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Introduction and Summary

Intera Technologies, Inc. has performed a detailed site
assessment of Z Area under contract AX 0682022. This work involved
compiling and evaluating the available geologic information,
performing hydrologic tests at the SDS wells, and three-dimensional
modeling of the site. The final report of this work is attached.
The following is taken from the Executive Summary of the report.

This report presents the results of a quantitative evaluation
of the effects on ground water and surface water quality from the
near-surface disposal of decontaminated nitrate salts which will
result from the operation of the Defense Waste Processing Facility.
The salt solution will be mixed with Portland cement and flyash.
The resulting mixture will be solidified into saltstone monoliths
and disposed using either above-ground or below ground disposal
concepts. In either case the waste material will be placed in the
unsaturated zone at least 3 meters above the historical maximum
elevation of the water table.l The proposed disposal site is
referred to as 2 Area, which is located about 2 km. northeast of H
Area.
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Possible ground water contamination could result due to nitrate
diffusion from the relatively impermeable saltstone to the
surrounding backfill and natural materials, or by direct leaching of
the soluble nitrates by infiltrating precipitation. The disposal
designs focus on minimization of infiltration which comes in contact
with the saltstone. Ground water originating as recharge at Z Area
discharges primarily to McQueens Branch and Upper Three Runs Creek,
which in turn drain to the Savannah River.

Following a complete review of the existing field and
laboratory data, a number of field tests (single well slug tests)
were conducted in piezometers installed at Z Area to obtain
site-specific hydraulic conductivity data. The local geology and
hydrology were interpreted and reconciled to the results of previous
regional investigations. A three dimensional conceptual model of
the 2 Area hydrogeologic system was then developed.

The site was mathematically modeled using a three-dimensional
model of ground water flow and solute transport. The model employed
finite difference techniques to solve for the steady-state flow
field and the method of characteristics (point tracking) to solve
for solute transport.

The results of the study are summarized below. They are
presented in the context of whether of not the disposal system will
result in the ground water quality at the Z Area site boundary and
the water in the creeks meeting water quality standards.
Concentrations are calculated relative to a source-term
concentration of 1.0.

Ground Water Quality

The modeling study included a base case with 30% of rainfall
infiltrating throughout the modeled area, as well as infiltration
rates at Z Area of 0.3%, 3% and 90% of precipitation (with 30%
throughout the remainder of the modeled area). The variation of the
infiltration rate was performed in order to account for the
alternative designs under consideration. The evaluation focuses on
two general design types for the disposal site: (i) a clay cap over
the entire Z Area (in both above and below ground designs) diverting
precipitation directly to surface runoff and resulting in a low
percentage of infiltration, and (ii) a gravel cover and permeable
backfill (below ground design) with individual clay caps over each
monolith and gravel drains beside each monolith. The dry wells
collect the diverted rainwater and recharge the underlying ground
water with uncontaminated infiltration. This recharge would dilute
the small remaining amount of contaminated infiltration resulting
from either direct (advective flow through the monolith) or indirect
(diffusive nitrate flux) contact of the infiltration with the
saltstone. :

In no instance does the nitrate concentration in any of the
underlying formations beneath Z Area exceed 50% of the source
concentration at the Z Area boundary over periods up to 200 years
after disposal.
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Surface Water Quality

‘.; Surface water nitrate concentrations in McQueens Branch will
not likely exceed a relative concentration of 0.1, even after 200
years with a constant concentration source term. Nitrate relative
concentrations of 0.01 or less are calculated for Upper Three Runs
Creek. Contaminated ground water originating in Z Area will not
discharge directly to Upper Three Runs Creek with the modeled 200
year periocd under any of the modeled scenarios.

If the performance criterion is to meet water quality standards
of 44 mg/L nitrate at the site boundary, it is concluded that the
concentration of nitrate in infiltration recharge at Z Area (i.e.,
the sum of contaminated and uncontaminated infiltration) should not
exceed 90 mg/L. Thus, if the contaminant concentrations of the
recharge at Z Area can be maintained below 90 mg/L, Z Area is
suitable for saltstone disposal.

! Related Work

Z Area was selected for saltstone disposal from among six
candidate sites in 1979.2 Two dimensional modeling of Z Area °
hydreology was done previously be Woodward-Clyde Consultants. Their
report has been analyzed by Looney.3 Looney estimates the ratio of
nitrate concentration in the ground water at the Z Area boundary
versus the source concentration from saltstone to be 0.5, in good
agreement with Intera.

Hydrologic data used in Intera's work as well as additional
data from Z Area are documented in reference 4.' Unsaturated flow
properties of Z Area soil were determined by Dr. V. Quisenberry of
Clemson University and are documented in reference 5.
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EXECUTIVE SUMMARY

This report presents the results of a quantitative evaluation of the
effects on ground water and surface water quality from the shallow dis-
posal of decontaminated nitrate salts which result from the processing of
high level radiocactive wastes at the Savannah River Plant. The salt solu-
tions will be mixed with Portland cement and flyash. Thé resulting mix-
ture will be solidified into 'saltstone' monoliths and disposed using
either above-ground or bhelow-ground dispeosal design concepts. In either
case the waste material will be disposed in the unsaturated zone of the
Barnwell Formation at least 3 meters above the historical maximum elev-
ation of the water table. The proposed disposal site is referred to as
Z-Area, a local topograbhic high about 2 km northeast of the Savannah
River Plant Separation Areas.

Possible ground water contamination could result due to nitrate dif-
fusion from the relatively impermeable saltstone to the surrounding back-
fill and natural materials, or by direct leaching of the soluble nitrates
by infiltrating precipitation. The disposal designs focus on minimization
of infiltration which comes into contact with the saltstone. Ground water
originating as recharge at Z-Area discharges primarily to McQueen Creek
and Upper Three Runs Creek, which in turn drains to the Savannah River.

Following a complete review of the existing field and laboratory data
a number of field tests (single well slug tests) were conducted in wells
installed at Z-Area for the purpose of obtaining site-specific hydraulic
conductivity data. The local geology and hydrogeology were interpreted
and reconciled to the results of previous regional Iinvestigations. A
three dimensional conceptualization of the Z-Area hydrogeologic system was
developed using a representative hydrostratigraphy as indicated by the
geologic and hydrogeologic data. ‘

The site was modeled using a three-dimensional numerical model of
ground water flow and solute transport. The model employed finite differ-
ence techniques to solve for the steady-state flow field and the method of
characteristics ('point tracking') to solve for solute transport.
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The results of the study are summarized below. They are presented in

the context of whether or not the disposal system will result in the
ground water quality at the Z-Area site boundary and the water in the »
creeks meeting water quality standards (and recalling that a final design .
has not been selected and that concentrations are calculated relative to a

source-term concentration of 1.0).

e Ground Water Quality

The modeling study included a base case with 30% of rainfall infil-
trating throughout the modeled area, including Z-Area, as well as infil-
tration rates at Z-Area of 0.3%, 3% and 90% of infiltration (with 30%
throughout the remainder of the model). The variations of the infiltra-
tion rate was performed in order to account for the alternative designs
currently under consideration. In actual fact, the evaluation focuses on
two general design types for the disposal site: (i) a clay cap over the
entire area (in both above-ground and below-ground designs) diverting o
precipitation directly to surface runoff and resulting in a low percentage
of rainfall infiltrating, and (ii) a gravel cover and permeable backfill
(below-ground design) with individual clay caps over each monolith and
gravel drains (dry wells) beside each monolith. The dry wells collect the
diverted infiltration and recharge uncontaminated infiltration to the
underlying ground water. The dry-well recharge would serve to dilute the
small remaining amount of contaminated recharge resulting fromA direét
(advective flow through the monolith) or indirect (diffusive nitrate flux)
contact of the infiltration with the saltstone.

In no instance does the nitrate concentration in any of the under-
lying formations beneath Z-Area exceed 50% of the source concentration at

the Z-Area boundary over periods up to 200 years after disposal.

e Surface Water Quality

Surface water nitrate concentrations in McQueen Creek will not likely
exceed a relative concentration of 0.1, even after 200 years with a con-

[ 1o
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stant concentration source term. Nitrate relative concentrations of 0.01
or lesas are calculated for Upper Three Runs Creek, to which McQueen Creek
is a tributary. Contaminated ground water originating in Z-Area will not
discharge directly to Upper Three Runs Creek within the modeled 200 year
period under any of the modeled sc¢enarios.

If the performance criterion is to meet water quality standards of
b5 mg/L nitrate at the site boundary, it is concluded that the concen-
tration of nitrates in infiltration recharge at Z-Area (i.e., the sum of
contaminated and uncontaminated infiltration) should not exceed 90 mg/L.
Thus, if the contaminant concentrations of the recharge at Z-Area can be
maintained below 90 mg/L, Z~Area is suitable for saltstone disposal.
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1.0 INTRODUCTION

The Savannah River Plant (SRP), operated by E.I. du Pont de Nemours &
Company, is developing a system for disposal, in the unsaturated
zone, of the by product of high level radioactive waste processing.
The system consists of incorporating decontaminated waste salt solu-
tion (comprising primarily nitrate and nitrite salts) into a cement
and flyash mixture termed saltstone. Du Pont has proposed placing
the saltstone, as solid monocliths, in an area of SRP referred to as
Z-Area, which is situated about 2 km northeast of the SRP Separation
Areas (Figure 1-1). The saltstone monoliths will be placed in either
above ground stor'age facilities, bounded by cement liners and earth-
works, or in excavated trenches below the present ground surface.
The proposed disposal options are discussed in more detail in Section
2.1.

1.1 Purpose and Scope

The purpose of this report is to evaluate the potential impact of the
proposed saltstone disposal on the ground water and surface water qual-
ity at Z-Area and vicinity, specifically with respect to ground water
quality at the boundary of Z-Area and surface water quality in Upper
Three Runs Creek and its tributary McQueen Creek. Upper Three Runs
Creek drains to the Savannah River, so§ne 15 km to the southﬁest ;)f
Z-Area (Figure 1-1). The objectives were accomplished by employing a
thr'ee—dimensionai 'méthematical model of ground water flow and solute
transport. -The modeling study was initiated after (i) performance and
interpr'etétion of single well tests on the existing Z-Area wells and
piezometers for the purpose of obtaining hydraulic conductivity data
specific to Z-Area, and (ii) interpretation of the hydrogeclogic system
within which Z-Area is situated, including assignment of hydrostrati-
graphic units, develcopment of a three dimensicnal conceptualization of
the ground water flow patterns, and selection of appropriate boundaries
to be used in the modeling study.
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This report presents a complete evaluation of Z-Area as a disposal site,
commencing with a review of the regional geology and an interpretation
of the local geology in the regional context. The site specific geo-
logic and hydrologic data are evaluated as to their internal consistency
(e.g., are the fluid logs consistent with the laboratory sieve analyses,
and are these in turn consistent with the field tests for hydraulic
conductivity) as well as to their external consistency (e.g., are the
local geologic and hydrostratigraphic interpretations consistent with
the regional picture and with the interpretations of previous investi-
gators).

Once the site specific data are reconciled with local and regional in-
terpretations, the report proceeds to develop the rationale for the
model conceptualization and to present the specifics of the model selec-
tion criteria and of the model implementation. Separate analyses are
presented for three-dimensional ground water flow and solute transport,
although in the model itself they are fully coupled. The model solves
the flow equation using finite difference techniques and uses either the
finite difference method or the method-of-characteristics (point
tracking) for solute transport.

The solute transport characteristics of the site are evaluated by using
'relative’ concentrations, i.e., the potential 'input' or 'source' con-
centration to the ground watérAsystem resulting from saltstone ieaching
is considered to have a concentration of 1.0 (or 100%). This approach
was used because the actual concentration depends on the final design of
the disposal system. The final design is as yet unselected from the
general design types discussed in Section 2.1. Alternative designs were
evaluated by varying the recharge rate, considered to be passing through
the saltstone disposal area (the recharge rate is directly related to
the final design selected).

The report concludes with an assessment of the suitability of Z-Area as
a disposal site.
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2.0 SITE DESCRIPTICN

Z-Area 1is located on a local topographic high bounded by McQueen
Creek in the northeast and Upper Three Runs Creek in the northwest
(Figure 1-1). McQueen Creek is a tributary of Upper Three Runs
Creek. Uppef Three Runs Creek drains to the Savannah River., The
local relief is about 50 m. Branches of McQueen Creek and Upper
Three Runs Creek are incised.into the topographic high on the south-
west and southeast of Z-Area; to the extent that the headwaters of
the branches nearly meet about 1 km south of Z-Area.

2.1 Saltstone Disposal

The saltstone disposal concept has been under consideration for several

years by du Pont. Recent studies by INTERA on behalf of du Poﬁt have
quantitatively evaluated the SRP 1/10 scale lysimeter experiment

(INTERA, Aug. 1985); quantified the relative importance of nitrate ‘
leaching by advective ground water flow through the unsaturated salt-

stone and diffusion of nitrates from the saltstone to the backfill

(INTERA, Aug. 1985); and evaluated flow and transport by modeling the

Tank 24 lysimeter data (INTERA, Jan. 1986).

There are several potential designs for the saltstone disposal system
which are currently under consideration, These designs ihcludé:
(i) above ground disposal in concrete-lined facilities with a clay cap
and overburden recasting (Figure 2-1); (ii) below ground disposal with
either (a) a complete clay cover and diversion of Z-Area rainfall to
surface water discharge (Figure 2-2a), or (b) local clay covers over
each monolith with collection of virtually all direct precipitation and
recharge to the ground water system beneath Z-Area using gravel drains
(dry wells) (Figure 2-2b).

The saltstone monoliths comprise a mixture of cement, flyash and waste
nitrate salts. The various designs result in different monolith geo-
metry and sizes, however in general the monoliths are considered to be .
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of the order of 25 to 50 meters wide, 100 to 200 meters in length, and 5
to 10 meters in thickness. The saltstone has a relatively low saturated
hydraulic conductivity of 2.5 x 10"1_1 m/s and a porosity of about 46%
(INTERA, Aug. 1985, and Quisenberry, 1985). Although the hydraulic
conductivity of the saltstone is very low it is expected that the ni-
trate salts, which are highly soluble, will release nitrate to the
ground water system. The nitrate release mechanisms include direct
leaching of the saltstone by infiltrating precipitation as well as dif-
fusion of nitrate from the low permeability saltstone, through any shot-
crete or concrete lining, to the backfill or natural materials sur-
rounding the saltstone. Previous studies by INTERA (op. cit.) have
evaluated these mechanisms in detail and the results have been used in
designing possible disposal systems such as those shown in Figures 2-1
and 2-2.
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3.0 GENERAL GEOLOGY AT THE SAVANNAH RIVER PLANT

3.1 Regional Stratigraphy %

The Savannah River Plant is located in the Upper Atlantiec Coastal Plain, N
about 30 km southeast of the Fall Line, which separates the Piedmont and
Coastal Plain provinces (Figure 3-1). The Coastal Plain is underlain by
a wedge of seaward-dipping unconsoiidated and semiconsolidated sediments
which increase in thickness from zero at the Fall Line to greater than
1000 m near the coast of South Carolina (Rankin, 1977). This sedimen-
tary wedge, which ranges in age from Late Cretaceous to Holocene, con-
tinues to the seaward edge of the Continental Shelf, These Late
Cretaceous sediments rest either directly on a crystalline basement of
Precambrian and Paleozoic age or on Triassic sedimentary rock (Newark
Series) embedded in basins within the crystalline basement.

Several attempts have been made to set up a lithostratigraphic and
hydrostratigraphic system for the sediments of the Coastal Plain, but to
date there is no overall accepted terminology for the numerous 1itho-
stratigraphic units (Marine, 1976; Huddleston, 1982; Mittwede, 1982).

For consistency with other work being done by or for E.I. du Pont de
Nemours & Co., the stratigraphic terminology used in this report is
taken from Christensen and Gordon (1983). This terminoclogy is based on
Siple (1967) and was modified by Christensen and Gordon in order to
match the special needs when describing hydrostratigraphic units (rather
than biostratigraphic or mappable units).

Consequently the following description of the regional stratigraphy is
based primarily on Christensen and Gordon (1983).

3.1.1  Crystalline Basement

The crystalline basement rocks consist of chlorite-hornblende schist, -
hornblende gneiss and lesser amounts of quartzites (Table 3-1). Their . .
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age ranges from Precambrian to Paleozoic. The surface of the crystal-
line basement dips at about 7.5 m per km to the southeast. The crys-
talline rock outcrops at the Fall Line (Figure 3-1) about 30 km north-
west of the Savannah River Plant. At the Savannah River Plant the
crystalline basement is buried beneath about 280 m of unconsolidated

and semiconsolidated sediments.

Immediately overlying the crystalline rock is a layer of clay {sapro-
lite) which is the residual product of weathering of the crystalline

rock.
3.1.2 Triassic Sedimentary Rock

In the southern part of the Savannah River Plant Area a basin of mud-
stone is embedded within the crystalline basement rocks. This basin
has been called the Dunbarton Basin (Marine and Siple, 1974). Based
on gravity and grbund magnetic surveys as well as on several drilling
investigations, the Dunbarton Basin appears to be about 50 km long and
at least 11 km wide (Figure 3-2). The depth of the basin was found to
be 490 m in one well near the northwest boundary, and more than 1300 m
in a well near the center of the basin.

Based on the drilling results, the Triassic sedimentary rocks consist
of poorly sorted consolidated gravel, sand, =ilt and <clay. The
coarser material is found near the northwest margin where fanglo-
merates are abundant. Nearer the center, sand, silt and clay pre-
dominate; however, the sorting is always extremely poor which causes
an extremely low primary permeability in the Triassic sedimentary
rocks. The mineralogy of the clays in the sedimentary rock indicate
that they were derived from the crystalline rock to the northwest of
the Dunbarton Basin,

The Triassic sediments are unconformably overlain by sediments of the
Tuscaloosa Formation {Late Cretaceous).

HO1201R008 9



3.1.3 Tuscaloosa Formation

In the northern part of the Savannah River Plant the Tuscaloosa Form-
ation (Upper Cretaceous) rests directly on the residual clay {sapro-
lite), a weathering product of the crystalline metamorphic rock. No
Triassic Sedimentary rocks were deposited in the northern part of the
plant. In the southern part of the Savannah River Plant the
Tuscaloosa Formation overlies the Triassic sedimentary rocks of the
Dunbarton Basin.

The Tuscaloosa Formation consists generally of fluvial and estuarine
deposits of cross-bedded sand and gravel with lenses of silt and clay.

Like the surface of the c¢rystalline basement, the Tuscaloosa Formation

dips to the southeast at about 6 to 7 m per km. At the Savannah River

Plant the Tuscaloosa Formation outcrops only in the extreme upper part

of the Upper Three Runs Creek valley. The thickness of the Tuscaloosa {
Formation ranges from zero at the Fall Line to about 180 m beneath the
Savannah River Plant. The thickness remains fairlj constant within N
the Savannah River Plant Area.

The Tuscaloosa Formation is the thickest (180 m) of the Coastal Plain
formations in this area. Near the center of the Savannah River
Plant site, the subunits of the Tuscaloosa Formation from top to
bottom are: (1) a unit of clay, sandy clay, or clayey sand about 18 m
thick (2) an aquifer unit of well-sorted medium to coarse sand about ‘
4 m thick (3) a unit about 12 m thick, in which one or more clay
lenses occur (Y4) an aquifer unit of well-sorted medium to coarse sand
about 90 m thick, and (5) a basal unit of sandy clay about 12 m thick.

At the Savannah River Plant the Tuscaloosa Formation is overlain con-
formably by the Ellenton Formation.
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3.1.4 Ellenton Formation

The Ellenton Formation consists of dark lignitic clay with coarse sand
units. It is considered Late Cretacecus or Paleocene in age. The
lignitic eclay is dark gray-to black, sandy, and micaceous. It is
interbedded with medium quartz sand. The clay contains pyrite and
gypsum. The upper part of the formation is characterized by gray
silty to sandy clay with associated gypsum. The lower part consists
generally of medium to coarse clayey quartzvsand, which is very coarse

and gravelly in some areas.

The Ellenton sediments are entirely within the subsurface (i.e., there
are no known outcrops of Ellenton sediments). They range in thickness
from zero near the northwest boundary of the Savannah River Plant to
about 30 m southeast of the Savannah River Plant. Just inside the
northwest boundary of the Savannah River Plant the thickness of the
Ellenton is about 12 m.

The Ellenton Formation was described and named by Siple (1967) from
subsurface studies on the Savannah River Plant. The formation was not
correlated beyond the Savannah River Plant Area, but Siple (1967)
speculated that it might be equivalent to the Black Creek Formation of
Late Cretaceous age or the Black Mingo Formation of Paleocene or early
Eocene age.

