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ABSTRACT

A high-resolution geologic model of the General Separations Area

supporting groundwater cleanup at the Savannah River Site (SRS)

was developed using geostatistical approaches adapted from the

petroleum industry. Depositional facies in each formation were

identified from core descriptions and modeled using sequential in-

dicator simulation. Petrophysical properties in each facies were then

modeled as distinct fields using sequential Gaussian simulation. A

complete property distribution was assembled as a montage of the

three-dimensional fields simulated independently in each facies. Petro-

physical property realizations thus reflect the spatial distribution

of and sharp boundaries between facies. Application of sequence-

stratigraphic principles was difficult because of the small scale of the

study site, unconsolidated nature of sediments, and proximity to the

Fall Line. Nevertheless, multidimensional variogram mapping was

effective at identifying the underlying spatial structures in the field

data needed to reproduce major preserved features of the ancient

coastline in model surfaces and facies and property fields. Prelim-

inary assessment of permeability fields derived from the geologic

model using connectivity and streamline and tracer simulation sug-

gests that the methods were successful in identifying preferential

pathways for contaminant migration from the SRS F-area seepage

basins. However, further analysis using a numerical solute transport

model with rigorous boundary conditions is needed for confirmation.
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INTRODUCTION

Geostatistics provides numerous spatial analytical tools to interpo-

late or simulate variables at unsampled locations. These method-

ologies developed over the past 40 yr (Krige, 1951, 1966; Matheron,

1963, 1970, 1978; Isaaks and Srivastava, 1989), represent a vast

improvement over traditional interpolation techniques that are

limited in their ability to capture spatial continuity (Hohn, 1988;

Yarus and Chambers, 1994). Geostatistical approaches have be-

come routine practice in petroleum reservoir flow simulation but

are still relatively uncommon in groundwater flow and contaminant

transport simulations supporting environmental cleanup. From a

business perspective, a contributing factor has been the relatively

high cost of geostatistical software and expert analysts required to

effectively apply geostatistics. The budget associated with a typical

oil field can support such cost, whereas the average environmental

cleanup site has a much smaller budget. Nevertheless, use of geo-

statistics in environmental remediation projects is increasing as the

benefits of geostatistical modeling become more apparent and

appropriate software less expensive.

In the present study, we adapt geostatistical technologies ap-

plied to the petroleum industry to environmental remediation needs

in the General Separations Area (GSA) at the Savannah River Site

(SRS). The GSA contains more than 35 active and closed ground-

water contamination sites. Thus, the significance of the GSA jus-

tifies comprehensive reanalysis of the area from a geostatistical

perspective. The study focuses on developing a realistic, fine-scale,

three-dimensional, geologic model as a prerequisite to future ground-

water flow and contaminant transport analyses.

In environmental applications, geostatistical kriging and condi-

tional simulation are commonly performed directly on petrophysi-

cal properties with only cursory attention paid to the depositional

facies associated with such properties. Such an approach ignores

most of the geological content of the data because the model is based

only on physical rock properties. For example, hydraulic conduc-

tivity estimates from well tests or sediment samples in an aquifer

are commonly directly interpolated onto a numerical grid to create

the conductivity field for a groundwater model. This approach

largely ignores the spatial relationships among depositional facies

in a heterogeneous aquifer that can be critical to understanding

groundwater flow paths (e.g., a barrier island sand has a different

spatial distribution when compared to a fluvial sand). Preferential

pathways driving contaminant migration may be associated with a

particular facies and defined by abrupt changes in permeability

associated with facies boundaries. Therefore, capturing the struc-

ture reflected by the facies distribution is important in petrophys-

ical property modeling. Furthermore, research has shown that

permeability data from different facies comprise distinct statistical

populations (Yarus et al., 2002). Thus, mixing petrophysical prop-

erty data from different facies should be avoided in geostatistical

modeling.
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A key feature of the geostatistical approach em-

ployed in the present study is to first identify and

spatially model the various depositional facies pres-

ent in each aquifer zone. Petrophysical properties,

such as mud content and permeability, are then mod-

eled as distinct populations in each facies. The com-

plete property field is assembled as a montage of the

three-dimensional fields simulated independently in

each facies, which occupies only a fraction of the total

volume.

