RECONNAISSANCE HYDROGEOLOGIT INVESTIGATION OF THE
DEFENSE WASTE PROCESSING FACILITY AND VICINITY,

SAVANNAH RIVER PLANT, SOUTH CAROLINA

By Kevin F. Dennehy, David C. Prowell, and Peter B. McMahon

U.S. GEOLOGICAL SWRVEY

water-Resources Investigations Report 88-4221

Prepared in cooperation with the

U.S. DEPARTMENT OF ENERGY

Columbia, South Carolina

1989



DEPARTMENT OF THE INTERIOR

MANUEL LUJAN, JR., Secretary

U.S. GEOLOGICAL SWRVEY

Dallas L. Peck, Director

For additional information
write to:

District Chief

U.S. Geological Survey

Suite 677A

1835 Assembly Street

Columbia, South Carolina 29201

Copies of this report may be
purchased from:

U.S. Geological Survey
Books and Open-File Reports
Federal Center, Bldg. 810
Box 25425

Denver, Colorado 80225



CONTENTS

0

[+)]
Q

[¢)

ADSELACE teteevesseecncesceccenosessccescscscessconsseasssassscsssccnss
Introduction ..... ceesecenncnne cetseaseevsecrttrassrorersttetosonanany
PUTPOSE GN0 SCOPE seeeseessssssaccssescsssssssssessssssscccccsons
General description of study area ........ tesesacnans cestesccnans
Previous investigations ceeseeiseeseesnescesteneassenessnnsscnnnss
GEOlOgY eeveeeeesscrcscocecsconncnas ceceecstscscctsessranne ceeeee ceaee
Stratigraphy ...cc.e.e P
Ellenton FOIMAtion ceceeecccecanecscenceesceocccosoccscccnne
Nomenclature c.eeeecececceceens sesessssses ceesesassnes .

LithOlOgY ceceeeceeeececececccecsecesceccanaccscscsnnas

AOE tevteressessoccecesscestocsacssascsscsccsscsscssnas

Congaree Formation ..cececeeecceccees ceteceacstansessestncne .
Nomenclature ceeeeeeessecene Cectssessescestsscesesnnnns

LitholOQY ceceeecececscecceoscceasctcccescceacsseascanns

AOE coceevcecscsscsescccsscssscossccscacsssessscasccnse

McBean Formation .c.eececeecceccenes cesssessscssanstanssnanas
Nomenclature eeeeeeeccecees cessaccscsaa Cesceecnstcsanae

LitholOgY ceceeescccecceccecsscecseacccesscerccnanncnns

AOE cocesnncescsvotossososscssesssccssccossossscssnonae

Barnwell GIrOUD cececcesessesssscsscsaascessssssssssssscsanas
NOMENCLAature seeescscsccocseacscnncacannnnn tesescenes .

LithOlOQY ceeeeeeceoscecencescesssecssccssessscssscnsnas

AOE ceceeeecsseossesserssssstsscrscsststssssssscssscssssnnns

Upland Unit seeeerenscesscesssesseosssssssasssnssnsssssnnsosns
NOMENCLAtUTE tiveeereecnnesescscosesescsccsccnsnacanns

LIithology ceeeeeeececncceeceeeccesesescocccaccsnncocnns

AE ceceecetccscencnsenanns Geeeeccescetsctecstesattsanse

Colluvium and (or) alluv1un Ceteesctseteteccsstsatrstottacae
Nomenclature teesesiusesanseesacsstcessesatssestsansos

Lithology . cesscscescacccecacsces cescescascvecs ces

AQE coceesncesensocscatscsesssctoscsscscsscssscssosccas

Distribution of strata Ceevestssesseseccctscosststsctstossotosas
Geologic map ..eceeeenne ssevesassvacsetantatstsescsssacsvans