The Ellenton Formation is unconformably overlain by the Congaree Form-
ation (of the Eocene Epoch).

3.1.5 Congaree Formation

Originally the Congaree Formation was included in the McBean Formation
(Eocene Epoch) by Cooke (1936). Later the lower part of the original
McBean Formation was raised to formational status and called the
Congaree Formation (Cooke and MacNeil, 1952).
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Although the Congaree Formation cannot be distinguished from the re-
maining upper part of the original McBean Formation, either where
exposed or in well logs, for hydrologic studies it is advantageous to
treat them as separate stratigraphic units. The reasons are, that in
the central part of the Savannah River Plant the hydraulic head in the
Congaree Formation is about 25 m lower than in the McBean Formation,
and the Congaree Formation is about ten times more permeable. The
head differential between these units is clearly maintained by a clay
layer informally called the "Green Clay" in studies at the Savannah
River Plant. This clay occupies the same stratigraphic position as
the Warley Hill Marl of Cooke and MacNeil (1952) and separates the
Congaree and McBean Formations.

In the central Savannah River Plant Area, the Congaree Formation con-
sists of gray, green, and tan sand with some layers of gray, green, or
tan clay. In the northwest Savannah River Plant Area, it consists
primarily of tan clayey sand. It is slightly glauconitic in some
places, slightly calcareous in‘others.

At the Savannah River Plant the Congaree Formation is exposed only
where Upper Three River Runs Creek cuts into it, which is at the
northern extreme of the Savannah River Plant Area.

The Congaree Formation dips at about 2 m per km to the southeast. Its
thickness ranges from zero near the Fall Line to about 45 m in south-
eastern Allendale county. In the Savannah River Plant Area the
Congaree Formation is 30-35 m thick.

3.1.6  Green Clay

The Green Clay layer at the top of the Congaree Formation consists of
gray to green, dense, occasionally indurated clay. The indurated
nature of the clay is caused by dense compaction and siliceous
cement. Calcareous cement is usually absent.
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-l

The Green Clay appears to be continuous in the central Savannah River
Plant Area where the thickness is about 3 to 10 m. This clay is hy-
drologically significant because it supports a relatively large head
differential between the McBean Formation above and the Congaree Form-
ation below.

In the northwest Savannah River Plant Area, the Green Clay becomes
discontinuous, and concomitantly the vertical hydraulic gradient be-
tween the Congaree and McBean Formation is also less. To the south
the Green Clay thickens to about 20 m and becomes what is referred to
in Georgia as the Blue Bluff Marl of the Lisbon Formation.

3.1.7 McBean Formation

The McBean Formation (above the Green Clay) has a thickness ranging
from zero near the Fall Line to 30 m in the southeast. At the
Savannah River Plant it is about 20 to 25 m in thickness. The dip is
about 2 m per km to the southeast. '

The McBean Formation may be divided into two subunits; an upper unit
consisting of tan clayey sands and occasicnally red sand, and a lower
unit cénsisting of light tan to white calcareous clayey sand. The
lower unit is locally referred to as the "calcareous zone". Ih some
places it contains void spaces that result in "rod drops" or lost éif—
culation during drilling operations. To the northwest these void
spaces appear to decrease to the extent that no calcareous zone ap-
pears to -exist in the northwest part of the Savannah River Plant
(M-Area). However,'to the southeast the lime content of the zone
increases as do the void spaces. Southeast of the Savannah River
Plant the zone becomes limestone with only small amounts of sand.

The McBean Formation is considered to be the shoreward facies of the
Santee 1limestone, which occurs to the southeast. In the Savannah
River Plant Area, the calcareous zone may represent a tongue of the

Santee limestone.
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At the Savannah River Plant the McBean Formation is frequently exposed
in the creek valleys.

A clay layer informally called the "Tan Clay" in studies at the
Savannah River Plant overlies the McBean Formation.

3.1.8 Tan Clay

The Tan Clay can be considered to be the bottom of the overlying
Barnwell Formation. It is less continuous than the Green Clay and has
a higher hydraulic conductivity. Its thickness ranges from zero to

5 m. The Tan Clay commonly consists of two thin clay layers separated
by é sandy zone. In many studies the Tan Clay is used as a marker
horizon. '

3.1.9 Barnwell Formation

The Barnwell Formation is reported to be Jackson (uppermost Eocene) in
age (Siple, 1967). Its lowermost layer, the Tan Clay, directly over-
lies the McBean Formation.

The Barnwell Formation is exposed over a considerable area in the
uplands of Aiken and Barnwell Counties. The formation thickens from
Zero in the northeastern part of Aiken county to about 30 m at the
southeastern boundary of Barnwell County. The Barnwell Formation is
overlain by the Hawthorn Formation, from which it is usually difficult
to distinguish.

The Barnwell Formation consists mainly of deep red fine to coarse
clayey sand and compact sandy clay. Other parts of the formation
contain beds of mottled gray or greenish gray sandy clay and layers of
ferruginous sandstone that range in thickness from 1 cm to 3 cm.
Although fossils at some places indicate a marine origin, material
identified as Barnwell may have been deposited in other places as
alluvium during Pliocene to Pleistocene time. Beds of limestone occur

HO1201R008 14




s

ol
-

)

L

in the Barnwell Formation in Georgia, but none have been recognized in

South Carolina.

These factors indicate that a considerable part of the Barnwell Form-
ation was deposited as an arenaceous limestone in a near-shore or
estuarine environment. Some evidence of the remnant calcareous nature
of the formation is indicated by the comparatively high proporticn of
calcium carbonate found in ground water circulating in this unit.

3.1.10 Hawthorn Formation

The Hawthorn Formation outcrops over a very large area of the Atlantic
Coastal Plain and is perhaps the most extensive surficial deposit of
Tertiary age in this region. It is bounded on top and bottom by ero-
sional unconformities, and is present at the surface in the higher
areas of Aiken County. It ranges in thickness from zero in north-
western Aiken County to about 20 m near the Barnwell-Allendale County
line.

Typical Hawthorn Formation is fine, sandy, phosphatic marl or soft
limestone and brittle shale resembling silicified fuller's earth.
Updip, however, in the vicinity of Aiken and Barnwell Counties, it is
characterized by tan, reddish-purple, and gray sandy dense clay that
contains coarse gravel, limeonitic nodules, and disseminated flécké.bf
kaolinitic material.

3.1.11 Surficial Formations
3.1.11.1 Tertiary Alluvium

Alluvial deposits of late Tertiary age occur irregularly and dis-
continuously on the interstream divides or plateaus. They are
composed of coarse gravel and poorly sorted sand and were tent-
atively classified by Siple (1967) as Pliocene in age. Their
thickness ranges from 2 to 6 meters. |
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3.1.11.2 Terrace Deposits

Cooke recognized seven marine terraces of Pleistocene age on the
Atlantic Coastal Plain of South Carolina. He indicated that the
four highest terraces are present in the Savannah River Valley.
These features are not universally recognizable and have therefore
been the subject of discussion. The deposits that may be asso-
ciated with these terraces are not more than 10 m thick.

3.1.11.3 Holocene Alluvium

Alluvium of Holocene age occurs in the tributary and main channels
of the Savannah River. These deposits, which are generally cross-
bedded and heterogeneous in composition, consist of poorly sorted

sand, clay and gravel. The thickness ranges from Q0 to 10 m.

3.2 Local Stratigraphy at Z-Area

In the previous sections the regional stratigraphy is summarized. But
in the area of interest, Z-Area and vicinity, not all of the strati-
graphic units described above exist or are exposed.

The lowermost layer exposed near Z-Area is the Green Clay. The Green
Clay at Z-Area occurs at elevations between 42 and 46 m a.s.l. and ab—
pears to be relatively continuous in the wells throughout the area
(Parizek and Root, 1984)., It forms the bottom of the Upper Three Runs
Creek valley.

Thus the Congaree Formation is not exposed at Z-Area. However it is
included in the modeling study as discussed in Chapter 4.

The hill at Z-Area itself consists of the sediments of the McBean and
the Barnwell Formation. The Tan Clay, separating the McBean and the
Barnwell Formations, can be recognized in several borehole logs. The
elevation of the Tan Clay is between 60 and 69 m a.s.1. (Parizek and
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Root, 1984). It appears that the Tan Clay is thinner and less contin-
uous than the Green Clay. The Hawthorn Formation either does not exist
at Z-Area or is indistinguishable from the Barnwell Formation. Also no
surficial formations of significant thickness are known to exist at
Z-Area.

A detailed local stratigraphy (i.e., for modeling purposes) can be de-
rived from the results of numerous drilling investigations at Z-Area
{see Section 6.5).
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Fiyelro-

stratigraphic Thicknans
init Gmologic Age Qutcrop Deacript fon (m at SRP}
Alluvium Recent Fprch River and creek hottoms Flaw to conrse sand, silt and clay 0-3
Tarrace Plelstocens In flont plains and terraces Tan wo gray sand, clay, silt, and 0
Epoch of stroam valleys gravel on higher terraces
Alluvium Pliccens Fpach Surface of Alken Plateau Gravel and sardy clay 0
Hawthorn Miccena Epoch Large part of ground surface Tan, red, aml purple sandy clay 0 - 20
with rumerous clastic dikes
Barrwell Eocens Fpoch Large part of grourd surface Red, brown. yellow, and buff, firm 20 - 310
near streams to coarse sand and sandy clay
‘Tan Clay* Eccana Epech [ark silt, mardy clay 0=-3
McBean Eocena Epoch In banka of larger straams Yallow-brown to green, fine to 20 - 1%

coarse, glauwconite quartz sand,
intercalated with green, red,
yellow, and tan clay, sandy marl,
ard lenses of silicecus ]ineatons

'Green Clay* Eocena Epoch Grey, green, dense. indurated clay 3-20

Congaree Eocene Epoch In banks of larger atresms Yellow-brown to gresn, fine to - 35
coarse, glauconite quart: sard,

+

intercalaved with green, red,
yellow, ard tan clay, sandy marl, .
and lerses of sillcecys Limestoms -

Ellenton Upper Creta~ None on plant Dnrk gray to black swndy lignitic 12- 30
teous Epoch micaceous clay containing dis- .
seninate crystalline gypsus and
coarse quartr sand -
Tuscaloosa Upper Creta- Rone on plant except the Tan, butf, red, amd white; 180
ceous Epoch axtiews gpper part of (pper crossbedded, micaceous quart-
Three Ruins Creek Walley zitic and arkoeic sard and gravel

inbedded with red, brown, and purple
clay and white kaolin

Newark Series Triassic Nore on plant Dark-brown and brick-red sardistone, 0 or 1000
“Red Beds” Period siltstons, am claystons containing
gray calarecus patches.
Farglomerates near border, . -

Basement rocks Precarbrian None on plant Hortblerde greiss, chlorite= > 1000
of the Slate and Paleczoic hortblenda schist, lesser smounts of
Belt and Exas Qquartzite. Oovered by saprolite
Chariotte Group layer derived from basemant rock

Table 3-1 The Hydrostratigraphic Units Underlying the Savannah River
Plant (modified from Christensen and Gordon, 1983) )
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4.0 GENERAL HYDROGEOLOGY AT THE SAVANNAH RIVER PLANT

4.7 General

The Coastal Plain sediments, as described in Chapter 3, constitdte\é
multilayer hydrogeologic system characterized by lateral continuity (in
most circumstances) of the formations. Hydraulic properties vary for
each of the (hydro)stratigraphic units, depending on their lithology.
Ground water flow paths and flow velocities within these units are gov;
erned by the hydraulic properties, the geometry of the units, and the
distribution of recharge and discharge.

The Savannah River Plant lies completely within the drainage area of the
Savarmah River. The direction of flow in the shallow aquifers is gov-
erned by small'tributaries, in deeper aquifers by major tributaries, and
in the deepest aquifers only by the Savannah River itself. Thus, the
deepest ground water may be moving at angles or even in the opposite
direction to the shallow ground water at a particular location.

In the following section the (hydro)stratigraphic units (described in
Chapter 3) are hydrogeologically characterized, as far as they are of
importance for the actual flow and transport modeling. Similar to the
previous chapter, most sections of this chapter are derived from
Christensen and Gordon (1983). A —

4.2 Hydrogeologic Characterization of the (Hydro)Stratigraphic Units

The crystalline basement rock is relatively impermeable (10'?0 m/s)
except in certain fracture zones. The fracture zones have comparably
higher but still relatively low absclute hydraulic conductivities
(3 x 1077 m/38). The Triassic Sedimentary rock in the Dunbarton Basin is
characterized by extremely low permeability (from 107V to 10'1“ m/s)
and water movement within the Triassic Sedimentary Rbck is considered to
be almost nonexistent {Christensen and Gordon, 1983).
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4.2.1 Tuscaloosa Formation

The Tuscaloosa Formation, stratigraphically overlying the Triassic
Sedimentary Rock or the crystalline basement, is considered to be the
lowermost aquifer at the Savannah River Plant Area. Its transmis-
sivity, derived from field tests in boreholes in the Savannah River
Plant Area, ranges from 7 X 1073 m/s to 29 x 1073 m2/s with an aver-
age value of 16 x 1073 me/s. Using a thickness of 180 m for the
Tuscaloosa Formation (at the Savannah River Plant Area) a mean hyd-
raulic conductivity of about 9 x 107> m/s can be calculated.

The Tuscaloosa Formation discharges to the Savannah River. Therefore

at the Savannah River Plant the ground water in the Tuscaloosa Forma-

tion moves to the west or southwest (Figure 4-1). The piezometric

head of the lower Tuscaloosa Formation at Z-Area is estimated at about

60 m a.s.l. Water level measurements in wells screened only at the

bottom or at the top of the Tuscaloosa Formation indicate an increase -
of the piezometric head with depth. The measured head differences -
between upper and lower Tuscaloosa Formation range from 4 to 9 m
(Christensen and Gordon, 1984). This indicates some upward movement
of water in addition to its horizontal movement. The horizontal gra-
dient within the Tuscaloosa Formation is generally about 0.002 m/m.

4,2.2 Ellenton Formation

The Ellenton Formation, which overlies the Tuscaloosa Formation, is
not separated hydraulically from the Tuscaloosa Formation by an inter-
vening confining bed. Therefore the Tuscaloosa and Ellenton Formation
are considered to constitute a single aquifer. This is confirmed by
water level measurements in boreholes in the Savannah River Plant
Area. Based on these measurements the piezometric surface in the
Ellenton Formation at Z-Area 1s at about 55 m a.s.l.
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There are few hydrogeologic data for the Ellenton Formation, thus
little is known about the lateral flow pattern of ground water within
the formation. Because it 1s apparently connected to.the Tuscaloosa
Formation, its flow pattern is probably similar.

The water level data from the Ellenton Formation, measured in bore-
holes at the Savannah River Plant, indicate that the hydraulic head in
the Ellenton Formation is consistently higher than that in the over-
lying Congaree Formation. This indicates that there is not a perme-
able hydraulic connection between these two formations. Although the
clays that separate the Ellenton and the Congaree Formations are not
thick, they are apparently extensive and continuous enough to impede
the hydraulie connection. A pisolitic clay at the base of the
Congaree Formation appears to be extensive and may constitute the
principal confining bed that separates the Congaree Formation and the
deeper hydrologic system. The upper part of the Ellenton Formation is
a sandy clay, which may also function as a confining bed between the
Ellenton and the Congaree Formations.

4.2.3 Congaree Formation

The sand beds of the Congaree Formation constitute an aquifer in this
region, with a transmisaivity of about 1073 mé/s. Using hydraulic
tests in boreholes at the Savannah River Plant Area, the average hyd-
raulic conductivity of the sandy zones of the Congaree Formation was
determined to be about 2 x 1072 m/s. At the central part of the
Savannah River Plant Area, maximum values of 5 x 10‘ll m/s were mea-
sured (Christensen and Gordon, 1983).

The Congaree Formation is drained by the Savannah River and its major
tributaries. Thus, on a regional basis, the dissecting creeks divide
the ground water in the Congaree Formation into discrete subunits.
Depending on the depth of dissection, ground water is confined to its
own subunits.

HO1201R008 23




Within the Savannah River Plant Area, the Congaree Formation dis-
charges into the Savannah River and Upper Three Runs Creek. Although
springs occur, most of the discharge occurs along the valley bottoms
in swamps and marshes, making it difficult to measure.

These discharges into the Savannah River and Upper Three Runs Creek
govern the spatial variation of the piezometric surface of the ground
water in the Congaree Formation (Figure 4-2). Thus, at the Savannah
River Plant, the ground water generally moves to the southwest towards
the Savannah River, but in the vicinity of Upper Three Runs Creek the
ground water movement is directed towards Upper Three Runs Creek.

At Z-Area, the piezometric head in the Congaree Formation lies between
47 and 50 m above sea level (Figure Y-2)., The flow is directed to the
weét or the northwest. Thus, at least a part of the Congaree ground
water flowing beneath the Z-Area is discharged into Upper Three Runs
Creek. The horizontal hydraulic gradient in the Congaree Formation at
Z-Area is about .005 m/m.

As mentioned in the previous section, the hydraulic head in the
Congaree Formation is generally lower than in the underlying Ellenton
and Tuscaloosa Formations. The upward movement of water to the
Congaree Formation 1s impeded by clay layers at the base of the
Congaree Formation and at the top of the Ellenton Formation. Becadée
of the different spatial flow pattern in the Congaree and the
Ellenton-Tuscaloosa Formations, the head difference between these two
formations is not constant in space (Figure 4-3). At Z-Area, the head
difference is between 5 and 8 m. Similarly, the head in the Congaree
Formation is also lower than in the McBean Formation above. This is
caused by two factors: (1) the low permeability of the Green Clay
above the Congaree Formation through which recharge from the McBean
Formation must take place, and (2) the relatively high hydraulic
conductivity of the Congaree sands below the Green Clay, which en-
hances lateral movement and discharge to the deeper creek valleys.
Thus at Z-Area and its vicinity, the hydraulic head in the Congaree
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Formation is the lowest of any (hydro)stratigraphic unit in the
Coastal Plain system.

Laboratory tests indicated a median porosity value of 43% for the
total porosity of the upper part of the Congaree Formation
(Christensen and Gordon, 1983). Based on the lithology and degree of
induration, it is estimated that an effective flow porosity of 20% is
reasonable. A pumping test in the northwestern Savannah River Plant
resulted in a value of 14% (Christensen and Gordon, 1983).

4,2.4 Green Clay

The Green Clay at the top of the Congaree Formation separates hydrau-
lically the Congaree Formation below from the MecBean Formation
above. This separation appears to exist throughout the entire
Savannah River Plant Area except in the far northwest, where the sep-
aration is less complete (Section 3.1.6).

Because of the different spatial flow patterns in the Congaree and
McBean Formations (Section 4.2.5) the differential head through the
Green Clay is not constant. At Z-Area the differential head ranges
between 10 and 15 m. '

4,2.5 McBean Formation

Ground water occurs in both the lower calcareocus zone and the upper
sandy zone of the McBean Formation. Some of the uppermost parts of
the McBean Formation are unsaturated. As with the Congaree Formation,
creeks in the region dissect the McBean Formation and divide this
hydrogeoclogic unit into separate subunits, each having its own re-
charge and discharge area. Because the McBean Formation is a shal-
lower formation than the Congaree Formation, smaller creeks with less
deeply incised valleys make these divisions. The subunits of the
MecBean Formation are therefore smaller than those of the Congaree
Formation.
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The McBean Formation in the Z-Area hill can be considered to be an .
almost isolated hydrologic subunit (Figure 4-4), It is drained by .
Upper Three Runs Creek and small temporary tributaries in the north '

and west as well as by McQueen Creek in the east and southeast. Thus,
the Z-Area hill is connected only in the south with the McBean Form-
ation beneath the Separation Areas of the Savannah River Plant.

The piezometric surface of the McBean Formation at Z-Area itself
ranges from 61 to 69 m a.s.l. at the time (August 1977) the data were
¢ollected. Near' Upper Thfeé Runs Creek the piezometric surface is
50 m a.s.l. and lower. Thus, taking into account the elevation of the
top of the McBean Formation (Section 3.2) the piezometric surface in
the McBean Formation is a free water table near the creeks (Parizek
and Root, 1984). As Figure 4-4 shows, the flow pattern at the Z-Area
hill is highly divergent. Although the general direction of flow is
to the north, the individual flow vectors range from west to east.

The horizontal piezometric gradient ranges from 0.007 m/m at the o
center of Z-Area to 0.030 m/m at the western hill slope. The vertical

head difference between upper and lower McBean Formation is about .
0.6 m, indicating a downward component of ground water flow in addi-

tion to the horizontal flow component.