A challenge of the study was overcoming differ-

ences in the scale and types of characterization data

available from an oil field vs. an environmental reme-

diation site. Reservoir characterization and flow simu-

lation are typically conducted at the basin scale: distances

of 100 km2 (39 mi) laterally, and depths to 3000 m

(9800 ft). The extent of the General Separations Area

is much smaller at 15 km2 (6 mi2) laterally and a depth

of interest of less than 60 m (200 ft), uncompacted,

below land surface. The difference in scale can make

incorporating sequence-stratigraphic principles into

the geologic model difficult because stratigraphic fea-

tures that are typically described are larger than or

similar in size to the GSA itself. The unconsolidated

nature of much of the sediments underlying the SRS

also makes modeling difficult because local correlative

sedimentary structures and soil surfaces are poorly pre-

served. In addition, the position of the site relative to

the Fall Line, i.e., the updip portion of the coastal plain,

creates further challenges in geologic interpretations

because of the significant role erosion can play in pre-

serving the geologic record.

STUDY AREA

The SRS is an 800-km2 (310-mi2) U.S. Department of

Energy reservation in southwestern South Carolina

(Figure 1). Five nuclear reactors were constructed in

the 1950s to produce nuclear materials for national

defense, primarily tritium, and plutonium-239. Support-

ing facilities included two chemical separations plants,

a heavy-water extraction plant, a nuclear fuel and tar-

get fabrication facility, a tritium extraction facility, and

Figure 1. Generalized regional geologic cross section and physiographic location of the study area.
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waste management facilities. Today, the SRS is pri-

marily engaged in the processing of legacy nuclear

wastes, environmental cleanup, nonproliferation ac-

tivities, and tritium recycling. The study area encom-

passes the General Separations Area in the center of

the SRS (Figure 2).

The SRS lies in 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. A representative geologic cross

section through the study area is shown in Figure 1.

Groundwater contamination is located primarily in

the unconfined Upper Three Runs aquifer extending

to the top of the Warley Hill Formation.

GEOLOGY

Characterization data in the form of well logs and

cone penetration testing (CPT) data (cf. Lunne et al.,

1997) are available at approximately 115 locations

in the GSA (Figure 2). Geologic interpretations used

in this investigation are based on numerous studies of

coastal-plain sediments in the region (Pooser, 1965;

Siple, 1967; Colquhoun and Johnson, 1968; Huddle-

stun and Hetrick, 1979; Colquhoun et al., 1982, 1983;

Nystrom and Willoughby, 1982; Huddlestun, 1988;

Dennehy et al., 1989; Logan and Euler, 1989; Nystrom

et al., 1989, 1991; Harris et al., 1990, 1993; Robert-

son, 1990; Fallaw and Price, 1992, 1995; Robertson

and Thayer, 1992). Figure 3 summarizes the lithostrat-

igraphic units and depositional environment interpre-

tations for the sediments beneath the GSA. Additional

description for each formation is provided below.

Black Mingo Group (Lang Syne [Ellenton] Formation)

The Lang Syne (Ellenton) Formation consists of dark

gray and black lignitic clay with interbedded, poorly to

moderately sorted, micaceous and lignitic muddy quartz

sand, and pebbly sand. The clay is fissile with laminae

of micaceous silt and fine sand (Fallaw and Price,

1995). The gray and black lignitic fissile clay is inter-

preted as lagoonal or bay deposits, whereas the mica-

ceous, lignitic muddy quartz sand and pebbly sand in

the vicinity of the GSA is interpreted to have been de-

posited in an upper delta-plain environment (Figure 3).

For this study, no depositional facies modeling was

performed on this lithologic unit; however, it is the

bottom unconformable surface used in the model.

Figure 2. Location of the GSA
study area and characterization
data.
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Orangeburg Group (Congaree, Warley Hill,
and Santee Formations)

At the SRS, the Congaree Formation consists of yel-

low, orange, tan, gray, and greenish gray, iron-stained,

moderately to poorly sorted, medium- to fine-grained

sand, with discontinuous lenses of montmorillonite-

rich clay (Colquhoun and Johnson, 1968). Layers rich

in pebbles, clay clasts, calcareous sand, and glauconite

are present but sporadic in their position in the for-

mation. The base of the formation is unconformable.