Geologic sections .eeeeececcecens cececrrcssssacee cescrccrane

Structure CONtOUT MAPS cceereceeccececssccessesscasessesans

GTOUNd WALET teeeceeeceecaceroncsssecesosssesssosssssssossscssscsssnans
Description of aquifers and confining units ..ccceeeveieececcannss
Water levels and ground-water movement ..eceeieeeeececcecccncnans
SUrfaCe WALET teeeereeeseececessceccessceersceccccsscosscssssessonssns
Water quality and geochemisStry .eeeeeeeieeeeeresesenececceccncesncnnns
Sample collection and analySisS ceeeeeeeceeneeecncccececerscaccnns
Results and analySiS cuieeeecesseccceesscccscccssosccssccosssncans
Laboratory analysis of sediment/waste interactions «.ceeececees ceesnes
Material and method ccveverecececeenocccnseccscscocsceccscscssnes
Results and discusSion seeeeeceeceeccececceccncannnne coeans cesane
Significance of permeability reductions ....ceceeeeeercrececcennns
SUTMATY ceooeracssasaes St eceectcecacecctcentt et st sttt ta st aassaens
References cited ......... Cecesscesessesccnes Ceeeesscscesstesessassnan

[0} NN\ WU\ SEUWOUVLHLIRNRNRNNNONNNNNNNNNNNRFERFRFER R
\og\\bv—'\o\swugl\)mHO\smO\O\O\bb&bl\)l\)l\)l—-O\O\O\O\IO\O\O\\n\n\nb\o\o\omCOCO\ﬂ\ﬂN"‘

iii



ILLUSTRATIONS

Page
Figure 1-3. Maps showing location of':
1. The study area within the Savannah River Plant ..... 3
2. H, S, and Z Areas within the study area ..... vesesns 4
3. Saltstone Disposal Site monitoring wells ........... 6

4. Graphs showing average monthly temperature and

precipitation at the Savannah River Plant

during 1961-1981 ..cvieieeenencecencncacanancas ceecvennn 7
5. Map showing location of wells used in Defense

Waste Processing Facility geologlc 1nvest1gat10n

and geologic section along A- A and B-B .eeierenieannann 11
6. Geologic section along line A-A’ t.civieeeeenn. secessnance 12
7. Geologic section along 1ine B-B’ «ieveeveeveneececncennnns 13
8. Map showing surficial geology of the study area .......... 25
9-10. Maps of study area showings:

9. Altitude of the top of the green clay .cceevees cesees 28
10. Altitude of the top of the tan clay .eeeeececennaanns 29

11. Correlation chart for geologic and hydrogeologic
units coeeeeenenns cescesee ctesescecsssescsscnes 30
12. Hydrogeologic section along llne A A cecsessenas S 74
13. Hydrogeologic section along line B-B’ teeeveeeeennns ceseee 33

14-21. Maps showing:
14. Potentiometric surface of the Barnwell-McBean

aquifer in vicinity of study area .....ccceveeneenn 38
15. Potentiometric surface of the water table

in vicinity of study area ...cceeeeeiecienenenens . 40
16. Hydraulic head measurements of the McBean

aquifer in vicinity of study area .c.ceeevececeees 41
17. Potentiometric surface of the upper McBean

aquifer in vicinity of study area ......ceceee... . 43
18. Estimated potentiometric surface of the

Congaree aquifer in vicinity of study area ....... 44
19. Potentiometric surface of the Congaree

aquifer at the Savannah River Plant ..cceeeveeneen 45

20. Delineation of basins for McQueens Branch
and Crouch Branch tributaries to

UPPETr THTEE RUNS teeeeesecesccesecnscscscccncccecas 47
21. Location of seepage 1nvestlgat10n stations
in the vicinity of the study area ...... tecscesans 51

22. Graph showing measured streamflow changes along reaches
during seepage study; (a) McQueens Branch and
(b) Crouch Branch ..ceecececcacaes Cetececceccenecneannas 52
23. Trilinear diagram showing major-ion composition of
water samples from the Barnwell-McBean and
Congaree aqUIfersS c.eeeeeeeeeeececseacccacnnne tetesaeanas 55
24-26. Graphs showing:
24. Stability diagrams for the systems
Na-Si0,-Al,03-H,0 and Ca-Si0,-Al.03-H.0,with
DS well waters superimposed ....... tecetsccscnans 58

iv



ILLUSTRATIONS-~Continued
Page

25. Relative permeability as a function of total
pore volumes of fluid passed through the
column for three salt-solution/tap-water
flushing sequences «..eeeeene cesessscscsnne ceseses 6l
26. pH as a function of measured concentrations
of dissolved (a) aluminum and (b) silica from
batch tests, and (c) relative permeability
from column tests civeeererernctcesccencscsansanse 63
27. Photomicrographs of pore openings in sediment samples
(a) before and (b) after treatment with alkaline
sodium-nitrate solution. Scale is 3.0 micrometers .... 65