The median hydraulic conductivity in the upper part of the .McBean
Formation (sandy zone) is about 1.5 x 10'6 m/s based on hydraulic
tests in boreholes (Christensen and Gordon, 1983). The variation of
measured values is plus or minus one order of magnitude.

Fluid losses in the lower part of the McBean Formation (calcareous
zone) during drilling operations make it appear very permeable. How-
ever, pumping tests on the calcareous zone indicate a lower hydraulic
conductivity (0.5 to 1 x 1075 m/s) than in the upper McBean
Formation. Apparently ‘zones of higher permeability in the lower
McBean Formation do not connect over large distances, and the regional
permeability of the calcareous zone is lower than it appears fronm
drilling experience (Christensen and Gordon, 1983).
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4,2.6 Tan Clay

As described previously, a clay layer called the "Tan Clay" overlies
the McBean Formation., It 1s considered to be the lowermost part of
the overlying Barnwell Formation. Similar to the Green Clay between
the Congaree and McBean Formations, the Tan Clay impedes vertical
movement of grdund water between the Barnwell and the Mc¢Bean Form-
ations, The Tan Clay is not as continuous as the Green Clay and it
has a somewhat higher hydraulic conductivity. The head differential
between the Barnwell and the McBean Formations is generally smaller
(5-10 m) than the head differential between the McBean and Congaree
Formations (10-13 m at Z-Area). Nevertheless, the Tan Clay is an
important hydrogeclogical unit because it supports a perched water
table in the Barnwell Formation above the areas where the piezometric
surface in the McBean Formation is below the Tan Clay.

4,2.7 Barnwell Formation

The Barnwell Formation is the uppermost hydrogeologic unit in Z-Area
and vicinity (see Section 3.2). As with the McBean Formation below,
the Barnwell Formation is divided into separate subunits by dissecting
creeks but to an even greater extent due to (ts higher elevation.
Therefore, the Barnwell Formation in the Z-Area hill can be considered
to be an individual hydrologic subunit. As with the McBean Formation,
this hydrologic unit is connected only in the south with the Barnwell
Formation beneath the Separation Areas (Figure U4-5).

Like the McBean Formation, the Barnwell Formation at the Z-Area hill
is drained by the creeks surrounding it, but most of the recharge that
the Barnwell Formation recelves, as infiltrated rainfall and from the
south, migrates through the Tan Clay into the underlying McBean Form-
ation. ‘

The piezometric surface at Z-Area itself is a free water table ranging
from 67 to 77 m a.s.l. at the time (Summer, 1986) when the data were
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collected (Figure U4-5). Near the creeks, where the piezometric sur-
face in the underlying McBean Formation is a free water table, the
ground water in the Barnwell Formation must be considered to be
perched ground water. As in the McBean Formation the horizontal com-
ponent of ground water flow in the Barnwell Formation is highly diver-
gent.

The horizontal hydraulic gradient ranges from 0.002 m/m at the south-
ern part of Z-Area to 0.05 m/m at the northeastern Z-Area hill
slope. Assuming a constant conductivity for the Barnwell Formation
over the whole area, the large range for the horizontal hydraulic
gradient indicates a corresponding variation of the ratio of the ver-
tical and horizontal ground water flow components throughout the area.

Laboratory measurements of hydraulic conductivities on undisturbed
Barnwell Formation samples, as well as results of field tests in bore-
holes, indicate conductivities of about 1 x 10“6 m/s with the measure-
ments varying between 1 x 1077 w/s and 1 x 1072 m/s (Christensen and
Gordon, 1983). Pumpirig tests in a sand lens in the upper Barnwell
Formation resulted in even higher values (1 x 1074 m/s). Thus the
overall hydraulie conductivity of the Barnwell Formation probably does
not differ significantly from the conductivity of the McBean Form-
ation. However the Barnwell Formation is apparently more hetero-
geneous (see also Section 3.1.9). Low permeability clay lenses exist
within the Barnwell Formation, which locally impede downward ground
water movement, causing small perched ground water lenses above the
general water table in the Barnwell Formation (Sargent, 1984).
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5.0  GENERAL CLIMATOLOGY AT THE SAVANNAH RIVER PLANT

The climate at the Savannah River Plant Area is typical for the

region. Average temperatures are 8-10°C in winter, 26-28°C in -
summer with extreme values of -16°C and 41°C (Fenimore and Hooker, ’
1977). The relative humidity generally lies between 70-80% at night

and 50-60% at noon. The precipitation is relatively high, between

1000 and 2000 mm per year.

Rainfall measurements at Aiken near the Savannah River Plant, are
available since 1854 (Figure 5-1). Precipitation data for the
Savannah River Plant itself start in 1952 (Figure 5-2). The average
annual rainfall at the Savannah Rivér' Plant was 121'5 mm for the
years 1952 through 1983 (Fenimore and Hooker, 1977). Within that
time pér'iod, the recorded maximum and minimum annual rainfall were
1909 mm and 945 mm, respectively. During the period 1952-1972 the
average rainfall is greatest in March (129.5 mm) and least in
November (57.0 mm). Thus the rainfall is rather evenly distributed
throughout the year (average monthly rainfall 992 mm). Further
climatological details can be found in Fenimore and Hooker (1977).

Detailed analyses of the hydrologic budget for the recharge area of
McQueen Creek have shown that about 67% of the average precipitation
does not infiltrate but evaporates or runs off (Parizek and Root,
1984). Thus about 33% of the rainfall infiltrates as groundwater
recharge. Using 1215 mm per year as annual average precipitation,
the annual average recharge rate can be calculated to be about

400 mm per year.

-
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6.0 DATA REVIEW

6.1 Overview "

Several studies have been conducted related to the geology and hydro- .
geology of the Savannah River Plant in general, and the Separation Areas

in particular. However only a few of these are related directly to

Z-Area itself. Most of the information concerning the geological condi-

tions at Z-Area derives from the field exploration program performed by
d'Apolonia (1981). This program included drilling (25 boreholes)
sampling and geophysical borehole logging. The boreholes were completed

with piezometers for the purpose of meaéuring ground water levels and

for hydrochemical sampling.

Numerous laboratory tests were performed on Shelby Tube samples obtained
during the drilling program. Estimates of the following formation prop-
erties were obtained: grain size distribution (sieve curves), hori-
zontal and vertical permeabilities, total porosity and effective po-
rosity.

Ground water levels were measured in the boreholes drilled and instru-
mented by d'Apolonia. Water level data are available for two time pe-
riods: (a) January 1982 - December 1982 and (b) March 1984 - August
1985. In 1984 and 1985 ground water samples were collected quarterly
and the major ion concentrations were determined.

During 1983-and 1984 additional boreholes were drilled and piezometers
installed. These additional boreholes form clusters, screened at dif-
ferent depths allowing measurements of the piezometric surface in the
different hydrostratigraphic units at the same location. Thus it is
possible to determine the horizontal component of gr'oun'd water flow,
using the water level measurements from boreholes at different loca-
tions, and also to determine the vertical component of ground water
flow, using the water level measurements from the boreholes screened in -
the different hydrostratigraphic units at the same location. Periodic
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water level measurements (monthly readings) started after completion of

these wells.

In 1982 it was discovered that the water level measurements at one of
the'ppreholes drilled by d'Apolonia (SDS-14) indicated an apparent depth
of the uppermost water level of 3-}4 m‘below surface (ca. 78 m a.s.l.),
while in other wells the uppermost water level appearéd to bé about
15-20 m below surface (65 - 75 m a.s.l.). Subsequently 22 shallow wells
(6.7 to 10.7 m deep) were augered in order to investigate in detail the
shallow water table conditions. Samples were collected during drilling
at 60 c¢m intervals using a split spoon sampler and grain size and min-
eralogic analyses were performed. Piezometers were installed in each
borehole to a depth of 4.6 m. The results of this investigation program
indicate that the Barnwell Formation is a rather heterogeneous hydro-
stratigraphic unit. Numerous low permeability clay lenses are inter-
calated in more sandy sedimentary rock, thus causing small perched
ground water lenses above the general water table in the Barnwell Form-
ation (Sargent, 1984). The general water table in the Barnwell Form-
ation is of the order'of 15 to 20 m below ground surface. Nearer the
creeks where drainage of the underlying Mc¢Bean cccurs, this alsc becomes
a perched water table.

Only a few hydraulic tests to determine the hydraulic conductivity had
been conducted in wells located in or adjacent to Z-Area (Pariiek aﬁd
Root, 198U4). Therefore INTERA Technologies performed a series of slug
withdrawal tests in the deeper wells at Z-Area in June 1985. Prior to
these conductivity tests the water levels in these boreholes ‘were mea-
sured (Appendix A).

In 1982, a three dimensional finite difference model for the Separation
Areas (about 2 km southwest of Z-Area) was developed to examine the
ground water flow system in the saturated zone beneath the disposal
areas (Root, 1982). This model simulated ground water movement in the
Barnwell and McBean Formations.
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In 1984 Parizek and Root submitted a quarterly report which attempts to

estéblish the parameters necessary for the development of a hydrologic
budget of the McQueen Creek drainage basin. The proposed disposal site
(Z-Area) lies partly within the McQueen Creek drainage basin. In the
hydrologic budget the following parameters were quantified: precipi- -
tation, surface runoff, ground water recharge, evapotranspiration and
underflow (Parizek and Root, 1984).

The data obtained during the field and laboratory investigations out-
lined above were reviewed and interpreted prior to the modeling de-
scribed in this report. The data review also included the results of
the modeling work performed by Parizek and Root. 1In the following sec-
tions, the most important aspects of the data review and the results
derived from it are summarized.

6.2 Geological and Geophysical Borehole Logs (d'Apolonia Report)

From 1980 to 1981 d'Apolonia performed a comprehensive drilling program
(25 bbreholes; SDS-2 to SDS-19) at Z-Area and vicinity (Figure 6-1).
The results are presented as detailed lithological borehole profiles énd
as geophysical boring logs with a generalized material description
(d'Apolonia, 1981). The 1latter are based on both the core logging
during the drilliné work and the geophysical logging in the boreholes
(natural gamma log, self potential, single point resistance log and
caliper log). No attempt was made in the d'Apolonia report (1981) to
correlate the data with the regional stratigraphic units {(e.g., McBean
Formation or Barnwell Formation).

The review of the d'Apolonia data showed that the lithological borehole
profiles are rather detailed on the one hand, but on the other hand they
are insufficiently precise and discriminating to be used without further
interpretation. For example, the geological description of borehole
SDS-3 shown in Figure 6-2 appears rather detailed at first glance.
However, the lithological description on which parameterization of a -
model can be based is: "
®
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0 - 40 ft ne information

Up - 66 ft clayey sand (30-50% clay)
66 - T4 ft sand with 5-30% clay

74 -

80 ft sand (less than 5% clay)

This reduced information is almost the same as the generalized descrip-
tion presented in the geophysical boring log (Figure 6-2). Therefore
the generalized descriptions were used as the primary base for further

work.
The generalized descriptions contain four material categories:

- sand

- sand with a trace of clay
- clayey sand

- sandy clay

In order to check the suitability of the generalized description as a
basis for the model input, its internal consistency was teated by com-
parison with the results of the laboratory grain size analyses (sieve
curves) performed on samples taken from the boreholes during drilling.

6.3 Grain Size Analyses (d'Apolonia Report)

Grain size analyses were performed on 28 samples taken from different
boreholes. The results are presented as sieve curves in d'Apolonia
(1981). ‘They show that no pure sand was found. Every sample had at
least 4-5% silt or clay. Therefore the distinction between 'sand' and
'sand with a trace of ciay' is not really obvious and was dropped for
the further interpretative work.

Only one sample originates from a layer described as 'sandy clay'
(SDS-8, U47.4 ft. depth, d'Apolonia, 1981). The sieve curve shows 40%
clay and silt. There are several other samples, which were described as
"elayey sand"; and which show similar or even higher contents of clay
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and silt; (e.g., SDS-3, 41.6 ft: 35% clay, SDS-5, 14.6 ft: 479 clay;
SDS-14, U41.6 ft: 37% clay, d'Apolonia, 1981). Thus the samples 'sandy
clay' and 'clayey sand' did not really represent different types of
sediment. Therefore the distinction is not justified and was dropped.

After these simplifications only two types of sediments were left:
'sand' and 'clayey sand'. In order to check the consistency of this
classification, the generalized descriptions from the geophysical boring
logs were compared with the percentage of the silt and clay fraction
from the grain size analyses. As Figure 6-3 shows, 17 samples origi-
nating from layers described as sand were analyzed. They have silt and
clay contents between 4 and 20%. As already mentioned, the samples
'sand with trace of clay' are indistinguishable from the samples clas-
sified simply as sand. The percentage of the silt-clay content of the
11 'clayey sand' samples (incl. the 'sandy clay' sample) range over a
reldtively large interval, between 9 and 47%.

The diagrams in Figure 6-3 show the distribution of the silt and clay
content in the two sedimentary types. The sand samples form a reason-
ably well defined group with a mean silt and clay content of about 10%
(sample standard deviation 5%). However, the clayey sand samples are
less uniform, with a mean silt and clay content of about 26% and a
sample standard deviation of 11%.

Further attempts were made to characterize the two sample types by
looking at the shape of the sieve curves. The only statement that can
be made is that the 'sand' samples generally have steeper and less
varying curves and therefore are somewhat better sorted.

As a result of the data review of the grain size analysis the following
statements can be made:

- based on the data provided by d'Apolonia (1981) only two sedimentary
rock types can be distinguished at Z-Area: 'sand' and ‘clayey
sand’'.
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- the differentiation between these two sediment types in the gen-
eralized geophysical boring logs is fairly consistent with the
results of the grain size analyses.

- the generalized description in the geophysical logs possesses most
of the existing information and therefore can be used for further
data interpretation work. However the obvious heterogeneity of the
two sample groups and the limited reliability of the boundaries
between them must be taken into account.

6.4 Additional Borehole Logs (SDS-20, 21, 22)

Several years after the drilling conducted by d'Apolonia, additional
borehioles were drilled at Z-Area and piezometers installed (J. Cook,
pers. comm,). As discussed in Section 1.1, the additicnal boreholes
form well cldsters, each consisting of 3-4 boreholes. Geologic descrip~
tions were available for the deepest of the three wells in each cluster
(SDS-20A, SDS-21A, SDS-22A). As Table 6-1 shows, these logs provide the
percentage of sand, silt and clay for finite depth intervals (60 m
each).

In order to reconcile these data with d'Appolionia's generalized borehole
logs, the computer logs were simplified by allowing only two types of
sediments: tsand' and ‘'clayey sand'. The criterion to disebiminéﬁe
between these two types was the percentage of ‘the silt and clay
content, Sand was defined to have generally less than 10% silt and
clay. Consequently clayey sand has more than 10% silt and clay. As an
excebtion it was found that in the boreholes SDS-20 (at 100 ft depth, or
49 m a.s.1.) and SDS-22 (at 130 ft depth = 47 m a.s.l.) calcareous sedi-

ments occur.

These simplified borehcle logs were used together with d'Appolonia's
generalized borehole logs for the further data evaluation.
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6.5 Compilation of the Geological Data

In order to develop an understanding of the three-dimensional geological
structure, the existing geological data were summarized in one diagram
(Figure 6-4). For this, the topographic map and the generalized bore-
hole logs (d'Apolonia, 1981) were used.

Figure 6-4 shows the borehole locations within the metric UTM-Grid. The
grid (xy-plane) is assigned an elevation of 44 m a.s.l. The'generalized
borehole logs are drawn onto the plan, projecting thé vertical dimension
(z-direction) on the xy-plane. Thus the z-direction lies parallel to
the x-direction (north-south).

Figure 6-4 reveals the extent of information available concerning the
geology of the Z-Area hill. Also it discloses clearly the vertical and
horizontal heterogeneity of the sedimentary rock. However, it is pos-
sible to correlate a clayey layer between elevations 60 and 70 m a.s.l.,
in most of the boreholes (Figure 6-5). In studies concerning the
Savannah River Plant, this clayey layer is normally referred to as the
"Tan Clay" (Parizek and Root, 1984).

Similarly a second clayey layer between 42 and 48 m can be recognized in
the deeper wells (Figure 6-6). This clayey layer is called the "Green
Clay" in studies at the Savannah River Plant (Parizek and Root, 1984).

Additionally a calcareous zone was logged in the well SD§-22, which
represents the calcareous zone of the lower McBean Formation
(Section 3.1.7).

Thus it 1s possible to correlate the geological data from the Z-Area
hill with the regionally known lithology (or stratigraphy) and derive a
representative 1lithologic (or stratigraphic) profile for the project
area (Figure 6-7). It is obvious from Figure 6-4 that the thickness of
the different lithologic units varies within Z-Area and vieinity, al-
though some of the thickness variation is undoubtedly caused by the
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' imprecision inherent in field borehole logs. The representative litho-

logical profile must therefore be interpreted as a typical profile with
average thicknesses.

As far as the geological structure beneath Z-Area is concerned, Figures
6-5 and 6-6 reveal a relatively flat, :layered system. There may be a
slight dip to.the south (ca. 5 m/km} in the southern part of the project
area, but in the middle and northern part no uniform dip of the layers

" could be discerned.

6.6 Permeability and Porosity Data

The typical hydraulic conductivities of the hydrostratigraphic units at
the Savannah River Plant on a regional scale are reported in Christensen
and Gordon (1983). Because they were already discussed in Chapter &,
they are not repeated in this section, but Table 6-U4 summarizes the data
avalilable.

Dt'Apolonia performed a series of permeability tests on the core samples
within the context of the drilling program in 1980 and 1981. As

Table 6-2 shows, 28 samples were taken from different boreholes and
their permeability (in the horizontal and vertical directions) and their
different porosities (total; effective; effective at 5 psi) were mea-
sured in a laboratory.

Table 6-3 shows the results of the laboratory permeability tests related
to the hydrostratigraphic units as described in Section 6.5. Because of
the heterogeneity of some of the hydrostratigraphic units, Table 6-3
differentiates between results derived from analyses of sample which
represent sandy facles and from analyses on samples which represent
clayey sandy facies.

Most of the tests (19 of 28) were performed on Barnwell samples. The
results reveal the large heterogeneity within the Barnwell Formation.
Sandy layers generally have permeabilities of 10‘6 n/s, while in clayey
sandy layers values between 10'8 and 10”9 m/s were measured.
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On samples from the Tan Clay, values between 10"8 and 10"9 m/s were

measured. However, the number of Tan Clay samples is relatively
small (3).

Even fewer samples were analyzed from the McBean (2) and the Congaree
(1) Formations. Because of the small sample number these values cannot
be considered to be representative of the formations from which they
were obtained. Therefore Table 6-4, which summarizes also the labor-
atory test results, shows the mean values only for the Barnwell Form-
ation and the Tan Clay.

As reported by d'Appolonia (1981), the relationship between the hori-
zontal and vertical permeability is somewhat erratic. No clear trend
could be recognized (Table 6-3). Therefore these data were not used to
estimate the ratio of the vertical and horizontal hydraulic conduct-

ivities.

Several years after the d'Appolonia work, some hydraulic tests were
performed in the boreholes located at or near Z-Area (Parizek and Root,
1984). The results are also shown in Table 6-14,

In 1982 Root developed a three dimensional finite difference model of
the Separation Areas (about 2 km southwest of Z-Area). This model was
calibrated for steady state flow by matching the model-calculated heaﬁs
to the water levels in the boreholes within the model area (Root,
1982). Root assumed a vertical to horizontal permeability anisotropy
factor of 2:1 for the Barnwell and McBean Formations. The Tan Clay was
implemented simply as low vertical permeability between the Barnwell and
the McBean Formations. The Green Clay was considered to be impermeable,
thus the McBean Formation was the lowermost aquifer included in Root's
model. During the calibration, Root assigned the same hydraulic con-
ductivities to the Barnwell and McBean Formations. Thus only two para-
meters remained to be varied, i.e., the hydraulic conductivity of the
Barnwell and McBean Formations and the vertical hydraulic conductivity
of the Tan Clay.
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Root found the best match to the water level data was obtained "using
2.1 x 1072 m/s as the horizontal hydraulic conductivity for the Barnwell
and McBean Formations, and 1.9 x 10'8 m/s as the vertical hydraulic
conductivity for the Tan Clay‘(Figure 6-4).

In June 1985 INTERA performed additional hydraulic tests in some of the
boreholeé at Z-Area, The tests and their results are discussed in
Appendix A. The final results (arithmetic mean values) are shown in
Table 6-4.