The Congaree and other deposits of lower middle

Eocene age become increasingly calcareous between

the SRS and the Atlantic Coast, where they are pri-

marily limestone (Colquhoun et al., 1983; Harris et al.,

1990, 1993). The updip portion of the Congaree in

the study area represents lower shoreface and inner

bay and lagoonal deposits.

The Warley Hill Formation unconformably over-

lies the Congaree Formation and consists of approx-

imately 15 ft (5 m) of poorly to well-sorted quartz

sand, commonly glauconitic, clay, sandy clay, and clayey

sand (Fallaw and Price, 1995). Northwest of the study

area, the Warley Hill is missing or very thin. The li-

thology of the Warley Hill Formation indicates dep-

osition in a shallow to deep-water clastic shelf envi-

ronment, generally deeper water than the underlying

Congaree Formation (Pooser, 1965). Fallaw and Price

(1995) note that the presence of glauconite and the

dinoflagellate assemblage are indicative of shallow-

marine conditions. The muddier sand in the Warley

Hill indicates quieter water than that in which the

Congaree was deposited (Fallaw and Price, 1995). For

this study, the Warley Hill Formation was interpreted

as the maximum flooding surface (MFS) in the study

area.

Figure 3. Lithostratigraphic
units and associated deposi-
tional environments beneath
the study area.
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The Santee Formation consists of moderately

sorted, yellow, and tan sand, calcareous sand and clay,

and terrigenous clay. The carbonate lithology of the

Santee Formation includes tan to white calcilutite,

calcarenite, shelly limestone, and calcareous sand and

clay. Limestone is much more abundant in downdip

areas, sporadic and podlike in the middle of the study

area, and missing in updip areas northwest of the

GSA. Within the study area, the Santee represents

low- to high-energy, marine, middle-shelf depositional

environments.

Barnwell Group (Clinchfield, Dry Branch,
Tobacco Road Formations)

The Clinchfield Formation, the lowermost formation

of the Barnwell Group, consists of medium-grained,

well-sorted, poorly consolidated, and massively bed-

ded quartz sand (Huddlestun and Hetrick, 1979). At

the SRS, this unit has only been identified where

carbonate strata of the Griffins Landing Member of

the Dry Branch Formation and the Santee Formation

are present, with sand of the Clinchfield between

them. Within the GSA study area, this unit is inter-

preted to represent barrier beach-type deposits.

Huddlestun and Hetrick, 1979 divided the Dry

Branch into three lithofacies: the Twiggs Clay, a ma-

rine, montmorillonite-rich clay; the Irwinton Sand, a

distinctly bedded sand and clay; and the Griffins Land-

ing Member, a massive calcareous and fossiliferous

sand. The Griffins Landing contains the large oyster,

Crassostrea gigantissima, and at updip (northwestern)

locations, the clay matrix appears very similar to the

Twiggs Clay and is probably correlative with this unit.

The presence of Crassostrea-bearing beds indicates

bay or lagoonal environments for the Griffins Landing

Member. Sand of the Irwinton is interpreted to be

inner neritic and barrier island deposits and the Twiggs

Clay as lagoonal or possible bay deposits (Fallaw and

Price, 1995).

The Tobacco Road Sand, the uppermost unit of

the Barnwell Group, varies from fine-grained and well-

sorted to poorly sorted sediment with pebbles. Varia-

tions in clay, chert, mica, carbonate, and heavy-mineral

content exist locally (Huddlestun and Hetrick, 1979).

Massive bedding and bioturbated strata characterize

the formation (Logan and Euler, 1989). Abundant

Ophiomorpha and clay laminae in the Tobacco Road

Formation indicate deposition in a low-energy, transi-

tional marine environment, such as a tidal flat (Fallaw

and Price, 1995).

