on faults A through L predate Congaree/Fourmile deposition.  
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Figure 6. "C" Sand horizon structure map. Stratigraphic position of "C" Sand sli 
Figures 2 and 3. "C" Sand horizon mapped from mean sea level. Contours in feet 
mean sea level.
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Figure 7. Top of Warley Hill structure Map Contours in feet above mean sea Ic
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Figure 8. En echelon pattern of normal faults in the sediments formed abovi 
ment fault reactivated in a pure strike-slip mode. (Modified from Billings, 197: 
and Kranz, 1991).
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Figure 9. En echelon pattern of normal faults in the sediments formed above 
ment fault couple reactivated in a pure strike-slip mode, where a northerly bl 
toward the west relative to a southerly block, resulting in the en echelon norma 
the passive sediments of the intervening block. (Modified from Billings, 1972 
and Krantz, 1991).  
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