Thus Table 6-4 summarizes 5 data groups (Christensen and Gordon,
d'Appolonia, Parizek and Root, Root and INTERA). A comparison shows
that the values usually range over two orders of magnitude for each
hydrostratigraphic unit. This simply reflects the heterogeneity of the
hydrostratigraphic units at Z-Area,

Although the hydraulic conductivities used for modeling Z-Area resulted
from model calibration (matching the known water levels), it is useful
to estimate the possible range in which the model hydraulic conduct-
ivities should fall.

The Barnwell data (sandy facies) lie fairly consistently between
1 x 10_6 m/s and 2.1 x 1072 m/s. Thus the effective hydraulic conduct-
ivity used by the calibrated model shculd lie within this range.

For the Tan Clay few data are available. The existing data indicate a
hydraulic conductivity of about 1078 w/s. Therefore it can be expected
that the model conductivity will be within the range of 0.5 x 10'8 to
5 x 1078 w/s.

The most data are available for the McBean Formation. The mean values
vary between 1 x 1070 m/s and 3 x 1075 m/s. Thus the effective
hydraulic conddctivity used by the calibrated model should fall in that
range.
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No data are available for the Green Clay. Based on the lithological

description and on the fact that the Greén Clay apparently acts as a
confining bed between the McBean and Congaree Formations, a relatively
low permeability can be assumed. Thus the hydraulic conductivity of the
Green Clay likely lies between 10710 m/s and 1078 m/s

Fewer data are available for the Congaree Formation than for the McBean
Formation. Generally the hydraulic conductivities are higher in the
Congaree than in the McBean Formation (Table 6-4). Christensen and
Gordon (1983) report a factor of 10; which was one of the reasons to
consider the Congaree Formation as a separate hydrostratigraphic unit
(Section 3.1.5). Thus the expected range for the hydraulic conductivity
of the Congaree Formation in the model is from 10~° m/s to 5x 1074 m/s.

No data are available concerning the vertical anisotropy of the
hydraulic conductivity of the Congaree Formation, i.e., the ratio of the
vertical to horizontal hydraulic conductivity (see also Appendix A.3).
Therefore these values were estimated for modeling Z-Area (Section 7.3).

The results of the porosity measurements by d'Appolonia are summarized
in Table 6-2. The measured total porosities vary between 26% and
45.7%. The effective porosities (at 5 psi) range from 2.1% to 28.1%.
This is fairly consistent with the existing literature, Chrlstensen and
Gordon (1983) reported an effective porosity value of 20%¢ as being a
reasonable estimate for both the McBean and Barnwell Formatlon Root
(1982) assumed a value of 25% for modeling the Separation Areas

For transport modeling, the effective porosity for transport is somewhat
higher than the effective flow porosity, but smaller than the total
porosity. Thus a porosity of 30% is assumed for the transport modeling
presented later in this report.
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6.7 Piezometric Data

The piezometric surface of the ground water in the different hydro-
stratigraphic units at the Savannah River Plant is generally well known
(Christensen and Gordon, 1983). An introductory overview is given in
Chapter 4 of this report. '

The ground water levels were pericdically measured in boreholes at and
adjacent to Z-Area beginning with January 1982. Water level data are
available for two time periods: (1) January 1982 - December 1982 and
(2) March 1984 - August 1985. As Table 6-5 Shows, most of the wells
drilled by d'Appolonia are screened in the Barnwell Formation. For the
more recently drilled wells ("additional boreholes'") no exact biezometer
specifications were available, but according to the piezometer specific-
ations (J. Cook, pers. comm.) they are open to the Congaree and the
McBean Formations. ' A

All available data are listed in Appendix A. Table 6-5 is a summary of
piezometer readings only. Table 6-5 presents (for each borehole), the
screened formation, the number of readings, the minimum and maximum and
the mean value of all readings. '

As Table 6-5 shows, the uppermost formation monitored is the Barnwell
Formation. The mean water levels in the Barnwell Formation geheréiiy
lie between 70 and 73 'm a.s.l. Assuming 69 m a.s.l. as the elevation of
the top of the Tan Clay, only the lowermost 4 m of the Barnwell Form-
ation are fully saturated on the average. As an exception borehole
SDS-14A shows comparably high water levels. Obviously a very 1local
perched water table was measured there. As discussed in Section 6.1,
this phenomenon was investigated by an additional drilling and investi-
gation program (Sargent, 1984).

During the years, the water levels in the boreholes screened in the
Barnwell Formation showed relatively strong fluctuations as compared to
the thickness of the saturated zone. Except at borehole SDS-14A, the
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fluctuations, i.e., the difference between the recorded maximum and the

recorded minimurﬁ (INTERA'S measurements not included), range from 1.63 . *
to 3.26 m with an average of 2.2 m. Apparently the water table in the
Barnwell Formation can also completely disappear in dry seasons (see
Appendix A). Therefore it is difficult to determine representative
"steady state" water levels as would be required for steady state
modeling. Consequently the Barnwell water levels were not used as cal-
ibration data for the modeling study. Rather, a sensitivity analysis
was performed for those parameters (permeability of the Tan Clay; in-
filtration rate) on which the water table in the Barnwell Formation
depends most (see Section 9.2).

However, to set up correctly the boundary conditions for the model, at
least an estimation of the piezometric surface within the Barnwell Form-
ation is required. Because boundary conditions will be applied to the
Barnwell Formation only at the southern edge of the model area

(Section 7.1), it 1is there that the water levels must be known or
estimated. The piezometric surface map, which covers the Savannah River
Plant Separation Areas (Figure Y4-5) was taken as the basis for that
water table estimation at Z-Area. This map is based on data from
1968. As the meteorologic data (Figure 5-2) show, in 1966 and 1967 the
precipitation was close to the long term average of 1215 mn. The year
1968 1itself received less rainfall (ca. 1000 mm) than the average
year. However taking into account the response time for hydrologic
systems of that size, the water table elevations shown in Figure 4-5 can
be considered to be representative.

The ground water contour lines from Figure 4-5 are shown in Figure 6-8
at an enlarged scale. Additionally the mean water levels from Table 6-5
are shown on Figure 6-8. A comparison reveals that although there is a
fair general agreement between the more regional plezometric surface map
and the local well measurements, the contour lines do not extend as far
to the north as estimated in the more regional study. Therefore the
contour lines were corrected on the local scale using the mean water
level data from the Z-Area wells (Figure 6-8). This corrected piezo- . .
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metric surface was later used for the definition of the boundary condi-
tions applied to the Barnwell Formation at the southern edge of the
model (Section 7.1).

The next aquifer below the Barnwell Formaticon is the McBean Formation.
The water levels in the McBean Formation range from 61 to 71 m a.s.l.
(mean values). Assuming 66 m as the elevation for the pottom of the Tan
Clay, the ground water in the McBean is confined at the center and the
southern part of the Z-Area and exhibits a free water surface near the
slopes of the Z-Area hill, where the McBean Formation is drained by the
creeks. The fluctuations of the water levels in the McBean Formation
range from 0.4 to 3.4 m over the monitoring period. The average fluc-
tuation is 2.4 m, which is comparable to the average fluctuation in the
Barnwell Formation. Again borehole SDS-14 shows exceptionally high
water tables and large fluctuations,

As in the Barnwell Formation, the water levels in the McBean Formation
can fall below the bottom of the screened interval of the shallower
boreholes (see Appendix A). Because of the difficulties in estimating a
representative 'steady state' water table for these piezometers, only
the deeper borehole data (SDS-7C, SDS-12B, SDS-20B, SDS-21B, SDS-22C)
were used for the model calibration. In these boreholes, the water
level measurements by INTERA (June 1985, Appendix H) are in very good
agreement with the long term mean values. The deviation is 32 cm or
less. Table 6-6 summarizes the water level data utilized for the model

calibration.

As in the Barnwell Formation, an estimation of the piezometric surface
in the McBean Formation is also required for definition of the southern
boundary conditions of the model (Section 7.1). Again a more regional
plezometric surface map for the McBean Formation was used as a basis for
that estimation on a loecal scale. 1In this case, the regional piezo-
metric surface map (Figure 4-4) is based on water level measurements
taken in August 1977. The precipitation data (Figure 5-2) show that,
although the precipitation in 1976 was above the average annual rainfall
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(ca. 1250 mm) the precipitation in 1977 itself was below the average
(ca. 1100 mm). Thus the contour map from 1977 can be considered to be

representative.

The ground water contour lines from Figure U-4 are shown in Figure 6-9
at an enlarged scale. Additionally the mean water levels (Table 6-5) in
the deeper boreholes, which were also selected for the model calibra-
tion, are shown on the map. A comparison shows that the general agree-
ment is good, although the local well data are somewhat higher than one
would expect based on the contour lines only. Using the remaining bore-
hole data from Table 6-5, the mean water levels in SDS-14 and SDS-13 are
in excellent agreement with the contour lines, while on the other hand
the values from SDS-18 and SDS-19 are comparably too high.

However, the data base was not considered to be sufficiently large and
reliable to allow substantial improvement in the existing piezometric
surface map for the McBean Formation by correcting the contour lines on
the basis of the local well data. Thus the uncorrected map shown in
Figure 6-9 was used for the definition of the boundary conditions
applied to the Barnwell Formation at the southern edge of the model
(Section 7.1).

The lowermost aquifer screened in the wells at Z-Area is the Congaree
Formation. The Congaree water levels lie between 49 and 53 m a.s.l.
This is consistent with the literature (e.g., Christensen and Gofddn;
1983) where the large head differential between the McBean and the
Congaree Formation is emphasized (Section 4.2, 4) This head difference
demonstrates that the two aquifers are relatively separated
hydraulically by the Green Clay.

Compared to the McBean Formation above, the water levels in the Congaree
Formation show relatively small fluctuations. The fluctuations over the
monitoring period range from 0.2 to 0.8 m with an average of 0.5 m. The

water level measurements performed by INTERA in June 1985  (see
Appendix A) are in very good agreement with the long term mean (devi- . ]
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ation 20 cm or less). Therefore all mean water levels from the bore-
holes screened in the Congaree Formation (Table 6-6) were used for the

model calibration.

Unlike the Barnwell and the McBean Formations, the information about the
piezometric surface in the Congaree Formation that can be derived from
regional studies (Figure Y4-2) is not sufficiently detailed to be used in
a local large scale map such as Figure 6-10. But as Figure Y4-2 shows,
there will be a need for defining boundary conditions in the southeast
and the northwest of Z-Area in the later model. Like in the aquifers
above, the definition of these boundary conditions must be based on an
estimation of the local piezometric surface.

Because the regional piezometric surface map is too general, only the
mean water levels from the wells at Z-Area (Table 6-5) are illustrated
on the local map {Figure 6-10). Based on the regional information
(Figure 4-2) two additional aésuﬁptions are justified: (1) the ground
water flow at Z-Area is directed toward the northeast to Upper Three
Runs Creek, and {(2) the flow field is constant throughout the area of
interest. Based on the well data and these two assumptions, the piezo-
metric surface of the Congaree Formation was estimated (Figure 6-10) and
used as the basis for definition of the boundary conditions applied to
the Congaree Formation in the actual model (Section 7.1).

In summary the review of the piezometric data provided water level data
for the MecBean and the Congaree Formations, which can be used to cali-
brate the model. The plezometric surfaces in the three aquifers
(Barnwell, McBean and Congaree Formations) were estimated from both the
water level measurements in wells at Z-Area and the results of previous,
more regional studies.
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REPRESENTATIVE GEOLOGIC PROFILE
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Figure 6-7 Representative Geologic Profile for Z-Area
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Depch

Rock
Borehole (fr) Color Structure Name
SDS 20A 00 212TA MA 2010
SDS 20A 02 205GY YE CLB 900505GY YE
5DS 20A 04 212YE MA 97 ©0IYE
SDS 20A 08 21BOR YE MA 93 07YE
sSDS 20A o8 Z217RE OR MT 0203452525YE OR
SDS 20A 10 220RE MA 0203602510RE
SDS 20A 12 2210R RE MA B851005RE OR
SDS 20A 14 2200R RE MA 8010100R RE
5DS 20A 16 2190R MA 9502¢30R
SDS 20A 18 2150R BR MA 9505
SDS 20A 20 2150R BR MA 50 SOCOR BR
SDS 20A 22 2130R MA 90 100R
SDS 20A 24 21 8OR MA 9005050R
SDS 20A 26 221CR MA 9502030R
SDS 20A 28 218YE MA 910504YE
SDS 20a 30 224YE MA 030279 25YE
SDS 20A 32 208YE MA 85 15YE
SDS 20A 34 207YE MA 90 10YE
S5DS 20A 36 212L BR MA 93 0O7L BR
SDS 20A a8 215M BR MA 90 10M BR
SDS 20Aa 40 2154 YE MA 98 02M YE
SDS 20a 42 2124 YE MA 98 02M YE
S5DS 204 44 208M YE MA 99 0OlM YE
SDS 20A £13 209L BR MA 99 01lL BR
5DS 20A 48 215K BR MA 99
SDS 20A 50 212M BR MA 98 02YE
SDS 20a 52 2]12M BR MA 99
SDS 20A 54 214D BR MA 96 O4dBR
SDS 20A 56 222M BR MA 01 95 O04BR
SDS 20A 58 218M BR MA 01 $970101M BR
SDS 20A 60 221M YE BR MA 99
SDS 20A 62 2194 YE BL MA 99
SDS 20A 64 . 213D GY BR MA 98 02TA
SDS 20A 66 210M YE BR MA 99
SDS 20A 68 220M YE BR MA 99
5DS 20A 70 2124 BR MA 70 30TA
SDS 20A T2 212YE BR MA 25 75TA
SDS 20A 74 220M BR MA 97 03TA
SDS 20A 16 210M YE MA 99
SDS 20A 78 2108 YE BR MA BS 15TA
SDS 20A 80 213M YE MA 93 O07TA
SDS 20A 82 211L TA YE MA 75 25TA
SDS 20A B4 207L TA MA 030285 1l0TA
SDS 20A 86 207L TA MA 02 631025TA
SDS 20A ag 212M BR - MA 99 010R
SDS 20A 90 201M BR 02 88 10Ta
5DS 20A 92 200 NO RECOVERY
SDS 20A 94 208TA MA 75 25TA
S5DS 20A 56 220L TA MA 05 70 25TA
SDS 20A 98 2215 TA MA 07 &8 25
SDS 20A 100 211L TA ‘MA 05 60300S5TA
SDS 20A 102 209D YE BRF ICL BOOS15TA
SDS 20A 104 221D BR GN MA 30 70GN
SDS 20A 106  206GN MA 55 45GN
5DS 20A 108 212GN Ta MA 99 O0lYE
SDS 20A 1lo 208GY TA GN MA 98 O02YE
SDS 20A 112 212GN MA 92 10GN
SDS 20A 114 212D GN MA 92 08GN
S0S 20A 116 209GY TA MA 98 02GY TA
SDS 20A 118 220GY GN -MA 020392 03GY GN
SDS 20A 120 205G TA MA 010395 O02GN TA

SDS 20A 122 200 NO 'RECOVERY
SDS 20a 124 200 NO RECOVERY
SDS 20A 126, 200 NO RECOVERY
5DS 20A 128 223TA MA 99
SDS 20A 130 200 NO RECOVERY

SDS 20A 132 206TA MA 98 02TA
SDS 20A 134 203D TA MA 97 03Ta
SDS 20A 13¢ 207BR TA MA 0395 (02BR TA
5DS 20A 138 206BR MA 99

SDS 20A 140  2098BR MA 99

SDS 20A 142 ;208BR MA 99

SDS 20A 144  209L BR MA 99

SDS 204 146  208GY ICL 99 GY
SDS 20A 148 210Ta MA 99

SD C H Pl
5D C M PFl
5D C H HL
5D VCHM V1
SDSTCLO4M v1
STSD 04M V1
5D CF Vi
5D veH V1
5D M F P3
5D VCM P2
CL5D VCM V2
5D C M P2
5D cC MVl
§D C M w2
SD CH P2
CL5D 0dm vl
SD VCM V1
SD VCM Vvl
SD M F M3
5D C F M2
SD C M M2
=] C M M2
SD C M M2
5D C M M2
S0 08M M2
5D C M M2
H1s) C M M2
5D C F M2
SD 06M M2
50 0d4M M2
SD VCF W3
sp C M M2
5D C M M2
§D VCC M2
SD C C M2
CLSD C M P2
SDCL F CL
SD CMM2
SD C VFW3
5D C F M3
SD C M M3
CLSD F F M3
10sp 0BVEM3
20CLSD 24VFP3
5D C h K2
50LSSD  24¢C P2
Q5CLSD  12VEM3
15CLSD 24F M3
20CLSD  32F M2
SOLSSTSDO4VFM3
055D C F M3
T SDCL ¢ CL
CLSD C M P2 Q202
5D VCC M2Y 02
5D C M M3
5D C M P2 10
sD C M P2 10
Q1sp VCM M2
5D 04C P2Y 05
SD 04C p2
5D M F W3
5D C M M2
8D VCC M2Y
D GRM M2
sD VCM M2
SD VCC w2
5D C M W2
SD C F M2
5D M F W3
5D C F W2

Table 6~1a Borehole Log SDS-20
(Legend see Table 6-1d)
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2y
2y
2y
1y

1y
3y
2y

3y

1y

1Y
1y

2y
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Borehole

SDSs
SDs
sDS
5D5
5DS
5DS
SDS
508
SDS
5DS
508
sDS
5DS
50s
SDS
SDS
5Ds
5DS
SDS
SDS
5Ds
s5Ds
5pDs
505
st
SDS
SDs
SDS
SDS
5Ds
5DS
SDS
508
5DS
5DS
SDhs
SDsS
SDs
5DS
5DS
5DS
sDs
SDS
5DS
5DS
SDs§
SDS
SDS
SDsS
5DS
508
SDs
5Ds
SDS
SDS
SDS
5Ds
sDS
505
SDS
SDs
SDs
5DsS
5D§
5085
SDs
505
sDs
SDS
SDS
sDs
5D5
5Ds
5DS
5DS

HO1201R008

21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
2]
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
2}
21
21
21
21
21
21
21
2]
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21

Depth

(fc) Color Structure
]+ 209BL OR MA
02 219BR OR MA
o4 213RE OR MA
[+ ] 2120R Ma
08 2210R MA
10 2220R MA
12 2200R MA
14 2240R IPB CLB
18 2200R ICL
18 2200R MA
20 218YE OR MA
22 215YE OR CLB ICL
24 210YE Th 15D
26 224TA YE MA
28 212L YE TA MA
30 2121 YE TA MA
32 210BR MA
34 2078BR HA
s 212BR MA
38 2100R BR MA
40 2180R BR MA
42 208YE OR MA
44 209BR YE MA
46 209BR YE MA
48 210YE MA
50 213GN BR LAM
52 211YE MA
54 213YE MA
56 210YE ICL
58 210GY YE MA
60 215YE MA
62 212GN PI MA
64 223L YE TA MA
66 210TA MA
6B 220TA MA
70 208TA MA
72 213TA MAa
74 215TA MA
16 220TA MA
78 212TA MA
80 210YE TA MA
82 209YE TA MA
B4 218YE TA MA
86 222TA GN MA
:1:] 210GY GN MA
90 210GN MA
92 209GN MA
94 218GN IsD
86 21268 MA
98 212GN MA