Upland Unit

The term upland unit has been widely used in the

coastal plain of South Carolina for the poorly sorted,

silty, clayey, and pebbly sand present at higher eleva-

tions in the study area. At the SRS, the upland unit has

been called the Hawthorn Formation (Siple, 1967) and

the Altamaha Formation (Huddlestun, 1988; Fallaw

and Price, 1995). As the age of the unit is still con-

troversial, this study used the informal name upland

unit. The upland unit is considered by many to be a

distinct unit separated from the underlying parts of

the section by a significant unconformity (Nystrom

and Willoughby, 1982; Nystrom et al., 1989). Within

the study area, the upland unit is interpreted to rep-

resent fluvial and flood-plain deposits.

METHODS AND RESULTS

The workflow chosen for using geostatistical techniques

in the current environmental project is comprised of

the following major elements:

1. Horizons construction: define stratigraphic boundaries

separating major geologic units using two-dimensional

variograms and kriging

2. Stratigraphic grid construction: build three-dimen-

sional grids occupying the space between horizons in

a manner consistent with depositional environments

3. Depositional facies modeling: using depositional fa-

cies data from boreholes simulate the distribution

of depositional facies over the three-dimensional strat-

igraphic grids for each formation

4. Petrophysical property modeling: using petrophys-

ical property data defined from boreholes and CPT,

simulate the three-dimensional distribution of the

petrophysical property based on a chosen deposi-

tional facies distribution.

As mentioned earlier, step 3 is a key component

of the present workflow and commonly omitted in

petrophysical property modeling of aquifers. Depo-

sitional facies modeling ensures that the subsequent

petrophysical property field will reflect sharp bound-

aries between facies where they exist and spatial con-

tinuity present in individual facies, which may define

preferential pathways for contaminant transport. In

describing each step below, emphasis is placed on those

aspects that differ from typical workflows employed

in the petroleum industry.
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Surface Modeling

Structural modeling is a key to achieving geomodel

quality and reliability in most oil reservoir studies. In

addition to defining the large-scale geometry of the

model, structural surfaces also impact the interwell

distribution of petrophysical properties through the

stratigraphic grid, which typically conforms to the for-

mer in some manner. Developing a sound structural

model is difficult because geological surfaces are the

result of complex deposition and erosion processes,

and limited data (e.g., well picks) are available espe-

cially in environmental applications where seismic data

are not obtained routinely. The different multidimen-

sional geometrical features of a horizon, which can be

observed in analogs with a greater extent, are related

spatially. For instance, levee deposits are proximal to

channel deposits, both having parallel geometries, but

different petrophysical properties. Further, sequence-

stratigraphic relationships are predictable and, thus,

a preferred method for incorporating the commonly

limited geologic information available into the surface

models to the greatest extent.

Unfortunately, the relatively small scale of the

GSA study area (15 km2; 6 mi2), the unconsolidated na-

ture of the underlying sediments, and proximity to the

Fall Line, make incorporating sequence-stratigraphic

principles into the surface model difficult compared

to studies of petroleum basins, as noted earlier. How-

ever, the shallow depth of the deposits and lack of

compaction or tectonic deformation make the preser-

vation of the original geomorphology and, thus, re-

lated facies geometries more likely.

Stratigraphic horizons were identified at approx-

imately 115 locations in the GSA based on available

characterization data (Figure 2). Characterization data

used to distinguish these boundaries included geo-

physical logs (gamma ray and resistivity), CPT logs, and

foot-by-foot core descriptions. These horizons mark sig-

nificant changes in depositional environments with re-

gard to relative sea level. The particular boundaries

identified included the tops of the Tobacco Road, San-

tee, Warley Hill, Congaree, and the Lang Syne (Ellen-

ton) formations. Among these, the top of the Warley

Hill Formation, interpreted as the maximum flood-

ing surface, was most easily identified.

Two-dimensional variogram maps were calculated

to characterize the spatial correlation of each of six

horizons. A two-dimensional variogram map is an ex-

perimental covariance graph calculated from the dis-

tance between pairs of points at varying separation

intervals where there are measured surface altitude

and depth data. The presence or absence of spatial corre-

lation structures is affected by data sampling (e.g.,

sparseness), in addition to geologic features that are

actually present. By analyzing a smoothed experimen-

tal variogram map of each horizon and interpreting

the geologic features compatible with each depositional

environment depicted in Figure 3, one or more geologic

structures characterized by their orientation and max-

imum distance of correlation were identified. For ex-

ample, the likely orientation and size of the paleocoast,

inlets, and sand bars were used to set the direction and

correlation length of multiple structures in model vario-

grams. The experimental variogram map for the top

of the Barnwell group is shown in Figure 4. Maximum

continuity is seen along a southwest-northeast orienta-

tion reflecting the paleocoast. Shorter range continuity

is also observed in northwest-southeast and is inter-

preted to possibly reflect channels and barrier islands

related to a tidal delta system.