TABLES

Table 1. Correlation chart of geoclogic uUnits vievvveeeesctisencncans 10
2. Summary of hydraulic conductivity data ...eivvieenecneneee 34
3. Well construction information and water levels for

selected wells In study AGrea8 ceeeececereensccecscscnnnasns 37
4. Gage height data collected at McQueens Branch near S Area

at Savannah River Plant, S.C. (021973010) for the

period Of TECOTO teeecetsacecesssocssssssancsssssnsnsananne 48
5. Gage height data collected at Crouch Branch near H Area

at Savannah River Plant, S.C. (021973012) for the

period Of TECOTA teererenrensesesnacsscsccsscsasanna ceses 49
6. Concentrations of dissolved major and minor elements

in waters from the Barnwell-McBean and Congaree

AQUITETS teeeieereensnecenesaessesssassscscnnes cessesesans 54
7. Comparison of Defense Waste Processing Facility salt

solution and solution used in column experiments ..... .o 60
8. Properties of Barnwell sediments used in

laboratory study ceeeveececeananens tesesscssessnsasaesses 60



RECONNAISSANCE HYDROGEOLOGIC INVESTIGATION OF THE
DEFENSE WASTE PROCESSING FACILITY AND VICINITY,
SAVANNAH RIVER PLANT, SOUTH CAROLINA

By Kevin F. Dennehy, David C. Prowell, and Peter B. McMahon
ABSTRACT

This report presents the data and results of a two-year hydrogeologic
investigation of the Defense Waste Processing Facility and vicinity at the
Department of Energy’s Savannah River Plant in South Carolina. The Defense
Waste Processing Facility (S Area) will process high-level radioactive waste
into an immobilized state and retain it on-site until a national respository
is available for final storage. The report also includes an evaluation of
the potential for movement of possible spills of a by-product of the
production of defense nuclear materials, a concentrated salt-solution waste.
The salt waste is to be solidified and permanently stored near the Defense
Waste Processing Facility (Z Area).

A geologic framework was developed for sediments of Tertiary and
younger age; including the Ellenton, Congaree, and McBean Formations, the
Barnwell Group, the upland unit, and colluvium/alluvium. Results include
the identification of a calcareous zone near the base of the McBean
Formation in the area east of F area. In addition, the green clay of the
McBean Formation seems to be continuous over the study area, whereas the tan
clay of the Barnwell Group is absent northeast of the Defense Waste
Processing Facility. The green and tan clays range in thickness from 2 to 6
feet and O to 10 feet, respectively.

The hydrogeologic framework of the study area consists of 2 to 3
separate water-bearing units. In the northern half of the study area the
Barnwell and McBean aquifers are considered to be one aquifer owing to the
absence of the tan clay. In contrast, they are separated into two aquifers
in the southern half by the tan clay. Underlying these aquifers, and
separated from them by the green clay, is the Congaree gquifer.“ The
hydraulic conductivities of the aquifers range from 10-  to 10- feet per
second. Depth to water varies from 60 feet at the center of the study area
to 25 feet in the southwestern part. Directions of ground-water flow in the
Barnwell and McBean aquifers are generally to the north, with a component of
flow directed downward across the green clay and into the Congaree aquifer.
Part of the flow in the Barnwell and McBean aquifers is intercepted by local
streams which downcut into these aquifers. On the basis of limited data,
the direction of flow in the Congaree aquifer seems to be to the northwest.
At least part of the flow in the Congaree aquifer discharges into Upper
Three Runs stream northwest of the study area.

Water samples collected from the Barnwell-McBean and Congaree aquifers
indicate water in these aquifers can be classified as: 1) acidic



mixed-cation type (upper Barnwell-McBean); 2) alkaline calcium-bicarbonate
type (lower Barnwell-McBean and Congaree); and 3) a water intermediate
between the previous two types (upper Barnwell-McBean). Chemical changes in
water reflect the influence of reactions between sediment and water as water
moves from the upper part of the Barnwell-McBean aquifer, to the lower
Barnwell-McBean aquifer, and to the Congaree aquifer.