100 211GN MA

102 215GN Ma

104 ¢09GN MA

106 203GN MA

108 200 NO RECOVERY

110 203GY GN MA

112 200 NO RECQVERY

114 208GY MA

115 203GN GY MA

118 203GY MA

129 210GY MA

122 204GY MA

124 203Gy MA

126 208GY MA

128 200 NG RECOVERY

130 200 NO RECOVERY

132 212TA GY Ma

134 210TA GY MA

136 200 NO RECOVERY

138 210TA GY MA

140 210TA GY MA

142 210TA GY MA

144 210GY GN MA

146 200 NO RECOVERY

148 212GY GN

MA

Rock
Name
98 020R 5D
99 5D
95 O50R 5D
75 250R CLSD
02 78 200R SD
75 250R CLSD
75 250R "CLSD
05 70 250R CLSD
75 250R CLSD
95 0S0R SD
95 050R sDh
85 150R sb
05  95TA CL
020395TA CL
B0 10TA SD
97 Q3I0R SD
98 020R SD
98 020R 5D
S8 D20R sD
38 O020R SD
95 050R SD
97 O030R SD
98 020CR SD
99 O010R SD
60 40YE WH CLSD
30 70GN TA SDCL
99 01YE SD
99 sD
35 O5YE TA sSD
90 10WH SD
75 25YE 05CLSD
01 642510GN 075TsD
02 682010L YE TAQ7STSD
80l0l10TA 085D
75 25TA ‘05CLSD
02 88 10Ta 055D
05 80 15TA 05sD
05 80 15TA 055D
60 15 25 60CLCO
5010102010TA 70Co
050550 40YE TA 10CLSD
05 40 SSYE TA 10SDCL
05 70 25 10CLSD
12 78 10TA GN 125D
99 058D
95 O05GN SD
30 10GN 8D
051085GN CL
10 90GN 0icL
25 TSGN SDCL
05 95GN CL
0595GN CL
0l 30 69GN SDCL
75 25GN CLSsb
95 05 035D
99 5D
99 055D
39 018D
59 015D
99 025D
59 01sD
99 015D
99 . 01sD
99 015D
99 sD
99 S0
99 8D
99 ‘ sD
99 SD

ztﬁr)ntﬁxr1n=ﬁnr1nrﬁnr1=r11¢ﬁz
mmmm
=
w

mMxxTxXx g ZExIxT X

24VFW3
20VFM3

24F W3

10F M3

12F M3

20F M3

A0F M3
24VCvl
20VCVl

12M v2
20CLV2
15vFv2
03VFwW2

C F W3

C F M3Y0301
M F M3Y
ccL Y
vCCL

VCCL

C CL 02

06CL
vCe vl

C M V2

0
< 4

M2
M2
W2
M3
M3
Lk}
M3

ﬁtﬁ(}ﬁ(ﬁﬂ
TXIXXTX"™

Q
x0

M3
M2

M2
w2
w2
W2

O O0n oOg
TITXTXT

w2

Table 6-1b Borehole Log SDS-21
(Legend see Table 6-1d)
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1y
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3y
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2y
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2Y
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2Y
2y
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Borehole

s0s
SDS
SDS
sDS
SDS
SDS
sDs
$Ds
SDS
308
DS
50§
sDS
sDs
P SD§
SDS
SDS
SDS
$0s
sDs
SDS
sDS
sDS
SDS
05
SDS
sDS
5DS
SDS
SDS
sDS
sbs
sDS
SDS
| sDS
505
SbS
SDS
sDs
SDS
sDS
sSDS
SDS
SDS
sDS
SDS
SDS
SDS
DS
SDS
SDS
sDs
sDs
SDS
sDS
sDS
DS
sDS
SDS
SDS
SDS
SDS
sDS
sDs
5DS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22

HO1201R008

Depth
(fr)

00
02
04
06
o8
10
12
14
16
18
20
22
24
26
28
30
32
34
36
18
40
42
44
46
48
50
52
54
56
58
60
62
64

120
122
124
126
128

1130

132
134
136
138
140
142
144
146
148

Color Structure
212YE MA
220YE MA
222BR YE MA
221YE MA
220L WH YE CLB
215L YE MA
218YE MA
220L WH YE MA
220L WH YE MA
220D YE MA
2190R YE HA
212D YE MA,
21BOR WH MA
218WH YE MA
218L WH YE MA
215YE OR MA
215D OR YE MA
220YE ICL
212PUBR MA
224YE MA
206YE BR MA
214RE BR MA
211RE MA
219RE BR MA
211L YE BR MA
218BR MA
21SBR MA
212L BR. MA
215L BR MA
219L BR. MA
217L BR MA
218L YE BR MA
220L BR MA
220YE RE MA
222YE RE MA
222D BR MA
21BYE RE MA
214BR MA
219BR CLB
215YE BR CLB
200 NO RECOVERY
220YE MA
212D BR Ma
212D BR MA
212D BK BR MA
221L BR MA
215M BR MA
2150R BR MA
215RE BR T MA
200 NO RECOVERY
215L BR MA
219M BR MA
218M BR Ma
224L GN MA
220K BR MA
204WH MA
200 NO RECOVERY
215L GN MA
206L GN MA
200 NO RECOVERY
201L GN MA
200 RO RECOVERY
211L GN MA
2121 GN MA
214L GN MA
216D GN MA
218D GN MA
200 NO RECOVERY
218D GN Ma
215D GN ILSSD
215D GN ISDST
212D GN ISDST
224D GN MA
214D GN MA
203M BR MA

Table 6-1c Borehole Log SDS-22

[+

010183

Rack
Name

9010
871003YE
851005YE
7510150R YE
700525GY
85051 0WH
701515WH YE
152560WH YE
152560WH

YE
401050D BR YE

75 25WH YE
801010D BR
B851005wWH
8505100R
900604YE WH
35 050R

90 100R

30 10WH YE
95 O05BR

55 O05WH

95 O0SBR

95 O5RE BR
96 D0D4RE

95 OS5SRE BR
831007YE

95 O05SBR

95 0Q5BR

96 04BR
900703YE

929

95 05L BR
881002YE
891001YE

75 25RE YE
1SRE YE
85 15D BR
S0 1lORE YE
900703BR OR
900703BR OR
97 03wWH

97 03YE
900505D GY
$00505D GY

751015D BE GY

97 O3YE BR
97 03YE BR
40 60OR BR
75 25RE

8515

9505
940501BR
9505
950401L BR
8515

9505
7215303

751510L GN

97 03L GN
404020L GN
404020L GN
20 80D GN
25 75D GN

0510850 GN
15 85D GN
0505900 GN
Q50590D GN
701020D GN
10 90D GN
810504BR

S0 M F Wl
5B M F M3
SD C VFM3
50 C VFV3
CLSD C F V3
8D 04F P4
SD CH P]
STCL € CL
STCL C CL
SOCL  VCCLP
CLSD C M P3
5D C VFM3
5D C F M4
SD VCC P3
5D CF M4
sD C M M3
sD CMM3
SD CF M3
sD C F M3
sD C F w3
5D M F W3
sD F F W4
5D M F Wi
sD M F M4
SD C VFM4
5D C F M4
5D C F M4
3D C M W3
sD CF W3
5D C M M3
sD C M M3
5D C F M3
5D C F M3
CLSD C M P3
5D 08M P3
SD CHP3
5D CMP3
5D C M M3
sD C F M3
sD C F M3
sD C M W3
5D VCM M2
5D C M M2
8D VCM P2
5D C F W3
SD CF W3
SDCL  vC
CLSD C M P3
5D F VFW4
5D C M W3
sD VCH W3
SD F F w4
SD C M W3
25LSSD C F
25LSSD VCF W4
25LSSD M F W4
25LSSD  20F M4
25LSSD  24F W4
25LSSD  20VFM4
25LSSTSD20VFM4
25LSCL  08CL
25LSSDCLOSCL
CL M CL
lo0CL F CL
cL M CL
CL M CL
sD VCM P2
CL
10LSsSD 05C M2

(Legénd see Table 6-1d)
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BOREHOLE FORMATION ELEVATION SCREEN SCREXN NUMBER OF MININUM MAXINUM MINIWNUM KAXINUN MEAN DIPPERENCE -
NUMBER SCREENED TOP CASING BOTTOM LENGTH READINGS MAX . =MIN.
{n asl} [= asl) 1} {ft bs) (ft ba) {m asl} [m asl] [m asl] (m]

SDS-1 Barnvell 30,00 €1.7 ¢ 6.1 23 s8.20 59.23 §9.21 71.9% 70.58 2.7}
5DS~-2 Barnvell 49.27 65,71 6.1 5 61,246 35.90 69.60 71.2% T0.40 1,63
shs=) Barnvell 29.15 64.16 6.1 25 57.57 51.12 71.40 73.54 T1.55 1.92
SDS-4 McBaan 78.43 56.51 6.1 as 26.52 21.20 70.37 71.99 71.0% 1.62
SDS-4A Barnwvall 78.52 69.61 1.5 5 26.70 21.05 70.20 72.10 71.1¢ 1.72
5D5-5 Barnivell 18.32 66.51 6.1 25 56.17 59,87 7i.21 72.82 71.98 1.62
505-6 Barnvall 2.)9 66.11 6.1 235 63,16 57.00 69.08 T1.02 70.11 1.94
SD5-7A Congates 24.99 22.86 1.5 26 1o03.35 106.25 51.90 52.60 53.22 0.70
SDS-7D McBaan $4.71 41.24 1.% 25 76.28 64,06 £1.43 65.20 63.73 ).72
8D5-7¢C McBean 64,48 56.14 1.8 26 64.48 56,82 €4.77 67.16 65,93 2.40
505-7D McBaan 84,49 $21.67 1.5 5 61.96 54,07 653,30 67.77 68.30 2.47
SD5-0 Mcbean 22.94 61.54 1.5 a3 55.58 46.08 66,01 58.8% &7.40 2.89
sDS-% Barnwell 90.13 68.00 1.5 25 58.45 52.1% 72.18% 74,12 73.19 2.04
sDs-1o0 Barnwall 85.98 68.79 6.4 28 59.57 32.24 71.82 T4.06 72.87 2.23
SDS-11 Barnwell .97 66,04 6.1 25 58.92 52.25 71.01 71.01 72.00 2.00
SDS5-12A Congarae 4.91 £1.57 1.5 28 111.7 109.22 $9.85 51.62 51.29 0.717
s05-128 McBaan 84,94 56.91 1.5 6 65.43 54,03 65.00 60,47 67.23 1.47
sps-12¢ NcBaan 84.16 £2.82 1.% 25 60.%6 41.60 65,58 70.87 66.79 5.29
spS-13 KcBean ? 284,57 62.30 6.1 F1] 60.23 64,01 63,74 65.08 64.36 1.31
5D5-14 McBean ? 8l.47 61.17 §.L 25 47.97 16.900 66,0% 78.42 72,02 11.57
SD5-14h Barnwell 83,60 77.05 6.1 EL 18.7 800 76.590 80.16 76,68 3.26
5D5-1% Barnvell 86,04 64.62 6.1 25 60.31 15.58 68.46 22.0% §9.71 11,63
S0S-16A Congaras 71.41 2? 1.5 n &1.20 59.80 52.76 53.14 52,04 0,43
5D5-163 71.41 ? 1.5 s 63.20 42.20 52,12 52.4% 52.35 0. 34
SD5-16C 71.41 56,52 6.1 25 35.40 3l.02 60,62 61,98 61.12 1.24
5D5-17 22.69 £9.92 6.1 25 48.77 42,00 67.82 69,49 68.00 2.06
5D5-18 . 78.91 68.7 7 6.1 0

SDS=104 78.91 62.79 6.1 7 54.24 59.90 62.33 €3.40 63.0% 1.02
5D5-19 T1.96 58.77 6.1 15 29.22 21.78 €3.0% 64,71 £3.78 1.66
SDS-20M Congares 7%.80 ? 2 L] ¢8.22 97.25 49,86 ‘50.18 50,07 0.36
sSD5-208 HcBasn 7%.80 ? ? ] 49.26 4442 64.79 65.26 65.90 1.48
505-20C McBean 79.83 ? ? ] 47.95 45.20 £5.21 66.05 65.58 0.84
4£D5=21A Congaree 16,50 ? ? [} 91.22 90.35 48.70 48,95 48.86 0.27
spS-218 Mepaan- 76,44 ? H ] 43.75 40.48 63.10 64,10 €3.80 1.00
SDS-21C MeBaan 1644 ? ? [ 42.82 41.38 61.19 63,83 £).65 0.44
$D5-22A Mc¢Bean ? 86.15 H ? [ 97,03 89.61 56.74 59.04 57.79 2.26
sDS-228 HMcBaan 86,32 ? ? 7 60.22 s0.0% 47.96 70,82 70.17 2.06
SD$=32¢ HcBaan $6.29 ? ? ] 58.00 S4.48 &8.61 69,68 62,03 1.07

m asl = meters above sea level
' ft bs = feet below ground surface

Table 6-5 Summary of Water Level Measurements at Z-Area.
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Boreholes screened in Mean Water Leve] .

the McBean Formation Im a.s.1.]
SDS-T7C 65.9
SDS-12B 67.2
SDS-20B 65.8
SD5-21B 63.8
SDS-22¢C 69.0

Boreholes screened in Mean Water Level

the Congaree Formation [m a.s.1.]}
SDS-TA 52.2
SDS5-124 51.3
SDS-16A/B 52.8
SDS-204A 50.1
SDS-214 48.9

Table 6~6 Summary of Water Level Data Used for Model Calibration
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7.0  CONCEPTUALIZATION OF THE MODEL

As discussed in Chapters 1 and 2, the purpose of the modeling study
is to provide information required for the assessment of Z-Area as a

disposal site. Thus the primary objectives of the modeling were:

- to develop an understanding of ground water flow in the different
water bearing units at Z-Area and vicinity;

- to quantify the piezometric head distribution;

- to quantify the ground water flow field;

- to develop an understanding of how contaminants released by the
planned disposal site will be transported by the ground water;

- to quantify the expected long term contaminant concentrations in
the creeks surrounding the Z-Area hill as well as in the different

aquifers.

Thus a numerical model with the capability of simulating both
ground-water flow and contaminant transport must be developed. The
first step of such a model development is usually the conceptual-
ization of the model, which is based on the geclogic and hydrogeo-
logic data available.

Within the actual study, the model was conceptualized after com-
pletion of the data evaluation and data review (Chapter 6). -The
most important aspects of this model conceptualization are sum-

marized in the following sections.

7.1 Model Area and Boundary Conditions

The evaluation of the piezometric data at Z-Area lead to the conclusion
that the ground-water flow field is highly divergent in the upper
aquifers in the area of interest (Section 6.7, Figures 6-8, and 6-9).
Therefore, no completely representative cross-section can be estab-
lished. This means, that the three dimensional ground water flow cannot
be accurately modeled using only a two dimensional cross-section. Thus
a complete three dimensional model must be developed.
HO1201R008 71




First the vertical extent of the model and the area covered by the model
must be defined, and the upper and lower boundaries as well as the

boundaries arocund the model area must be selected.
7.1.1 Lower Model Boundary

According to the regional geologic and hydrologic data, the Congaree
Formation is the lowermost hydrostratigraphic unit which would pos-
sibly be affected by the planned disposal site. This is due to two
reasons: (1) The Congaree Formation is almost séparated hydraulically
from the underlying Ellenton Formation (Section 4.2.2) because con-
fining clayey beds occur at the base of the Congaree Formation and the
top of the Ellenton Formation, and (2) in the area of interest the
hydraulic head in the Ellenton Formation is higher than in the
Congaree Formation, resulting in an upward-directed vertical component
of ground water flow from the Ellenton to the Congaree Formation
(Figure 4-3). Therefore the Congaree Formation was selected as the
lowermost hydrostratigraphic unit modeled in the actual study. The
relatively small flux across the clayey layers from the Ellenton For-
mation into the Congaree Formation can be neglected for the actual in-
vestigation. Thus the bottom of the Congaree Formation (12 m a.s.l.,
Figure 6-7) is modeled as a no-flow boundary. o

7.1.2 Upper Model Boundary . -

The waste material ('saltstone') will be disposed at surface or in
trenches just below the surface. Because the final design for the
disposal éite did not exist when the model was developed, an arbitrary
elevation of 78 m a.s.l. was chosen to be the upper boundary of the
model. This elevation is most likely to be within 10 m of the bottom
of the final landfill disposal site. This boundary lies within the
Barnwell Formation (Figure 6-7). As Figure 7-1 shows, surface elev-
ations occur above 78 m a.s.l. (256 feet) only in the central part of
the Z-Area hill. In the sdrbounding valleys the surface elevations
dare as low as M5 ma.s.l. (150 feet). In the valleys the actual topo-
graphic surface was choéen to be the upper limit of the model.
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In the model a recharge rate corresponding to the average annual in-
filtration rate was applied Lo the upper model boundary. About é
third of the precipitation is assumed to infiltrate as recharge to the
ground water system (Chapter 5). Based on the long term precipitation
data, a recharge rate -of 380 mm/year (15 inches/year) was selected.
This recharge rate is consistent with previous studies performed for
or by E.I. du Pont de Nemours and Co. {J. Cook, pers. comm.). Thus
the upper mcdel boundary is a prescribed flux boundary. ‘

7.1.3 The Creeks as Model Boundaries

With the vertical extent of the model defined, it is possible to
choose the lateral model boundaries. The upper two aquifers included
in the model (Barnwell and McBean Formations) are drained by the
creeks surrounding Z-Area. As stated in Sections 4.2.3 and 4.2.5,
these dissecting creeks divide both formations into locally isolétéd,
hydraulic subunits. Therefore, on the eastern, northern and western
sides of Z-Area the creeks were selected as the model boundaries

(Figure 7-1).

Although the McBean Formation is not completely dissected by McQueen
Creek in the east, it was assumed that no ground water from the McBean
Formation leaves the modeled area by flowing below McQueen Creek to
the east. Ground water in the McBean and Barnwell Formations was
considered to discharge into the creeks around the Z-Area hill (except
for the small amount lost through the Green Clay into the underlying
Congaree Formation). Assuming that the piezomefric surface in the
creek valleys correéponds to the local elevation of the creek, it is
possible to define the creeks as constant head outflow boundaries.

Definition of the boundary conditions of the Congaree Formation bhelow
the creeks is more difficult. As Figure 6-10 shows, the ground water
flow is directed to the northwest. Therefore most of the Congaree
ground water likely leaves the model area below Upper Three Runs Creek
and the lower part of McQueen Creek. Based on the piezometric data
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(Figure 6-10) it is possible to estimate the piezometric head where
the ground water leaves the model area. Thus it is possible to define

the boundary of the Congaree Formation as a constant head outflow
boundary.

Below the upper part of McQueen Creek, where the ground water in the
Congaree Formation flows parallel to the creek, no ground water enters
or leaves the model area, Therefore the boundary of the Congaree
Formation below the upper part of McQueen Creek can be defined as a

no-flow boundary.

Because the horizontal ground-water flux in the clayey layers (Green
Clay, Tan Clay) is very small compared to the vertical flux through
them and to the horizontal flux in the sandy layers, no-flow bound-
aries were generally selected for edges of these layers.

7.1.4 The Southern Model Boundaries

The southern (and southwestern) model boundary was selected using the
piezometric well data (Figures 6-8 and 6-9). The aim was to minimize
the effect of the boundary condition on the model. Therefore the
southern boundary location was selected so as to allow as much as
possible to be defined as a flow divide or no-flow boundary. The
southern model boundary starts at Upper Three Runs Creek in the west
and runs up the valley of an ephemeral tributary approximately to well
SDS-2. From there it goes to the southeast to well SDS-3, crosses a
small natural pond and goes down again in a small valley to McQueen
Creek.

As Figure 6-8 shows, there is ground water inflow in the Barnwell
Formation in the central part of the southern boundary. There the
boundary must be defined as a constant head inflow boundary. In the
western and eastern part of the southern boundary, the ground water
flow in the Barnwell Formation is directed more or less parallel to
the southern boundary. Thus the boundary there can be defined as a .
no~flow boundary, .
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As Figure 6-9 shows, the ground water flow field in the McBean Form-
ation looks very similar to the flow field in the Barnwell Formation,
but the inflow zone in the south is larger. Thus the central part of
the southern boundary of the McBean Formatibn is defined as a constant
head inflow boundary. The western and eastern parts were defined as
no-flow boundaries or as flow divides corresponding to the creek cuts.

The ground water flow in the Congaree Formation is generally directed
to the northwest (Figure 6-10). Thus ground water enters the modeled
area primarily in the eastern part of the southern boundary. In the
western part of the boundary (west of SDS-3) the inflow of ground
water is much less, because the assumed ground water flow is almost
parallel to the boundary. Therefore the eastern part of the southern
model boundary was defined as a constant head inflow boundary, and the
western part (west of SDS-3) as a no-flow boundary.

The southern boundary of the clayey layers (Tan Clay, Green Clay) was

" defined as an impermeable boundary because of the small possible in-

flow (comparably low transmissivity).

Thus the model area and the boundaries are defined. The required
heads (in the formations) or elevations (at the creeks) can be derived
from Figures 6-8, 6-9, 6-10. The implementation of the boundary con-
ditions is discussed in more detail in Section 8.4.2.
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7.2 Geological Structure

With the model area and the boundaries defined, the next step of the
model conceptualization is to define the geological structure of the
model, This structure must be representative of the area to be
modeled. On the other hand, the structure must be simple enough to be
implemented in a numerical model. Thus the geological structure of the
model must be a balanced compromiée between complexity and simplicity.
From the data review the hydrostratigraphic units are (almost) horizon-
tally layered at Z-Area (Section 6.5). As the data review resulted in a
representative lithological profile for the model area; and assuming a
horizontal layering, the geological structure of Z-Area can be simpli-
fied (Figures 7-2 and 7-3) into hydrostratigraphic units and incor-
porated in the numerical model.