The variogram models were then used to interpo-

late the different surfaces using kriging-based methods

(Matheron, 1978; Isaaks and Srivastava, 1989), which

reproduces the spatial correlation defined by the vario-

gram model and honors the input data. Five horizons

were interpolated by ordinary kriging: the top of the

Barnwell Group; the top of the Twiggs Clay Member

of the Barnwell Group; the top of the Santee; the top of

the Warley Hill (maximum flooding surface); and top of

the Congaree. The deepest surface, the top of the Ellen-

ton, was interpolated by a collocated cokriging method,

because of very few well penetrations. This algorithm

integrates a secondary data set as a soft trend (implying

a structural correlation) into the interpolation process,

in this case the kriged top of the Congaree surface.

An interesting surface is the top of the Barnwell

Group, which exhibits geologic features similar to those

seen in a modern-day analog, the present South Caro-

lina coast. In Figure 5, the surface is compared to an

aerial photo of Price Inlet, South Carolina (photo by

Walter J. Sexton), which shows a tidal inlet, sand barriers,

and a lagoon. The top of the Barnwell Group appears to

show similar features of an appropriate scale that have

been preserved in the geologic record and is consist-

ent with the depositional environment interpretations.

Stratigraphic Grid

A stratigraphic grid representing the workspace vol-

ume was generated by discretizing the subsurface vol-

ume between the Ellenton (Lang Syne) horizon and
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Figure 4. (a) Data location map, (b) variogram map, (c) variogram, and (d) variogram parameters of the top of the Barnwell Group.

Figure 5. Top view of the top of Barnwell Group and an aerial photo of the coastline surrounding Price Inlet, South Carolina, a
modern analog for the Barnwell Group (photo courtesy of Walter J. Sexton).
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the ground surface, based on the structural model. In

addition to defining the resolution of the model, the

stratigraphic grid also constrains how petrophysical

properties are spatially correlated across the interwell

space. The horizontal grid orientation was set so that

one axis is parallel to the paleocoastline. For this proj-

ect, the maximum flooding surface represents a con-

formable surface. All other surfaces were unconform-

able. Therefore, the stratigraphic grid layering was defined

to be parallel to the maximum flooding surface for the

whole model. This implies erosional truncation bound-

aries with the other horizons, especially with the ground

surface. This vertical gridding assumed that each con-

cerned formation was deposited conformably to the

maximum flooding surface. The grid cell size used was

Dx = Dy = 50 m (160 ft) and Dz = 0.61 m (2 ft).

Depositional Facies Modeling

Following the conceptual model of depositional

environments depicted in Figure 3, depositional facies

logs were derived from core data and recorded using

indicator values. To characterize the spatial correla-

tion of the different facies, a variogram analysis using

three-dimensional maps was performed for each facies

in each stratigraphic unit (except the Warley Hill, which

contains only one facies). Because the variograms are

the same when there are only two facies present (Galli

et al., 1994), of the symmetry of the variogram, only

one analysis was done for units containing two facies.

The analysis integrated well-log data and geologic in-

terpolation guided in part by modern-day analogs, e.g.,

the current depositional environment along the South

Carolina coast. The variogram ranges obtained in this

manner, corresponding to the typical correlation dis-

tance of a facies object, were typically between 500 and

1000 m (1600 and 3300 ft). These correlation distances

are typical of such depositional systems. The correla-

tion orientations commonly coincided with the ori-

entation of the actual coastline or the perpendicular

direction, as expected. Multistructure variogram mod-

els were used to capture the spatial correlation in detail.

Figure 6 shows the variogram map and the variogram

model (containing two structures) of the Barnwell Group

depositional facies. The first structure, oriented N45j,

corresponds to the coastline correlation and the sec-

ond one to channels and tidal delta system-related

geological objects like sand barriers.