Laboratory column experiments conducted to examine the potential for
movement of a simulated salt-solution in sediments from the Barnwell Group
indicate chemical reactions between the solution and sediment caused sediment
permeabilities to decrease 90 to 95 percent. These results suggest a
release of salt solution to sediments of the Barnwell Group would move more
slowly than would be expected based on pre-spill measurements of hydraulic
conductivity.

INTRODUCTION

The Savannah River Plant (SRP), a Department of Energy (DOE) facility
that produces nuclear materials for national defense, is located along the
Savannah River approximately 60 mi southwest of Columbia, South Carolina
and about 95 mi inland from the Atlantic Ocean. It occupies 300 mi? in
parts of Aiken, Barnwell, and Allendale Counties in southwestern South
Carolina near the Georgia border (fig. 1).

The Defense Waste Processing Facility (DWPF), located near the
geographic center of the SRP, plans to process for permanent storage,
high-level radioactive waste that has accumulated over 30 years from the
production of defense nuclear materials. The DWPF is currently under
construction (1987) at what is known as S Area, a tract of approximately 75
acres located adjacent to the H Area separation facility (fig. 2). H Area
contains one of the chemical separation facilities that processes
reactor-irradiated material. Waste generated by the separation facilities
currently is being stored on-site as a concentrated liquid in large
carbon-steel tanks. The waste stored in the tanks will be separated into
two forms: a high-level radioactive sludge and a concentrated salt solution
containing low-level radioactivity. The sludge component will be
transported through a pipeline to the vitrification facility at the DWPF (S
Area), where it will be eventually mixed into a molten, borosilicate glass
matrix. The molten glass will be poured into stainless-steel canisters, and
once the glass has solidified, these canisters will be welded shut. The
radioactive waste will be retained in this immobilized state on-site until a
national respository for high-level radioactive waste is available for final
storage. The concentrated salt solution will be transported through a
separate pipeline to a disposal facility known as Z Area, a site of
approximately 200 acres located north of S Area (fig. 2). Current plans are
to mix the salt solution with a pulverized furnace slag and concrete before
pouring the mixture into near-surface concrete vaults at Z Area. The
resultant mixture, known as saltstone, will be solidified and permanently
stored in these vaults.

In September 1984 the U.S. Geological Survey entered into an agreement
with the Department of Energy to conduct a reconnaissance investigation of
the hydrogeology in the vicinity of the DWPF at the Savannah River Plant.













































































































































Table 5.--Gage height data collected at Crouch Branch near H Area at
Savannah River, S.C. (021973012) for the period of record

[——-, not determined or missing datal

Location:--Lat 33°17°57°°, long 81°39°34°°, Aiken County, on left bank, 1.0
mile northwest of H Area, 1.0 mile northeast of F Area, 1,500
feet from confluence with Upper Three Runs Creek.

Drainage area:--0.9 square mile.

Period of record:--February 25, 1986 to November 17, 1986

Gage:--Digital water-stage recorder. Elevation of gage is 150 feet above

sea level (from topographic map).

Remark:--No other gages have been operated on this stream.

Gage height during 1986
(feet)
mean values

Day Feb. Mar. Apr. May dune  Jduly Aug. Sept. Oct. Nov.

1 --- 0.47 0.35 0.32 0.30 0.38 0.38 0.57 0.54 0.73
2 —-—- 47 .35 .32 .30 .38 .37 .56 .51 57
3 -— 47 .35 .32 .32 .37 .37 .55 .51 .54
4 —— .48 .35 .32 .33 .37 .74 .55 .53 .52
5 -—- .48 .35 32 .33 37 W41 .58 .53 .53