7.3 Hydrogeoleogic Rogck Properties

With the geological structure of the model defined, the initial hydro-
geological rock properties (i.e., the hydraulic conductivity, the po-
rosity and the compressibility) must be assigned.

The final hydraulic conductivities used by the model will result from
model calibration. The calibration essentially means matching the model
calculated hydraulic heads to the observed water levels at Z-Area by
systematically varying the hydraulic conductivities of the hydrostrati-
graphic units., Nevertheless to start the calibration process, initial
hydraulic conductivities are required. These initial values normally
are estimated based on existing data.

The existing hydraulic conductivity data have been reviewed in Chapter
6. This review resulted in an estimation of the possible ranges of the
hydraulic conductivities in the different hydrostratigraphic units
(Table 6-4). The existing déta base does not allow definition of the
anisotropy of the hydraulic conductivity in the horizontal plane. Thus
the horizontal hydraulic conductivity is considered isotropic. Based on
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the data review, the initial horizontal hydraulic conductivities for the
model were selected (Figure 7-6). The selected values lie within the
ranges identified by the data review and represent the initial best

estimate hefore modeling.

There are very little data available as far as the vertical hydraulic
conductivity, or the vertical to horizontal anisotropy of the hydraulic
conductivity is concerned. As mentioned in Section 6.6, laboratory
measurements were conducted by d'Appolonia. However the results did not
yield a clear indication of the ratio of vertical to horizontal
hydraulic conductivity. In addition, the laboratory tests were not
representative of the model scale.

Therefore the vertical to horizontal hydraulic conductivity anisotropy
must be estimated using other criteria. The most important aspect is
that the anisotropy is scale dependent. The two sizes or lengths in-
volved are (1) the size of the model area, which covers about
2 km x 2 km (Figure 7-1) and (2) the size of the horizontally layered
clay and sand lenses in the hydrcstratigraphic units at Z-Area., These
units are typical coastal plain sediments, in which the characteristic
length of the clay or sand lenses ranges from 10 to 100 m. This is
confirmed by the results of the drilling work at Z-Area, where many
clayey or sandy layers cannot be correlated between boreholes approxi-
mately 100 m apart. Thus the clay or sand lenses (e.g., in the Barnwell
Formatién) are not continuous at a scale of several kilometers. There-
fore the vertical hydraulic conductivities can be expected to be scome-
what (but not an order of magnitude) lower than the horizontal hydraulic
conductivities (see also Appendix A.3). Root (1982) assumed a vertical
to horizontal hydraulic conductivity adisotropy ratio of 1:2., His model
covered an area of about 6 km2. In this report the model area is
smaller (some 4 km?). A hydraulic conductivity anisotropy ratio of 1:5
is considered a reasonable estimate (Figure 7-1).

The two clayey layers (Tan Clay and Green Clay) are considered to be
homogeneous.  Therefore no hydraulic conductivity anisotropy was
assigned to them.
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In addition to assigning the hydraulic conductivities, the porosity and

compressibility of the hydrostratigraphic units must also be assigned.
The porosity data have been reviewed in Chapter 6. An effective po- K
rosity of 30% was considered to be a reasonable estimate and was
assigned to all hydrostratigraphic units for the transport model ing

T study.

The compressibility of the rock was derived from the literature
(Touloukian and Ho, 1981). A value of 5.8 x 10710 pa~! was selected,

although this value is of importance only for transient flow modeling.

7.4 Contaminant Source Term and Contaminant Transport

The final design of the planned disposal site at Z-Area was not com-
pleted at the time of the model conceptualization (see Chapter 2). Thus
the contaminant source term and the contaminant transport study had to
be somewhat general in concept.

The following assumptions concerning the source term were made during .

the conceptualization of the model:

1. The waste material (saltstone) will be disposed in an area of
405,000 m2 (100 acres). This assumption is based on the actual
plarming by E.I. du Pont de Nemours and Co. (J. Cook, pers. comm.).

2. The waste material will be disposed at surface or in trenches Jjust
below the surface. This surface is planned to be derived by re-
moving some of the uppermost soil. The exact elevation of this
artificial surface is not yet known, but the waste material will be
disposed above the historic high of the ground water table in the
Barnwell Formation (ca. 75 m a.s.l., Cook, 1983). Thus the distance
between the disposed material'aﬁd the long term'ground water table

in the Barnwell Formation is not yet known. Therefore it was as- -

sumed that the disposal site lies at the upper boundary of the model

(78 m a.s.l., see Section 7.1.2). . .
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3. The contaminant release rate from the disposal site and the actual
contaminant concentrations reaching the ground water surface in the
Barnwell Formation were not known. Therefore it was assumed for the
base case of the transport modeling that the same percentage of the
average annual precipitation infiltrates at Z-Area as elsewhere in
the model area and that the infiltration passes through the upper
model boundary. A dimensionless concentration of 1.0 (or 100%) was
assigned to the recharge passing through all parts of Z-Area.

4, No time dependence for the source term was known. Therefore the
contaminant concentration of the recharge at Z-Area was defined to
be constant in time, with a continuous input source relative con-

centration of 1.0 over the entire simulation period.

For the contaminant transport modeling the following basic assumptions

were made:

The contaminants do not decay with time.

2. The contaminants do not sorb or react in the subsurface.
The contaminants are transported by advection and dispersion. The
dispersion and diffusion coefficients are discussed in detail in
Section 8.4.6.

Based on the above listed assumptions, the contaminant transpdrt
modeling could be performed using this normalized source term.

7.5 Time Dependence of Ground-Water Flow and Contaminant Transport

.\

The period of interest for the environmental assessment modeling was
considered to be between 50 and 200 years.

At this time scale, the individual annual precipitation is far less
important than the average annual precipitation (Figure 5-1). Therefore
the ground-water flow was modeled using the average annual precipitation
and a steady state ground-water flow algorithm,
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Contrary to the ground-water flow, the contaminant concentrations in the .
aquifers beneath Z-Area will not be constant in time over the time pe- ’
riod of interest. Therefore transient contaminant transport modeling
was required, Ho&ever, the contaminant transport simulation employs the
steady state ground-water flow f‘ield.'
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HYDROGEOLOGICAL ROCK PROPERTIES
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Figure 7-4 Rock Hydraulic Properties of the Model.
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8.0  IMPLEMENTATION OF THE MODEL

For the assessment of the planned disposal site at Z-Area both the
ground water flow beneath and around Z-Area and the transport of -
contaminants possibly released from the planned disposal site were
simulated using a numerical model. The implementation of a numer-
ical model normally comprises the computer code selection (or the
code development), the adaptation of the selected computer code to
the actual needs (if necessary) and the set-up of the input data or
the parameter set.

Within the actual study, the model implementation was performed
after completion of the model conceptualization (Chapter 7). The
most important aspects of the model implementation are summarized in
the following sections.

8.1 Computer Code Selection .

Due to the expected highly divergent ground-water flow field, the model
had to be fully three dimensional (Chapter 7.1). The area covered by
the model has an extent of about 2 km x 2 km. This volume had to be
discretized and handled by the selected computer code.

INTERA's in-house computer facilities (HARRIS 800 with optional Scien-
tific Arithmetic Unit) can handle programs with up to 3 MByte memory
allocation per user. Three dimensional models with maximaily 1,000 to
10,000 grid blocks or grid elements can be implemented. The exact num-
ber obviously depends on the code actually used.

Assuming 3,000 as the maximum number of grid blocks or grid elements,
each direction of a three dimensional model can be subdivided into about
14 grid blocks. Consequently, the expected grid block sizes (or dis-
tances between grid element centers) for the Z-Area model are about

100-200 m in the horizontal direction and about 3-6 m in the vertical :
direction, . ’
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The ground-water flow algorithm of most numerical models is relatively
insensitive to the model discretization. However solute transport is
very sensitive to numerical dispersion in most finite difference and
finite element models (Lantz, 1971). Numerical dispersion can be mini-
mized by using very small grid block sizes, resulting in a large number
of blocks or alternatively a limited size of the modeled area. In
transport modeling studies where the size of the modeled area and the
nunber of grid blocks will likely result in excessive numerical disper-
sion, the method of characteristics or 'point tracking' (Garder et al.,
1963) can be employed to simulate the solute transport. Point tracking
simulates contaminant transport by moving ‘'points' representing the
contaminants along the ground water stream lines through a finite dif-
ference grid. The method of characteristics is virtually free of numer-

ical dispersion.

The INTERA code HCTM (INTERA, 1982) simulates three dimensional ground
water flow using the finite difference method and uses either finite
difference techniques or the method of characteristics for solute trans-
port. HCTM consequently was chosen as the computer code for the Z-Area
model.

8.2 Description of the Computer Code (HCTM)

The Hydrology Contaminant Transport Model (HCTM) is a three-dimensional
numerical model that simulates fluid flow and transport of a contaminant
in a porous medium. The contaminant transport includes advection; mole-
cular diffusion; hydrodynamic dispersion; a first order decay chemical
reaction term; and linear and non-linear, kinetic and equilibrium sorp-
tion.

The basic equations used in the model are conservation of total fluid
mass and conservation of contaminant mass. Fluid velocities in the
first equation are expressed in terms of spatial gradients of fluid
potential through the use of Darcy's law in a porous medium. The fluid
velocities calculated by solving the first equation are then used in the
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second equation. The independent variables are the hydraulic head and
contaminant concentration. User options have been provided to specify
initial conditions and constant flux or constant potential and concentr-
ation boundary conditions along the edges of selected numerical grid
blocks. In addition, the user may specify heterogeneities in the
hydraulic conductivity and porosity values.

To facilitate efficient use of the model, the user has the option to use
the code in any one of the following modes:

Steady state flow solution, no contaminant transport;
Transient flow solution, no contaminant transport;
Steady state flow solution, transient contaminant transport;

o O O ©

Transient flow and contaminant transport solutions.

The flow equation is always solved by a finite-difference method, where-
as an option has been provided to solve the contaminant transport equa-
tion by a finite-difference or peint-tracking (method of
characteristics) method. 1In the point tracking option, the convection
term is solved by the method of characteristics, the reaction or decay
term is treated analytically and the dispersion term is included by
finite—difference. For both methods, options have been provided to use
several finite-difference approximations in space and time. The model
includes two methods for solving both flow and contaminant transport
finite-difference equations: direct Gaussian elimination and the itera-
tive-line successive overrelaxation method. This gives the user an
option to select the most appropriate finite-difference approximation
and solution technique for the problem,

A detailed description of the HCTM code is provided in Appendix B. This
documentation includes the basic partial differential equations, the
finite-difference approximations, a description of the point tracking
method, the contaminant transport equations and verification tests for
both the flow and the contaminant transport.
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The basic partial differential equations are derived in Section B-1
(Appendix B) and the major assumptions contained in the model are
listed. The model is based upon generally accepted principles in the
field of ground water modeling. The assumptions (such as the system
being a continuum system and that average quantities over representative
elementary volumes can accurately describe the system) are implied and
not explicitly stated. “Appendix B-1 also includes finite-difference
approximations of the'partial differential equations and the form in
which they are internally used in the code. A description of the method
of characteristics, as used in the model, ié also provided.

Verification tests are described in Section B-2 (Appendix B). Objec-
tives of verification testing are: (a) to test that the program has
been coded properly and debugged, and (b) to test the adequacy of the
numerical approximations and the solution technique. In any methodical
code development, the developer verifies the coding by comparing code-
calculated numbers against hand-calculated numbers in individual sec-
tions of the program. This was done extensively during the code de-
velopment. The second type of verification is done by comparing model
results against solutions obtained by wusing independent solution
methods, such as ahalytical solutions. Since analytical scolutions are
available for simplified cases only (e.g., one-dimensional, homogeneous
conditions), verification testing is génerally restricted to simple
cases. In Section B-2 {(Appendix B), one flow verification and three
contaminant transport verifications are presented.

Section B-3 (Appendix B) discusses the overall organization of the pro-
gram, the dimensioning of various arrays and the numerical error as it
is related to block size and time step restrictions.

Various user options provided in the model are described in Section B.4,
A detailed input data description is not included in Appendix B, since
it would exceed the scope of this report. However, a detailed input
data description can be found in the 'original code documentation
(INTERA, 1982).

HO1201R008 37




8.3 Special Code Modifications for the Z-Area Model

At Z-Area the Congaree Formation is a confined aquifer (Sections 4,2.3,
6.7). The ground water in the McBean Formation is partly confined.
Along the slopes of the Z-Area hill, where the McBean Formation is
drained by the creeks, a free water table exists (Section 4.2.5), con-
sequently this part of the McBean Formation is not fully saturated. In
the Barnwell Formation there is a free water table (Section u;2.7,
6.7). Consequently the ground water in the Barnwell Formation is
perched where a free water table exists in the underlying McBean Form-
ation. However, at the center of the Z-Area hill (i.e., immediately
underiying most of Z-Area) there is no perched water tabie.

HCTM in general is a very flexible code. It can be used for confined as

well as for unconfined aquifer systems {(Appendix B-4.1.2). However the
original version of the code was not able to simulate a'perched water

table. Thus it was necessary to modify the HCTM code for the Z-Area . .
model.

The basic flow equation of HCTM (Appendix B-1)} includes the flux q and
the gradient of the hydraulic head ( ¥p ) or the gradient of the
hydraulic potential ( V¢ ); the flux and the hydraulic gradient are
coupled by the hydraulic conductivity (i.e., essentially Darcy's law).
The hydraulic conductivity in HCTM can 'véry in space (heterogeneous
rock) but must be constant in time.

A correct simulation of unsaturated flow includes a moisture content
dependent hydraulic conductivity and is normally a transient problem.
Thus a code for unsaturated flow must have the capability of varying the
hydraulic conductivity in time according to the moisture content. It is
not possible to add this facility to HCTM without changing the code's
principles which would be almost equivaleﬁt to the development of a new
code. Therefore no attempt was made to model the physics of flow in the
unsaturated zones. It was rather assumed that the flow in the unsatu-
rated zones could be modeled using the same hydraulic conductivities as ‘ ’
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in the saturated 2zones. This simplification causes no error for the
steady state flow in tﬁe saturated zones because the accumulation term
of the basic flow equation is zero at steady state (Appendix B). Given
the capillary pressure curves for the Barnwell Formation presénted in
INTERA (January 1986) and given the similarity of the Barnwell and
McBean Formations (Gruber, 1981) it is expected that the moisture con-
tent between the saturated zones will be very close to 100%, yielding an
unsaturated hydraulic conductivity approximately the same as the satu-
rated conductivity. The velocities calculated by the model in those
areas that are unsaturated will therefore be virtually identical to
those that actually occur under field conditions. The difference is
likely less than a few percent. With respect to the site assessment

this error is negligible.

As mentioned above (and derived in detail in Appendix B), the basic
model equations comprise the flux (between the grid elements) and the
hydraulic gradient (or the head difference between two grid elements)
but no absolute hydraulic heads or hydraulic potentials. The absolute
head values in the model are calculated using the hydraulic gradient and
the hydraulic heads of the constant head boundaries (Appendix B-4.4.3).
Without at least one constant pressure boundary the absclute hydfaulic

heads of the model are not defined. The calculation of the absolute'
hydraulic heads for each grid block center is possible without diffi-
culty as long as a continuous saturated zone exists between the grid
element for which the hydraulic head has to be calculated, and the con-
stant head boundaries.

However, a lens of perched ground water in the middle of the model is
virtually independent from the boundary conditions at the edges of the
model., Therefore it was necessary to introduce a boundary condition
specific for perched ground water. This new boundary condition simply
implies that the perched ground water head at the inverted water table
{(i.e. the bottom of the perched zone of saturation) 1is equal to the
elevation of that inverted water table. This condition is almost equi-
valent to the definition of a water table. However, 1t also allows the
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calculation of absolute ground water heads for perched ground water

using this boundary condition and the hydraulic gradient.

This additional feature is handled in several steps by the modified ~
HCTM-Code: R

1. The flow equations are soclved as described in Appendix B-4.1 and
provide the flow, the hydraulic heads in the (main) ground water
system and the hydraulic gradient (head differences) in both the

perched and the main ground water systems.

2. Then the unsaturated zones are identified. The criterion used is
whether the hydraulic head is below the top of a grid element. For
grid elements overlying unsaturated grid elements the head differ-
ence to the underlying grid element is compared with the elevation
of the grid element itself., This algorithm also identifies satu-
rated zones (perched ground Qater) within unsaturated areas. .

3. In a third step, the correct hydraulic heads for the grid elements
with perched ground water are calculated using the bottom elevation
of the lowermost grid element of the perched ground water lens as
the constant head boundary condition and the hydraulic gradient (or
head differences between the grid elements),

Within the context of the code modifications the output and plot rou-
tines were also improved, thereby easing the Interpretation of the re-

sults.

8.4 Model Parameters

With the appropriate computer code selected and modified to meet the
special needs of the actual modeling study, the initial values of the
model parameters were then assigned. These parameter values represent,
in many cases, best estimates before the beginning of the modeling -
(efg., the hydraulic conductivities). Some of these were changed or .
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varied during the model calibration or the sensitivity analysis (see
Chapters 9 and 10).

A complete guide on preparation of the input data for the HCTM code is
included in INTERA (1982). Therefore the description of the initial
parameter values in the following sections does not include any model-
specific notation or any code-specific input problems, except in those
cases in which the actual parameter value is restricted or influenced by
HCTM code specifics,

8.4.1. Model Grid

The model and the vertical model extent have been defined in
Section 7.1. A code-specific restriction for the gridding is that the
ratio of the thickness of two adjacent grid blocks should not exceed a
factor of 2 because of the possible introduction of truncation errors
(Appendix B-4.2.2). With these constraints in mind, the model area
was discretized Qsing a regular grid of 16 x 17 grid blocks
(Figure 8-1). Each grid block measures 150 m x 150 m. On the ver-
tical scale,'for the steady state flow médeling, 14 grid layers with
thicknesses between 1.5 m and 12 m were defined (Figures 8-2 and
8-3). With this grid'almost 100% of the available computer memory was

used.

The contaminant transport modeling requires some additional memory to
store the 'points' of the point tracking method. Thus for the con-
taminant transport modeling the number of grid blocks had to be de-
creased in order to free some memory. Therefcre the two grid layers
(1.5 m thick) within the Tan Clay (Figures 8-2 and 8-3) were replaced
by a single grid layer (3 m thick) for the contaminant transport
modeling. '

Grid blocks outside the defined model area (e.g., in the 'corners' of
the horizontal grid or above the topographic surface) were eliminated
(Figures 8-1, 8-2, and 8-3). There are two code specific ways to
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eliminate grid blocks which occur outside the model area: (1) to

assign a zero pore volume to a grid block, and (2) to assign a very
low permeability (10'10 m/s or less) to a grid block. Grid blocks -
with a zero pore volume are considered to be nonexistent by the code's
internal routines, while very low permeability blocks on the peri-
pheries of the model are existent, but do not influence the medel
results. Generally the first method is the preferred one, because the
nonexistent grid blocks do not require storage, and the flow equation
is not solved for them. However, experience has shown that under
certain geometric configurations the nonexistent grid blocks affect
the convergence of the equation solving process. In these cases the
alternate method to eliminate grid blocks must be used. For the
actual study all grid blocks were eliminated by assigning a zero pore
volume to them except the grid blocks in the southeastern corner of
the model area (Figure 8-1), where the alternate method was used. The
resulting model topography is shown in Figure 8-4. The numbers within
the model area indicate the elevation of the top of the uppermost grid N
blocks in the model. '

8.4.2 Constant Pressure Boundary Conditions

Based on the review of the piezometric data (Section 6.7) the general
concept of the model boundaries was developed (Section 7.1)._ Using
the estimated piezometric surfaces shown in Figures 6-8, '6—9 and
6-10, the appropriate hydraulic heads for the constant pressure
boundaries were chosen (Figures 8-5, 8-6, and 8-7) and implemented.

Contaminant concentrations of zero were assigned to those constant
head boundaries where a ground water inflow was expected to occur
(southern boundary). The contaminant concentrations for the outflow
constant head boundaries (e.g., the creeks) were left undefined. Thus
the concentrations at these boundaries were calculated durihg the
transport modeling.
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8.4.3  Recharge

Based on long term precipitation data (Chapter 5) and on the estimated
infiltration rate (30%), a general recharge of 380 mm/year (15 inches/
year) was assumed for the model area (Section 7.1.2). This recharge
was implemented as a prescribed flux boundary condition for all of the
uppermost grid blocks in the model.