For facies and petrophysics modeling, it is com-

monly advisable to use a method that fully reproduces

heterogeneity or variance in the model prediction.

Kriging-based simulation methods are available for

this purpose. These simulation methods attempt to

reproduce the variability around the estimated value

provided by kriging. Depositional facies were distrib-

uted in the interwell space using sequential indicator

simulation separately in each formation. One sequen-

tial indicator simulation distributes all the facies in a

selected formation, while honoring the variogram

model and the well data. Two hundred simulations of

depositional facies were run for each formation, and

each simulation is equiprobable. Figure 7 shows the

entire model with a particular facies simulation stack-

ing arrangement described later. The facies distribu-

tion heterogeneities can be observed vertically and

horizontally in terms of facies-facies boundaries and

formation-formation boundaries.

One or more depositional facies distributions

must be selected as a template for petrophysical prop-

erty simulation. In this project, two approaches were

considered. The first was to choose the most com-

monly occurring depositional facies at each grid loca-

tion. The second strategy was to order or rank the

depositional facies realizations according to a certain

criterion presented later in the paper and choose the

three realizations corresponding to 10, 50, and 90%

cumulative probability levels (P10, P50, and P90).

The first approach has the advantage of not re-

quiring a ranking criterion. However, the distribution

defined by the most common facies at each location

does not guarantee that the spatial correlation and

global proportions of facies deduced from the data

through spatial modeling will be honored. Specifically,

the most common facies is biased toward the major

facies in terms of global proportions in the formation,

and the facies distribution does not have the finer scale

heterogeneity of a simulation. The P10, P50, and P90

simulations in the second approach guarantee the

proper spatial continuity and facies proportions on

average but are dependent on a nonunique ranking pro-

cess. The ranking algorithm chosen in this study is pre-

sented later.

Petrophysical Property Modeling

The petrophysical properties considered in the pres-

ent study were the percentage of mud from core data

and friction ratio (cf. Lunne et al., 1997) from CPT. Both

properties provide an indirect indication of sediment

permeability. For each facies in a formation, a vario-

gram model was defined for percent mud using exper-

imental variogram maps and geological interpretation.
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For example, in the upland formation, two deposi-

tional facies (fluvial and flood-plain-overbank muds)

are present; one variogram for percent mud was cal-

culated in the fluvial facies using only the data oc-

curring in this particular facies, and another variogram

for flood-plain-overbank muds. The spatial distribu-

tion of percent mud is peculiar to each depositional

facies because it is controlled by different processes

of accumulation and erosion. Figure 8 represents the

variogram map and the variogram of percent mud in

one facies (middle shelf low energy) of the Santee For-

mation. A nugget effect was introduced because of the

limited data reliability. The variogram map shows a

correlation along a direction perpendicular to the coast-

line as found for some particular facies.

Similar to the facies modeling, kriging-based sim-

ulation was chosen to reproduce the heterogeneity of

percent mud based on the variogram analysis. Friction

ratio data were used as soft data through collocated

cokriging where warranted. In general, however, CPT

data were found to be poorly correlated with percent

mud and thus made only a minor contribution to the

collocated cokriging system. The lack of a good corre-

lation was counterintuitive and may be an artifact be-

cause of postprocessing upscaling of the CPT data.

Further analysis of this data is warranted.

Two hundred sequential Gaussian simulations were

run separately in each depositional facies for each for-

mation. A cell-by-cell postprocessing calculated the

maximum, the minimum, the mean, and the standard

deviation from each set of 200 simulations. The differ-

ent petrophysical simulations corresponding to the dif-

ferent facies present were combined to form one global

simulation over the sequence. After this combination

Figure 6. (a) Variogram map, (b) variogram, and (c) variogram model parameter of the depositional facies of the Barnwell Group.

Figure 7. Vertical and areal cross sections of the whole model showing P50 simulations stacking arrangement of depositional facies.
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process, the 200 global petrophysical simulations were

ranked separately for each sequence. The simulation

ranking was achieved by defining a criterion that is de-

scribed later. For each stratigraphic sequence, among

the 200 equiprobable simulations of mud percentage,

three of them (P10, P50, and P90) were chosen for

further study. Figure 9 shows a particular stacking ar-

rangement, discussed later, of different percent mud

simulations for the entire model. Percent mud hetero-

geneities can be appreciated by different ways: facies

related and stratigraphic formation related.