6 -—- .48 .35 .31 31 .38 .54 .59 .52 .53
7 -— .48 .35 .31 .30 37 .61 -—- .52 .53
8 -—- .48 41 .41 .30 .37 54 —— .54 .55
9 - .49 .40 .39 .30 .36 .40 - .73 .55
10 -—- .48 .35 .36 .78 .36 .38 -— .97 .55
11 - .49 .35 .36 .81 .46 37 .52 62 .55
12 -— .49 34 .50 47 .39 .37 .54 .56 .55
13 —-—- .58 .34 .60 .43 .38 <44 .51 .56 .55
14 -—- .70 34 .38 .41 .39 .77 .50 .57 .55
15 -—- 44 .34 .33 .41 .40 <46 .50 .56 .55
16 -——- 43 <34 .32 42 .38 .43 .50 .55 .55
17 -— .40 .34 .32 .41 .38 .43 .49 .53 .55
18 -—- .40 .34 .32 .41 37 42 .49 .52 -—-
19 -—- .60 .33 .32 .52 .36 .75 .49 .52 -—-
20 -—- .52 .33 .32 .43 .36 .53 .50 .52 -
21 -—- .41 34 .31 .39 .38 .85 .50 .51 -
22 -—- .40 34 .31 .38 .52 .71 .50 .51 -—-
23 -—- .38 34 31 .38 .42 .63 .50 .51 -
24 -— .36 .33 .30 .38 41 .60 .50 .51 -

25  0.44 .36 .33 .30 .38 .40 60 .51 .56 e

26 .45 .36 .32 .30 .39 41 .59 .52 .53 -—-

27 .54 .36 .32 .31 .39 .39 .67 .54 .51 -
28 .48 .36 .32 .32 .38 .39 .72 .53 .51 ——
29 —— .36 .33 .37 .38 .39 .63 .65 .51 -—
30 —— .36 .32 .32 .37 .38 .63 .58 .51 —
31 — .36 —— .31 - .37 .62 — .60 -——
Mean - .45 .34 34 .40 .39 .58 -— .55 -—
Maximum --- .70 .41 .60 .81 .52 1.53 - .97 ——
Minimum —-- .36 .32 .30 .30 .36 .37 —— .51 —
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Seepage investigations were conducted on all three streams during a low
flow period on March 19, 1986, to determine variations in stream discharge
over several reaches along these streams. The last recorded precipitation
occurred in the area 5 days prior to making these measurements. Station
locations for these measurements are shown in figure 21.

The results of the seepage investigation for that part of Upper Three
Runs within the study area indicate that the average gain in streamflow was
9.3 (ft /s)/mi of stream channel. The seepage data are presented in this
form because it is directly transferable to future ground-water flow
modeling of this study area. The contribution of ground water was constant
throughout the length measured.

The results of the seepage investigation for McQueens Branch and Crouch
Branch are shown in figure 22. The plots illustrate the cumulative flow
measured at various points from the streams’ origins to their most
downstream point. Abrupt increases in flow represent contributions of small
tributaries along the length of the streams. Every tributary that
contributed flow to the main channel was measured. McQueens Branch, the
larger of the two tributaries, gained ground water at an average rate of
0.65 (ft/s)/mi of streap length. Crouch Branch gained ground water at an
average rate of 0.56 (ft /s)/mi of stream length. Note that the rate of
inflow in different reaches differs along each stream’s length. For
example, there seems to be a measurable increase (steeper slope) in ground
water discharge to streamflow between tributaries 4 and 5 of McQueens Branch
(fig. 22a).

, Ground water entered the stream at an equivalent rate of 1.68
(ft”/s)/mi of stream length. The approximate altitude of the stream bed in
this reach is 165 ft. This is about the same altitude as the base of the
calcareous zone in the McBean aquifer. Conceivably, the higher rate of
discharge could be attributed to a more permeable interval in the calcareous
zone. A sharp increase (steeper slope) in the contribution of ground water
to streamflow also is evident in the reach between the gage and tributary 2
on Crouch Branch. The altitude of the gage, based on the topographic map,
is 150 ft. The top of the Congaree aquifer is at an altitude of
approximately 160 ft in this area (fig. 12). Between the gaging station and
tributary 2 (fig. 22b), the stream probably has intercepted the more
permeable Congaree aquifer which discharges ground water at a greater rate
than the overlying strata.