For the steady state flow modeling (Chapter 9) the recharge was con-
stant over the entire area. For the transient transport modeling
(Chapter 10), the recharge rate of the base case was also constant
over the entire area. However during the parameter variation
(Section 9.2.3) the recharge rate over Z-Area was varied in order to
simulate on increased or reduced infiltration rate caused by the

alternative disposal design concepts.

For the contaminant transport modeling, the contaminant concentration
of the recharge was assigned a value of zero (simulating the infiltr-
ation of uncontaminated meteoric water) except at Z-Area, where a
contaminant concentration of 1.0 (100%) was assigned to the recharge
(see also Section 7.4) theréby simulating infiltration of rainfall
and leaching within the landfill area. The number of grid blocks (18)
with contaminated recharge was chosen such that the total 'contam-
inated area' (Figure 8-8) measures 405,000 m® (100 acres). ~ -

It was assumed for the contaminant transport mcdeling that the waste
material will be disposed over the northern and central 100 acres of
the idenfified Z-Area drawn on internal du Pont documehts ( pers.
comm. J. Cook). '

8.4.4 Hydrogeologic Rock Properties

Based on the existing literature (Chapter U4) and the data from various
field and laboratory investigations (Chapter 6) the appropriate hydro-
geologic rock properties or at least the initial values assigned to
the model, were derived (Section 7.3). These (initial) values
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(Figure 7-4) were assigned to the corresponding grid blocks as part of

the model implementation.

8.4.5 Fluid Properties -

In simulating ground-water flow, the HCTM code assumes a constant
fiuid viscosity and a fluid density, which is a function of fluid
pressure only (Appendix B.1). Thus only three parameters for the
model fluid (i.e., ground water) had to be defined: the compress-
ibility of the'fluid, the viscosity of the fluid and the specific
weight of the fluid (although the compressibility of the fluid is
irrelevant in the steady state flow modeling).

The compressibility of the fluid, 4.65 x 10~' Pa™! was derived from
the literature (Kuchling, 1982). For the fluid viscosity and the
sﬁeoific weight, the model's default values were used (0.001 Pas and
9800 Pa/m). R

8.4.6 Transport Parameters .

For contaminant transport essentially three parameters must be defined
for the HCTM code: the longitudinal dispersivity, the ratio of trans-
verse to longitudinal dispersivity and the molecular diffusivity in
the porous medium (Appendix B-1.2).

Based on the scale of the observed heterogeneity (i.e., the lenses of
3ilt, clay, and sand), the screened intervals of the ﬁonitoring wells
at Z-Area, and on the arguments concerning scale dependent dispersion
presented in Pickens and Grisak (1981 a, b) a longitudinal dispers-
ivity of 10 m was assigned. The ratio of transverse to longitudinal
and porosity was assigned a value of 0.05 (Bear, 1972; Pickens and
Grisak, 1981 a, b).
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The molecular diffusivity of 10710 /s ror nitrate in a porous medium
derived from Lerman (1975) Dullien {1978) and Grisak and Pickens
(1980) was selected.

8.4.7 Equation Solution Techniques

For ground-water flow modeling, HCTM provides two solution method
options (Appendix B-4.1.4):

- direct-alternating diagonal direction Gaussian elimination method

{ ADGAUSS) ;
- iterative-line successive overrelaxation method (LSOR).

It was found that the LSOR method converges relatively slowly with the
actual parameter set (grid, eliminated grid blocks, hydrogeologic rock
properties, etc.). Therefore the ADGAUSS method was used, which
proved to be several orders of magnitude faster, but required somewhat

more computer memory (see also Appendix B.U.1.4).

For thé contaminant transport modeling, there are also two options
available: (1) a finite difference method, and (2) the method of
characteristics (Appendix B.4.1.3). As discussed in Section 8.1, the
expected numerical dispersion'of the finite difference method was too
large. Therefore the method of characteristies ('point tracking
method') was selected for the contaminant transport.
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9.0  FLOW ANALYSIS

As discussed in Section 7.5, the ground water flow could be modeled
as steady state flow, while the contaminant transport must be simu-
lated as a transient process. However the ceontaminant transport
simulation utilizes the steadj state ground water flow field. Thus
the contaminant transport modeling required a calibrated steady
state ground water flow mcdel. Within the actual study the steady
state ground water flow model was conceptualized (Chapter T7), im-
plemented (Chapter 8), and calibrated before any contaminant trans-
port modeling was performed. Together with the calibration of the
flow model, a sensitivity analysis for the mest important model
parameters was conducted. The most important steps of both the cali-
bration process and the sensitivity analysis are summarized in the

following sections.

9.1 Initial Flow Model

INTERA's computer code HCTM was selected as the code for the study
(Section 8.1) and modified to meet the special requirements
(Section 8.3). Then the input data or model parameters, as far as re-
quired for flow modeling, were assigned (Section 8.14)

Base case model parameters were best estimates (e.g., the hfdraﬁiic
conductivity of the Green Clay, see Section 8.L4.4) based on a limited
data set. Employing the initial best estimates in the model implemen-
tation resulted in an initial uncalibrated flow model.

The calculated hydraulic heads of the initial flow model are shown in
two cross-sections of the model (Figures 9-4 and 9-5). Although the
model was not yet calibrated, the cross-sections demonstrate, in general
terms, the site-specific head distribution resulting from the best-
estimate parameter set. The head in the Congaree Formation is about

52 m a.s.l. beneath Z-Area. The ground water in the McBean Formation is
confined in the central and southern part of the model area. The ground
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water in the Barnwell Formation is part of the main ground water body
where the McBean Formation is confined, and perched ground water, where
there is a free water table in the underlying McBean Formation. The
water table in the Barnwell Formation is generally several meters above
the base of the Tan Clay (71-72 m a.s.l.).

Thus the general head distribution (particularly the "perched ground
water tongue") fits very well to the expectations based on the data
review (Chapter 6) and demonstrates the validity of the model's hydro-

stratigraphic conceptualization.

The calculated piezometric surfaces in the three aquifers are also dis-
played in Figures 9-3, 9-4, and 9-5. For comparison, the mean Congaree
and McBean water levels from borehole measurements, which are considered
to be sufficiently reliable (Section 6.7) are also shown (Figures 9-3
and " 9-4). Figures 9-3, 9-4, and 9-5 can be also compared with Figures
6-8, 6-9 and 6-10, where the estimated piezometric surfaces (based on
the existing data) are shown.

A comparison between the Congaree heads, calculated by the initial flow
model, and the measured mean water levels shows a very good agreement as
far as both the general flow pattern in the Congaree Formation and the
heads (or water levels) at the borehole locations are concerned. This
is also demonstrated by Table 9-1, where the calculated head and the
measured water levels are listed. The average difference between these
two data groups (Average A Head) is only 0.124 m. Considering the
limited data base, any reduction of this difference would not make the
model more representative of the actual Congaree ground water levels.
Unlike the Congaree aquifer, the agreement between calculated heads and
measured water levels in the McBean Formation was not yet satisfactory.

Although the general flow pattern looks similar to the expected flow
pattern (Figures 6-9 and 9-4) the calculated heads are substantially
lower than the observed values. The average difference is about

3 meters (Table 9-2). '
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Because the applied boundary conditions which affect the McBean and
Congaree Formations are considered to be reasonably correct, and the
Congaree aquifer exhibits satisfactory heads, the variables on which the
MeBean heads depend most and which can be used to calibrate the McBean
aquifer are the hydraulic conductivities of the McBean Formation and the
Green Clay. The calibration of the McBean aquifer is described in
Section 9.2.

The calculated hydraulic heads in the Barnwell Formation (Figupe 9-5)
fit reasonably well to the estimated piezometric surface (Figure 6-8).

Because the Barnwell ground water discharges through the Tan Clay into
the underlying McBean Formation, the water table in the Barnwell Form-
ation depends primarily on two parameters: (1) the hydraulic conduct-
ivity of the Tan Clay and (2) the recharge. The conductivity of the
Barnwell Formation itself is less important; because it is about two
orders of magnitude higher than that of the Tan Clay. Thus the hydrau-
liec conductivity of the Tan Clay is the dominant hydraulic conductivity
for the water table calibration in the Barnwell Formation.

As pointed out in Section 9.7, it is difficult to establish a repre-
sentative steady state piezometric surface in the Barnwell Formation
based on the existing field data. Therefore it was not attempted to
calibrate the Barnwell aquifer. Rather a sensitivity analysis for the
hydraulic conductivity of the Tan Clay was conducted in order to estab-
lish the range for which the model results are consistent with the ob-
served watér 1levels (Section 9.2.2). In addition, a sensitivity
analysis was performed for the recharge rate in order to evaluate the
uncertainty as far as the actual infiltration rate is concerned and in
order to demonstrate the effect of fluctuations in the annual precipi-
tation on the Barnwell ground water table (Section 9.2.3).
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9.2 Calibration and Sensitivity Analysis

9.2.1 McBean Formation and Green Clay

As pointed out in the previous section, the hydraulic heads in the
McBean Formation, as calculated by the initial flow model, are about
3 meters too low. It was further indicated that the McBean heads
depend primarily on the conductivity of both the McBean Formation and
the Green Clay.

Therefore these two parameters were systematically varied in order to
calibrate the McBean aquifer. During this parameter variation the
evaluation criterion was how well the calculated hydraulic heads
agreed with the measured mean water levels (Table 6-7). This agree-
ment was quantified by using both the average head difference (between
the calculated and the measured values) and the sum of squared dif-
ferences (delta square sum). While the average head difference
(Average A Head) indicates whether the calculated water levels are
generally too high or too low, the delta square sum is a generally
accepted discriminating indicator of the quality of agreement between
two data sets.

In order to reduce the influence of the Congaree Formation during this
parameter variation, the southern inflow boundary of the Congaﬁée
Formation was temporarily suspended and the northern boundary ad-
Justed, such that the hydraulic head in the Congaree Formation was
maintained at about 52 m a.s.l. within the entire model area. By this
means, the principles of the‘hydraulics in the McBean Formation could
be shown more clearly.

buring the parameter variation the hydraulic conductivity of the
McBean Formation was varied between 2 x 1072 m/s and 5 x 10~7 m/s. It
was found that for every conductivity value (for the McBean Formation)
within that range a hydraulic conductivity can be found for the Green
Clay with which the calculated head values and the measured water .
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levels in the McBean Formation are in good or at least fair agreement
(Figures 9-6 and 9-7). Thus there exists no well defined calibration
point for the McBean aquifer with definite conductivities for both the
McBean Formation and the Green (lay. Rather there is an infinite
nunber of conductivity pairs, for which the McBean aquifer can be
considered to be calibrated., These conductivity pairs form the cali-
bration line of the McBean aquifer in the McBean-Green Clay conduct-
ivity diagram (Figure 9-6 and 9-7). In Figure 9-6, the calibration
line represents those conductivity pairs where the average head dif-
ference. is zero. In Figure 9-7, the calibration line represents those
conductivity pairs where the delta square sum is a minimum, when one

conductivity is fixed and the other is varied. .

As both Figures $-6 and 9-7 reveal, the calibration line for the
McBean Formation stretches between two situations: (1) where the con-
ductivity of the Green Clay is zero and (2) where the conductivity of
the Green (Clay is the same as the conductivity of the McBean Form-
ation. The first case is comparable to the model presented by Root
(1982) in which an impermeable Green Clay was assumed. Root con-
sidered the model calibrated with a hydraulic conductivity of
2.1 x 1072 m/s for the McBean Formation. This is in excellent agree-
ment with the calibration line in Figures 9-6 and 9-7, which indicates
that a McBean conductivity of 2 x 1072 m/s corresponds to a completely
impermeable Green Clay. The delta square sum at this pdint..is
2.84 m2.

On the other hand, the calibration line also approaches the point
where the hydraulic conductivity of the McBean Formation is equal to

the hydraulic conductivity of the Green Clay (equal conductivity

line). At that point the Green Clay loses its hydrostratigraphic
identity. The closest conductivity pair to the equal conductivity
line which was utilized during the parameter variation is 2 x 10'8 m/s
for the Green Clay and about 5.8 X 10’8 m/s for the McBean
Formation. The delta square sum at this pdint is 83.6 me. Thus the
agreement between calculated and measured values at this end of the
calibration line is worse than at the other end.
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Figure 9-8 displays the delta square sums along the calibration line

as a function of the permeability of the Green Clay. It shows, that
for Green Clay conductivity values below 6 x 10710 m/s the square sum
is relatively stable at about 3 m? . Above 6 x 10710 m/s the delta .
square sum rises considerably, although there is a small local minimum
at 2.99 x 10™% m/s. This minimum is caused by the actual spatial
distribution of the exiting data set and is of no importance for the
general characteristics of the model. Thus the hydraulic situation
within the McBean Formation stays relatively stable for Green Clay
conductivities below 6 x 10710 m/s, but changes dramatically above
that value,

It is instructive to see the calculated head distributions, shown in
south-north cross-sections, for the different conductivity pairs.
(Figure 9-9). They show that the models with Green Clay conduct-
ivities below 2 x 1079 show very similar head distributions and con-
sequently very similar flow patterns. The general direction of flow a
in the McBean Formation is directed horizontally, thus most of the V
McBean ground water discharge into the creeks.

In contrast, when increasing the hydraulic conductivity of the Green
Clay from 2 x 10°9 m/s to 5 x 1079 m/s and reducing consequently the
hydraulic conduétivity of the McBean Formation from 6.4 x 10"6_m/s_§o
1.1 x 1077 m/s, (in order to stay on the model's calibration line),
the head distribution and the flow pattern change dramatically. The
general direction of flow rotates from horizontal to vertically down-
wards. The unsaturated zone below the Tan Clay disappears and most of
the McBean ground water discharges into the Congaree Formation.

This change is also shown in Figure 9-10. While the total flux into
the model (due to infiltrating precipitafion and inflow through the
constant head boundaries in the south) stays more or less constant,
the discharge of McBean ground water into the underlying Congaree
Formation increases from 16% (when using 6 x 10”10 m/s for the Green -
Clay) to 82%, (when using 5 x 10~7 m/s. .

HO1201R008 108



-

It is obvious from Figure 9-8, that Green Clay conductivities greater
than 6 x 10710 m/s result in an increasingly less satisfactory agree-
ment Dbetween calculated and measured heads. Below 6 x 10'10 m/s the
agreement does not vary significantly. However, the lowest delta
square sum was obtained for a very low Green Clay conductivity
(5 x 1071 m/s). While no hydraulic conductivity data for the Green
Clay were availéble, the data review provided the possible range in
which the hydraulic conductivity of the McBean Formation should lie
(Section 6.6, Table 6-4). Accordingly the McBean conductivity should
be between 1 x 10'6 and 3 x 102 m/s. The corresponding hydraulic
conductivities for the Green Clay on the calibration line range from O
to about 2.8 x 1079 m/s.

Based on the lithological description of the Green Clay (Section 3.1.6),
extremely low hydraulic conductivities did not appear to be Treal-
istic. Therefore the highest conductivity value that can be assigned
to the Green Clay without increasing significantly the delta square
sum (Figure 9-8), was selected as the model hydraulic conductivity
(6 x 106 m/s). The corresponding hydraulic conductivity for the
McBean Formation is 1.7 x 107> m/s. With these two conductivity
values the delta squabe sum is about'3 me. Employing these two con-
ductivity values resulted in what was considered to be a calibrated
McBean aquifer. The selected hydraulic conductivities were used for
the further parameter variations (Sectioh 9.2.2 and 9.2.3) as well és
in the calibrated flow model (Section 9.2.4.).
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9.2.2 Tan Clay

As pointed out in Section 9.1, a calibration of the Barnwell aquifer
was not performed. Rather a systematic variation of the hydraulic
conductivity of the Tan Clay, which is the most important parameter
with respect to the water table in the Barnwell aquifer, was con-
ducted. The result of this parameter variation is shown in

Figure 9-11.

The highest hydraulic conductivity assigned to the Tan Clay was
1 x 1077 m/s. With this conductivity a perched water table above the
Tan Clay is hot developed. The Barnwell and McBean Formation form a

common hydraulic system.

Using 5 x 1078 ws as the conductivity for the Tan Clay, a perched
ground water 'tongue' occurs in the northern part of the model. As
the Tan Clay conductivity is decreased, the perched ground water above
the Tan Clay grows thicker. With 5 x 10'9 m/s, the perched ground
water table reaches the uppér boundary of the model (78 m a.s.1.) and
with 2 x 1079 m/s, the perched water table would be partly above land
surface.

The existing water level data from the borehole show that there is a
perched water table and that it's elevation should be between 70 and
72 m a.s.1l. (see Section 6.7 Table 6-5). Although it is difficult to
calculate a precise steady state water'level for the Barnwell Form-
ation (Section 6.7) at least this range (70-72 m a.s.l.) can be used
as a criterion when assigning a hydraulic conducti\}ity to the Tan
Clay.

As the cross-sections in Figure 9-11 show, a Tan Clay conductivity
value of 2 x 1078 m/s results in water levels too low (i.e., < 70 m
a.s.l.) except in the extreme southern part. A conddctivity of
0.5.x'10'9 0/s causes a water table between 71‘and 74 m a.s.1l. which
is somewhat too high. Thus the hydraulic conddctivity of tﬁe.Tan Clay
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must lie between 0.5 x 1079 m/s. and 2 x 1078 ms. A conductivity of
1 x 1078 m/s 1lies approximately in the middle of that interval. It
results in a water table in the Barnwell Formation that lies between
70 and 72 m a.s.l. in a large part of the model area. Therefore
T % 10'8 m/s was selected as the hydraulic conductivity of the Tan
Clay for the calibrated flow model.

9.2.3 Recharge

In order to investigate the sensitivity of the model to variations in
the recharge rate, a parameter variation about the recharge rate was
performed.

As the cross-sections in Figure 9-12 show the applied recharge ranges
from 127 mm/y to 760 mm/y. These values correspond either to dif-
ferent infiltration rates (between 10 to 60%) of the long-term average
annual precipitation (about 1250 mm]y) or to different annual precip-
itation rates (423 mm/y to 2533 mm/y) with a fixed infiltration rate
of 30%. Thus this parameter variation can be used to quantify both a
variation of the infiltration rate and a variation of the precipit-
ation. However this Is possible only for short term variations of the
infiltration or precipitation rates, because the model could be also
calibrated for different steady state recharge values simply by
applying different hydraulic conductivities to the hydrostratigraphic
units.

When intebbreting the results of this parameter variation, it must be
recalled that the boundary conditions were not varied and that these
boundary conditions were estimated for years with average recharge.
Therefore the effect of the boundary conditions, especially the south-
ern boundary with prescribed heads is not taken into account.

As Figure 9-12 displays, the model shows relatively stable heads
around a 30% infiltration rate (20 to u0%). However, both water

tables in the Barnwell and the McBean Formatioh would change according
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to the infiltration rate. Also the size of the unsaturated zone would

vary. However, the typical head distribution and the general flow
pattern would remain the same.

According to the long-term rainfall data (Figure 5-1) the annual pre-
cipitation varies between 550 mm and 1900 mm. With a fixed infiltr-
ation rate, the corresponding recharge rangés between 165 mm/y and
570 mm/yr. Thus the first number represents an extremeiy dry year,
while the second value stands for extremely wet years. As shown in
Figure 9-12, this variation has drastic effects on the water tables.
In very dry years, the perched ground water in the Barnwell Formation
almost disappears. In very wet years, the perched water in the
Barnwell Formation can reach about 78 m a.s.l. and the unsaturated
zone in the McBean Formation almost disappeérs.' As mentioned before,
this very high water level for extremely wet years is based on a fixed
infiltration rate. However, it 1s likely that in very wet years the
run-off is higher, resulting in a somewhat lower infiltration rate.
Thus the water table maximum for the Barnwell Formation is likely to
be somewhat lower (see Cook, 1983).

9.3 Calibrated Flow Model

After completion of the parameter variation, the two grid layers repre-
senting the Tan Clay were replaced by a single grid layer in order to
free some computer memory for the subsequent contaminant transport
modeling (see Section 8.4.1). It was found that this grid simplific-
ation resulted only in a very minor loss of resolution of the ground
water head distribution in the Tan Clay itself. The model in general
was not affected by the change.

All initial model parameters were assigned to this slightly simplified

grid except the hydraulic conductivities of the McBean Formation and the

Green Clay (Figure 9-13). There the results of the calibration or para-

meter variation (Section 9.2.1) were used. The resulting flow model is

shown in two cross-sections (Figur'es 9-14 and 9-15) and in three piezo- .
metric maps (Figures 9-16, 9-17 and 9-18).
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The general head -distribution and the ground water flow pattern is very
similar to the initial flow model (Figure 9-1 through 9-5). The agree-
ment between the calculated heads and the measured water levels is very
good in both the Congaree and the McBean Formations (Tables 9-3 and
9-4). The delta square sum in the Congaree is 0.77 m° which is about
the same as with the initial flow model. In the McBean Formation the
delta square sum is 1.99 m® as compared to 46.4 m? with the initial flow
model. The average head differences are 0.18 m (Congaree Formation) and
0.1 m (McBean Formation).