APPLICATION TO ENVIRONMENTAL REMEDIATION

To assess the potential merits of geostatistical model-

ing for environmental cleanup applications, we fo-

cused on investigating the impact of geology on con-

taminant migration from the former F-area seepage

basins to Fourmile Branch (Figure 2). The unlined

earthen basins in F-area were designed to receive low-

level radioactive wastewater from the 200-H sepa-

rations facilities and to filter out most radionuclides

through sorption onto shallow native sediments. The

basins operated in this mode from 1955 to 1988, after

which they were closed and capped under the Re-

source Conservation and Recovery Act. The site has

been extensively monitored and characterized through

monitoring wells, CPT, and seepline sampling, resulting

in a well-defined tritium plume. Figure 10 illustrates

the monitoring data and a simulated tritium plume

based on a conventional groundwater flow model with

a relatively homogenous conductivity field (Flach,

2002). The conventional model predicts a broad plume

of relatively uniform concentration in the center por-

tion. In contrast, the monitoring data indicate a more

narrow, preferential path located east of the center

with respect to the simulated plume.

A complete life cycle analysis of the waste site

would include formal groundwater flow and contami-

nant transport simulation and remediation design opti-

mization and assessment, both of which were beyond

the scope of the present investigation. Nevertheless, a

preliminary analysis of permeability distribution was

performed as an initial step toward achieving the latter

goals. Specifically, high-permeability connectivity anal-

ysis and rudimentary groundwater streamline and

plume tracer simulations were performed near F-area

seepage basins. All three analyses can provide insights

into contaminant plume migration and optimal reme-

diation. As a prerequisite to these analyses, ranking

criteria for the facies and petrophysical property sim-

ulations discussed previously were first developed.

Simulation Ranking and Stacking Strategy

In developing the ranking strategy, permeability is as-

sumed to correlate strongly with the amount of mud

(clay and silt) present: the more mud present in a

zone, the lower the permeability. For each formation

Figure 8. (a) Variogram map, (b) variogram, and (c) variogram parameters of percent mud calculated in a facies (middle shelf low
energy) of the Santee Formation.
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Figure 10. Tritium monitoring data and
simulated plume based on a conventional
groundwater flow model. See Figure 2 for
location of the map.

Figure 9. Percent mud field
corresponding to the second
stacking arrangement (P10
in upland, P90 in Barnwell
Group, etc.).
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zone, the depositional facies interpreted to contain

the most mud on average was identified. The facies

simulations were then ranked by proportion of that

facies present in a realization, with the proportion

being calculated only over the F-area basins subre-

gion. Similarly, the petrophysical simulations were

ranked using the average value of percent mud cal-

culated over the F-area subregion for each formation

zone. This average value of percent mud was calculat-

ed using percent mud values from all facies present

in the area. Realizations exhibiting median mud con-

tent were constructed for each formation by combining

the P50 depositional facies simulations with the P50

percent mud simulations based on the former. Simi-

larly, realizations exhibiting relatively low (high)

permeability were generated by combining the P50 fa-

cies simulations (Figure 7) with the P10 (P90) property

simulations also based on the former to avoid extre-

mum permeability cases.

Three stacking arrangements were considered for

the entire assemblage of five horizons:

� P50 in each formation for facies and percent mud,
� P50 for facies everywhere and P10 in the upland,

P90 in the Barnwell, P10 in the Santee, etc. for per-

cent mud (Figure 9),
� P50 for facies everywhere and P90 in the upland,

P10 in the Barnwell, P90 in the Santee, etc. for per-

cent mud.

The first arrangement produces the median result

from a global perspective. The second scheme corre-

sponds to higher mud content in aquifer zones and

lower mud in confining zones, which would tend to

produce deeper and slower groundwater flow. The third

scheme produces the opposite effect of more shallow

and faster groundwater flow from the waste site to

surface discharge.

Connectivity Analysis

In preparation for connectivity analysis, permeability

fields corresponding to the three stacking arrange-

ments presented above were generated using the fol-

lowing correlation based on field and laboratory data:

k ¼ 0:366D

� exp½ð�12 � mud þ 2:4Þ ln 10� mud � 0:45
exp½ð�3:273 � mud � 1:527Þ ln 10� mud > 0:45

�

ð1Þ

Second, the different permeability models built

for the entire GSA were downscaled in the F-area sub-

region from a 50 � 50 � 0.61 m (160 � 160 � 2 ft)

resolution to 15 � 15 � 0.30 m (49 � 49 � 1 ft) using

a geostatistical approach. Downscaling produced a

model resolution more appropriate for the smaller

scale F-area subregion.

Figure 11 shows cells with permeability in the

range of 25–100 d in the third ranking and stacking

scenario discussed above. Groups of cells are ranked and

shaded by the extent of facies connectivity. Figure 11

also shows the monitoring data from Figure 10. The

region immediately east-southeast of the basins lacks

a preferential pathway for groundwater flow in the

connectivity simulation, as evidenced by the absence of

any significantly connected bodies of high-permeability

sediment. Instead, the simulation indicates a prefer-

ential flow path starting immediately south of the

largest basin and curving to the southeast near wet-

land discharge areas, which is consistent with the field

data.

Streamline and Tracer Plume Simulation

The connectivity analysis considers only the potential

impact of high-permeability pathways on contami-

nant migration. Hydraulic gradients caused by ground-

water recharge and discharge areas also affect plume

migration. A preliminary analysis of the both effects

was conducted through crude streamline and tracer

plume simulations, using software developed for oil

field application.

One concern with streamline simulation involved

setting up suitable hydrologic boundary conditions for

the model. Contrary to the petroleum industry where

flow is mainly initiated and sustained by well fluid in-

jection, natural shallow groundwater flow is driven by

rainfall, gravity, and discharge to low-lying wetlands

and streams. In this case study, because of oil indus-

try software limitations in hydrogeological modeling,

rainfall was modeled by very shallow-water injection

horizontal wells located along the ground surface.

The injection rate was set to estimated recharge flux

(0.30 m/yr; 1 ft/yr) times surface area. The stream that

bounds F-area was represented by a producer well

with a flow rate set to the estimated baseflow along

the reach. Leakage from the bottom surface of the

model to an underlying aquifer (0.075 m/yr [0.25 ft/yr]

estimated) was reproduced by additional horizontal

producer wells spread across that surface. The lateral

bounds of the model were set to coincide with natural
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no-flow boundaries. The contaminant source was

modeled by two very shallow vertical wells injecting a

tracer, oil in the software, with fluid properties set to

those of water. The permeability field was used as is

in simulations and not calibrated to any monitoring

data.

Figure 12 compares simulated contaminant mi-

gration from the F-area seepage basins to Fourmile

Branch for the present high-resolution geologic model

to plume data. The tracer simulations based on the

present geostatistical model appear to align well with

the preferential pathway indicated by the monitoring

data. Although the present results are promising,

additional effort is needed to transform the high-

resolution permeability fields into a calibrated ground-

water flow and solute transport model for a rigorous

comparison to field data.

CONCLUSIONS

The main conclusions drawn from this work are as

follows. Multidimensional variogram mapping was ef-

fective at identifying the underlying spatial structures

in the field data needed to reproduce major preserved

features of the ancient coastline in model surfaces, even

with the challenges of applying sequence-stratigraphic

principles in the area. Abrupt changes in physical prop-

erties associated with facies boundaries were repro-

duced in geostatistical simulations by modeling dep-

ositional facies and petrophysical properties in each

facies in a two-step sequential process. Petrophysical

property realizations reflect the distribution of facies

inferred from data and preserve the statistical distribu-

tions of properties unique to each facies. Preliminary

assessment of permeability fields derived from the

Figure 11. Grid cells with 25–100-d perme-
ability shaded by degree of connectivity. See
Figure 2 for location of the map.
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high-resolution geologic model using connectivity and

streamline and tracer simulation suggests the methods

were successful in identifying preferential pathways for

contaminant migration from the SRS F-area seepage

basins in more detail than traditional methods. Further

analysis using a numerical solute transport model with

rigorous boundary conditions is planned to further

confirm these very promising results.
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