Compared to the initial flow model, the water table in the McBean Form-
ation is generally 1-3 m higher. Therefore the unsaturated zone in the
central part of the model area is very thin (Figure 9-4) or non-
existent (Figure 9-5). The good agreement between calculated and mea-
sured data demonstrate that the model was successfully calibrated. The
steady state flow field of this calibrated flow model was used for the
contaminant transport modeling.
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HYDROGEOLOGICAL ROCK PROPERTIES OF THE CALIBRATED MODEL
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Figure 9-13 Hydrogeologic Rock Properties of the Calibrated Model.
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Initial Flow Model
@

S Boreholes Screened Measured Mean Calculated Heads for

i in the Congaree Water Levels Borehole Locations A Head

" Formation (m a.s.l.) (m a.s.l.) (m)

) ) . _

SDS-TA 52.2 52.4 S 0.2
SDS-12A 51.3 50.7 -0.6
SDS-16A/B 52.8 52.3 -0.5
SDS-20A 50.1 50.3 +0.2
SDS-21A 48.5 49.0 +0.1

Average A Head: -0.12 m
. Sum ( A Head)2: 0.7 m?

3

Table 9-1 Initial Flow Model: Calculated Congaree Heads Versus Measured
. Mean Congaree Water Levels.
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Initial Flow Model

Boreholes Screened Measured Mean Calculated Heads for

in the McBean Water Levels Borehcle Locations A& Head
Formation (m a.s.1.) {m a.s.l.) {m)

SDS-7C 65.9 63.2 - 2.7

SDS-12B 67.2 64.0 -3.2

SDS-20B 65.8 62.4 -3.4

SDS-21B 63.8 61.9 -1.9

SDS-22C 65.0 66.3 -3.7

Average A Head: -3.0m
Sum ( A Head)2: u46.4 m?

Table 9-2 Initial Flow Model:
Mean Water Levels.

HO1201R008

Calculated McBean Heads Versus Measured
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«

. Initial Flow Model

v Boreholes Screened Measured Mean Calculated Heads for
in the Congaree Water Levels Borehole Locations A Head

. Formation (ma.s.l.) (ma.s.l.) (m)

P

SDS-TA 52.2 52.4 0.2
SDS-124 51.3 50.7 -0.6
SDS-16A/B 52.8 52.2 -0.6
SDS-20A 50.1 50.2 +0.1
SDS-214A 48.9 48.9 0.0

Average A Head: -0.18 m
| Sum { A Head)2: 0.77 m@

L3

Table 9-3 Calibrated Flow Model: Calculated Congaree Heads Versus
Measured Mean Congaree Water Levels.

*
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Initial Flow Model

Boreholes Screened Measured Mean Calculated Heads for

in the McBean Water Levels Borehole Locations A Head
Formation (m a.s.l.) {m a.s.l.) {m)

SDS-7C 65.9 65.4 -0.4

SDS-12B 67.2 66.9 -0.3

SDS-20B 65.8 65.1 -0.7

SDS-21B 63.8 64.9 1.1

SDS-22C 6.0 68.8 -0.2

Average A Head: -0.1m
Sum ( A Head)2: 1.99 mé

Table 9-4 Calibrated Flow Model: Calculated McBean Heads Versus
Measured McBean Water Levels
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10.0  CONTAMINANT TRANSPORT

After completion of the flow analysis the contaminant transport
parameters (Section 8.4.3 and 8.4.6) were incorporated into the
calibrated steady state flow model (Section 9.3). As mentioned
before, the pericd of interest for the transient modeling was con-
sidered to be between 50 and 200 years (Section 7.5).

10.1 Time Step Considerations

Using the method of characteristics ({"point tracking method") in the
HCTM code, the time steps should be chosen such that the distance the
particles move within one time step is not larger than the dimension of
the grid block which is parallel to the direction of flow
(Appendix B-4.4.3). This general rule of thumb prevents errors which
occeur when ﬁartioles, moving in a very hetercogeneous flow field, move
more than one grid block in a time step.

In the actual model, the restricting grid block dimension is the ver-
tical dimension (3 m) of the thin layers in the Barnwell Formation and
the Tan Clay. There the ground water flow is almost perpendicular to
the horizontal layers. The vertical compcnent of ground-water flow in
the Barnwell Formation or the Tan Clay is about 1.2 m/y, which is es-
sentially the applied recharge (380 mm/year) divided by the pore volume
(0.3). Thus the maximum time step allowed by the above rule would be
about 2.5 years. However, it was empirically established during the
modeling study with the actual flow field that the time step could be
increased to 5 years without affecting the modeling results. Therefore
a time step of 5 years was selected for the actual contaminant trans-
port modeling. With the upper limit for the time period of interest
{200 years) a full contaminant transport simulation comprised 40 time

steps.
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10.2 Transport Modeling Base Case

The results of the contaminant transport modeling using the calibrated
flow field and the previously mentioned transport parameters are dis-
played in sections through the model area (Figure 10-1 and 10-2). The
cross-sections illustrate the tranaient development of the bontaminant
concentrations within the model area.

During the first 20 years (after the first contaminants reach the upper
model boundary) a contaminant plume develops beneath Z-Area. Due to
dispersion and diffusion, the relative contaminant concentrations in
the center of the plume are only 0.5 and 0.75 after 10 and 20 years,
respectively. Due to dispersion, the lower concentrat‘ion areas of the
contaminant plume extend somewhat further from the source. The 0.1
contour line is in the middle of the McBean Formation after 10 years
and reaches the Green Clay within 20 years. The 0.01 contour line
reaches the Green Clay within 10 years and the bottom of the model
after 15 years. However, the 0.01 contour line represents only the
fastest moving 'par'ticles. More representative for the movement of the
contaminant front beneath Z-Area is the 0.5 contour line. Outside
Z-Area the 0.1 contour line can be considered to be representative of
the contaminant front, because there the contaminants become more
diluted by uncontaminated recharge, the further they travel.

Using the 0.1 contour line as an indicator for the contaminant front,
the contaminants reach McQueen Creek (at the position of the West-East
cross-section) within 50 years. At this time, the 0.5 contour line
beneath Z-Area has almost reached the Green Clay and the concentrations
in the Congaree Formation range from 0.1 to 0.25. At the same time
relatively high concentrations (up to 0.9) occur in the center of the
contaminant plume directly beneath Z-Area.

At 100 years the contaminant concentrations within the model area have

reached an apparent "steady state". Small variations in the contami-
nant concentrations after 100 years are insignificant. .
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The concentrations at 200 years are also shown in three areal concen-
tration maps, one for each aquifer (Figure 10-3, 10-4, and 10-5).
These maps, together with the cross-sections at 100 and 200 years;

reveal the three dimensional contaminant distributioh.

The apparent "steady state" contaminant distribution is characterized
by a stable center with high contaminant concentrations (0.75 and
greater) in the Barnwell Formation, the Tan Clay and the upper bart of
the McBean Formation directly beneath Z-Area. In the lower part of the
McBean Formation beneath Z-Area the concentrations are between 0.75 and
0.45. The "steady state" concentrations in the Congaree Formation
beneath Z-Area range between 0.1 and 0.25.

Outside Z-Area and upstream with respect to the ground water flow,
i.e., to the south and the west of Z-Area, the concentrations are zero
within 100 to 200 m. Downstream, i.e., to the east in the McBean Form-
ation and to the north in the Congaree Formation, the contaminant plume
reaches McQueen Creek and the northern model boundary, respectively.
The steady state contaminant concentrations in the McBean Formation at
McQueen Creek range between (¢ and about 0.2. Thus the ground water
discharged from the McBean Formation into McQuéen Creek has contaminant
concentrations up to 0.2. As Figure 10-Y4 shows, ground water with
concentrations between 0.1 and 0.2 enters McQueen Creek along approxi-
mately 500 m (between 3,685,000 mN and 3,685,000 mN). The total dis-
charge over that length is about 6.4 L/s. The base flow of McQueen
Creek, measured at a weir about -500 m downstream, is about 87 L/s
(Parizek and Root, 1984). Thus the contaminated discharge entering
McQueen Creek will be diluted by a factor of 10.

In the Congaree Formation, the contaminant concentrations are generally
lower than in McBean Formation. As Figure 10-3 shows, the concentra-
tions in the center of the plume (beneath Z-Area) range between 0.15
and 0.2 (at the elevation of the grid block centers of the upper-most
Congaéee grid block). The plume reaches the northern boundary, after
200 years, where the contaminant concentrations are about 0.05. Thus

H01201R008 139




ground water with that contaminant concentration is leaving the model
area via flow in the Congaree.

It is possible to set-up an overall material balance for the apparent
"steady state" of the contaminant transport model (Table 10-1). The
total flux into the model is about 182 L/s, with 54,3 L/S of that total
into the upper aquifers. The contaminated recharge is 4.68 L/s with a
normalized concentration of 1.0. This is about one tenth of the flux
into the Barnwell and the McBean Formations. Therefore the contaminant
recharge from the planned disposal site area can be diluted by, at
best, a factor of 10. Because there is no homogeneous dilution within
the entire model area, concentrations between 0 and 0.2 were
calculated.

About 90% of the contaminant input discharges from the upper aquifers
inﬁo the creeks. The base flow of Upper Three Runs Creek downstream of
Z-Area (between Road F and Road C bridges) is about 425 L/s (Parizek
and Root, 1984). Thus the overall dilution of the contaminants re-
leased by the planned landfill disposal site can be expected to be
about 100, resulting in relative concentrations of about 0.01 in Upper
Three Runs Creek.

Part of the MeBean ground water discharges through the Green Clay into
the Congaree Formation (9.0 L/s). About 10% of the contaminant input
is transported to the ground water through the Green Clay into the
Congaree Formation. Thus the average concentration of the contaminants
entering the Congaree Formation is about 5.5%. This is about the same
concentration at which the contaminants leave the model area after 200
years through the central part of the northern boundary. Within the
Congaree Formation, the contaminants will be further diluted before
they are discharged into the Savannah River some 15 to 20 km distant.
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10.3 Variation of the Infiltration Rate at Z-Area

The contaminant modeling as described in the previous section (base
case) is based on the assumption that the infiltration rate is constant
over the entire model area. However, it is possible that the design of
the pilanned landfill dispoéal (see Section 2) will affect the infiltra-
tion rate at Z-Area. 1In order to evaluate the effect on contaminant
concentrations in the ground water, caused by an increased or decreased
infiltration rate (representing diffenrent disposal designs), three
additional contaminant transport simulations with different infiltra-
tion rates were performed.

10.3.1 Contaminant Concentrations With a 0.3% Infiltration Rate

The first additional contaminant transport simulation was conducted
‘for a substantially reduced infiltration rate at Z-Area. A very low
infiltration rate might be representative of a landfill disposal
design which comprises an impermeable layer (e.g., clay cap) com-
pletely covering the disposal area, collection of the run-off and
drainage of that run-off to one of the creeks. With such a design,
it should be possible to reduce the infiltration rate to about 1% of
the normal infiltration rate. Thus the resulting infiltration rate
at Z-Area would be 0.3% of the average rainfall.

Using the same model parameters as for the base case, except for the
0.3% infiltration rate at Z-Area, the contaminant transport modeling
was conducted over a time period of 200 years. The results, i.e.,
the long term ("steady state") contaminant concentrations in ‘the
ground water, are shown in the Figures 10-6 through 10-10 (2 cross-
sections and 3 areal concentration maps).

The cross-sections demonstrate also the effect of the reduced re-
charge of Z-Area on the ground water tables in the Barnwell and
McBean Formations. At Z-Area, the thickness of the saturated zone
in the Barnwell Formation is drastically reduced, thus the perched
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water table is barely existent. Alsoc the water table in the McBean
Formation is considerably lower (about 2 m) at Z-Area than in the
base case model. This is because the overall flux into the upper
most aquifers is reduced by 3.9 L/s from 52.65 L/s (base case) down
to 48.75 L/s. The reduced infiltration rate alone would cause a
drop of 4.8 L/s, but part of that loss is compensated by a higher
flux into the McBean Formation through the southern model boundary
(the boundary conditions were not altered during the infiltration
rate analyses).

As far as the contaminant concentrations are concerned, they are
considerably lower (with respect to a source term concentration of
1.0) than in the base case. As Figures 10-2 through 10-3 show, the
concentrations in the saturated zone in the Barnwell Formation are
about 0,05 at the maximum. In the lower part of the McBean Form-
ation, the concentrations ére below 0.03, and in the Congaree Form-
ation the concentrations are less than .01, These low relative
contaminant concentrations are caused by a dilution of a relatively
small amount of contaminants (0.95 L/s) in a comparatively large
amount of uncontaminated recharge (U8.75 L/s) which enters the model
outside of Z-Area.

However, the calculated concentrations are relative concentrations
with respect to the concentration (1.0) of the source term. It
cannot be expected that the source term concentrations are indepen-
dent of the disposal design site. Thus it is very likely that a
reduction of the infiltration rate at the landfill disposal site
Wwill cause higher contaminant concentrations in the remaining re-
charge. This must be taken into account when comparing the concen-
trations calculated by the contaminant transport simulations with
different infiltration rates.
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10.3.2 Contaminant Concentrations With a 3% Infiltration Rate

The second additional contaminant transport simulation was performed
with a 3% infiltration rate. This infiltration rate might be repre-
sentative of a disposal design which is similar to the one described
in Section 10.3.1, but which has a somewhat more permeable cover.

Again, the contaminant transport modeling was conducted for a time
period of 200 years, using the same model parameters as for the base
case, but with a 3% infiltration rate at Z-Area. The results, i.e.,
the long term ("steady state") contaminant concentrations in the
ground water are shown in Figures 10-11 through 10-15, (2 cross-
sections and 3 areal concentration maps); '

The thickness of the perched ground water table in the McBean Form-
ations is significantly reduced, as with the 0.3% case. The overall
flux into the two upper aquifers (Barnwell and McBean Formations) is
reduced by 3.0 L/s from 52.65 L/s (base case) down to 45.65 L/s. As
in the previous modeling variant, the reduced infiltration alone
would result in 4.3 L/s less recharge to the upper aquifers, but
part of this is coﬁpensated by a higher flux into the McBean Form-
ation through the southern model boundary.

The long term contaminant concentrations in the ground water are
lower (with respect to the source term concentration of 1.0) than
with 30% infiltration (base case), but higher than with 0.3% infil-
tration. As Figures 10-11 and 10-15 show, the concentrations in the
saturated part of the Barnwell Formation are as high as 0.75 in the
center of Z-~Area, but do not exceed 0.25 outside Z-Area. In the
lower part of the McBean Formation the concentrations are generally
below 0.1, although in the center of Z-Area concentrations of 0.25
occur. In the Congaree Formation the concentrations are generally
low (0.025 or less) except in the center of the plane directly below
the Green Clay where concentrations of 0.15 to 0.1 were calculated.
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As pointed out in the previous section, the resulting long term

relative concentrations depend on the ratio of the contaminant in-
flow (at Z-Area) to the uncontaminated recharge, which essentially
restricts the possible dilution factor for the contaminants within
the model area. Thus, with 3% infiltration, the relative concen-
trations (as related to an input concentration of 1.0) are generally
higher than with 0.3% but lower than with 30%. However, as men-
tioned in the previous section, the absolute source term concen-
tration depends on the actual disposal design. Thus the relative
concentrations of simulations with different infiltration rates
cannot be compared directly.

10.3.3 Contaminant Concentrations With a 90% Infiltration Rate

The last additional contaminant transport simulation was performed
with a 90% infiltration rate at Z-Area, which is three times the
assumed average infiltration rate for the model area. Such an in-
filtration rate might be representative of a disposal design which
comprises many small saltstone blocks, arranged in a large array,
with a separate impermeable layer (e.g., a clay cap) above each
saltstone block and a drainage system.fbr the run-off between the
blocks. Such a design might cause a relatively high infiltration
rate at Z-Area, because the surficial run-off can infiltrate at
Z-Area itself.

The additional contaminant transport modeling was performed with a
90% infiltration rate at Z-Area, while the other model parameters
were left unchanged as compared to the base case. The time pericd
covered by the simulation was 200 years. The fesults, i.e., the
long term ("steady state") contaminant concentrations in the ground
water are shown in Figures 10-16 through 10-20 (2 cross-sections and
3 areal concentration maps).

The cross-sections demonstrate also the effect of the increased
recharge at Z-Area on the ground water tables in the Barnwell and
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McBean Formations. At Z-Area, the perched water table is as high as
78 m a.s.1., which is about 6 m higher than in the base case. In
the McBean Formatipn, the water table is about 3 to 4 m higher than
in the base case. Consequently, the unsaturated zone in the McBean
Formation is considerably smaller,.

The overall flux into the two upper aquifers (Barnwell and McBean
Formations) is increased by 8.0 L/s, from 52.65 L/s (base case) up
to 60.65 L/s. The additional recharge at Z-Area alone would cause
an increase of 9.0 L/s, but due to the higher water tables in the
upper two aquifers, the flux intc the model through the southern
model boundaries is somewhat reduced. Thus an initial increase of
8.0 L/s results from the three times higher (than base case) infil-

tration rate.

The contaminant concentrations in all three aquifers are considep—
ably higher than in the base case. As Figure 10-20 shows, the con-
taminant concentrations are as high as 0.9 within most parts of
Z-Area and the low concentration contour lines (0.05 and 0.1) are
significantly further away from Z-Area than in the base case. The
concentrations in the lower McBean Formation are 0.7 and higher
beneath Z-Area as compared to 0.5 for the base case. At the creeks,
the concentrations in the McBean Formation are only slightly higher
than in the base case (less than 0.25), but ground water with con-
taminant concentrations of 0.2 and more discharge into a longer part
of McQueen Creek. In the Congaree Formation contaminant concen-
trations of 0.35 and more (in the upper part of the Congaree Form-
ation) occur in the center of the plane beneath the Green Clay. The
concentrations in the Congaree Formation at the northern boﬁndary
are about 0.1.

Generally, the higher contaminant concentrations (as compared to the
base case) obtained with the 90% infiltration rate at Z-Area reflect
one fact;‘more contaminated recharge (14.6 L/s instead of 4.5 L/s)
is diluted in about the same uncontaminated recharge. However, the
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absolute source term concentrations depends on the actual disposal

design. For the 90% infiltration rate case at Z-Area it can be
assumed that the absolute concentration of the recharge at Z-Area is
lower than the source term concentration of the base case. There-
fore, again a direct comparison of the relative concentrations of
the simulation with different infiltration rates is not possible,.

10.4 Site Assessment

The purpose of this section is to briefly review the results of the
study in the context of nitrate water quality standards and to pre-
sent in summary, the predictions of ground water quality at the Z-Area
boundary and throughout the ground water system by presenting the
travel paths and travel time of nitrate in the system. The eventual
discharge of nitrate to surface waters is also presented and the re-
sultant surface water nitrate concentrations are quantified.

The drinking water quality standard for nitrate is the World Health
Organization recommended maximum permissible concentration in drinking
water of U5 mg/L. The travel times and travel paths are presented
below in terms of predicted concentrations (in each formation) at times
up to 200 years after disposal using a realistic dispersion coefficient
(longitudinal dispersivity = 10 m). In this section the development of
the contaminated zones is presented by taking the "front" position
calculated using a dispersivity of 0, thereby allowing molecular dif-
fusion as the only dispersive mechanism. 1In this instance, the re-
sultant is-a very sharp contamination front where the 0.1 and 0.9 con-
centration contour lines are virtually indistinguishable. In essence,
the travel paths and travel times are those associated with the average
ground water velocity.

Figure 10-21 shows the development of the front in the Barnwell Form-
ation o#er a period of 200 years. The horizontal component of ground
water flow at the center of each grid block is also shown. With re-
ference also to Figure 10-5, it can be seen that without dis'per'sion the .
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"source" concentration reaches the Z-Area boundary within about 10
years. However, the expected relative concentration at the Z-Area
boundary with a realistic dispersivity is of the order of 0.3 to 0.4.

The development of a nondispersed contaminant front in the McBean Form-
ation is presented in Figure 10-22. Full source concentration is
reached at the Z-Area boundary within 10 years, while full concentra-~
tion discharge begins to develop over a limited reach (about 300 m) of
McQueen Creek within 40 years. However, actual observed relative con-
centrations are more likely to be with the order of 0.2 (see Figu