WATER QUALITY AND GEOCHEMISTRY

Water samples from the Barnwell-McBean and Congaree aquifers were
collected to determine background water quality in each aquifer. Cluster
wells SDS-12 and SDS-20 were sampled (fig. 3). Wells in these clusters are
screened in the Barnwgll-McBean (SDS-12B, C, and SDS-20B, C) and Congaree
aquifers (SDS-12A, SDS~20A).
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33°1¢9’

33°17'30”

EXPLANATION A
20@  DISCHARGE-MEASUREMENT SITE
AND SITE NUMBER

10a  STREAMFLOW GAGING STATION
AND STATION NUMBER
Figure 21.--Location of seepage investigation stations in the vicinity
of the study area.
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Sample Collection and Analysis

Grout contamination in the SDS wells (Cook, 1986), and the low ionic
strength of the shallow ground water necessitated that care be taken to
obtain water samples representative of the aguifer. A significant effect of
grout contamination is to increase the pH of water in the well and adjacent
sections of the aquifer. For example, measured values of pH in samples from
SDS-20A were reported to range from 10.49 to 11.15 (Cook, 1986), whereas pH
measured in this study, after purging the well and adjacent aquifer, was
7.81 (table 6). In addition to grout contamination, waters of low ionic
strength tend to be poorly buffered, making stable field measurements of pH
difficult to obtain.

Prior to sampling, each well was pumped with a submersible pump until
conductance, pH, and temperature, taken at one-half well-volume increments,
had stabilized. A minimum of 4.5 well volumes were evacuated at each well
before stability was reached. Alkalinity, conductance, pH, and temperature
were measured in the field according to the methods of Wood (1976).
Dissolved oxygen was measured titrametrically in the field (American Public
Health Association 1981, p. 390).

In accordance with established procedures, samples were filtered through
0.45-micrometer pore size membrane filters and shipped on ice to the U.S.
Geological Survey National Water Quality Laboratory in Arvada, Colorado for
analysis (Fishman and Friedman, 1985). Samples for cation analysis were
acidified with nitric acid.

Results and Analysis

Chemical analyses of water samples obtained from five wells in clusters
SDS-12 and SDS-20 are presented in table 6. Well SDS-12B yielded
insufficient quantities of water to obtain stable conductance, pH and
temperature readings, therefore, it was not sampled. Charge balance
differences between anions and cations were five percent or less for all
analyses. The temperature of water from well SDS-20A may be artificially
high owing to the heating action of the submersible pump used to collect the
sample. Thermodynamic calculations made with the computer program WATEQF
(Plummer and others, 1976) indicate that the relative equilibrium
relations of the water do not change appreciably if a more likely
temperature (such as that measured at SDS-12A) is used for the sample,
therefore, the temperature measured at SDS-20A does not influence the
interpretation of the data.

Water at these wells can be divided into three types (fig. 23, table 6):
(1) an acidic mixed-ion type of water (SDS-20C); (2) an alkaline calcium-
bicarbonate water (SDS-12A, SDS-20A, SDS-20B); and (3) a water intermediate
between these two types of water (SDS-12C).

The mixed-ion water at SDS-20C is from the upper part of the
Barnwell-McBean aquifer. No cation contributes more than 50 percent of the
total cations and silica is a major part of the dissolved solids. Chloride
and bicarbonate each contribute about half of the total anions. Acidity is
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relatively high with a pH of 6.04, dissolved oxygen is relatively high (8.8
mg/L), and dissolved solids are relatively low (21 mg/L). Water of this
type is characteristic of recharge waters in sediments of the Atlantic
Coastal Plain (Baedecker and Back, 1979).

The calcium bicarbonate water is from the Congaree aquifer and the
lower part of the Barnwell-McBean aquifer. Calcium and bicarbonate range
from 19 to 38 mg/L and 62 to 123 mg/L, respectively, and contribute at least
83 percent of the ions in solution. This water is more alkaline than the
mixed-ion water, with measured values of pH ranging from 7.81 to 8.40.
Concentrations of dissolved silica are higher than in the mixed-ion water.
Dissolved oxygen is high (8.4 mg/L) in the lower Barnwell-McBean aquifer at
SDS-20B, but it is nearly depleted in the waters from the Congaree aquifer.
Dissolved solids are at least three times higher in the calcium-bicarbonate
water (92 to 175 mg/L) than in the mixed-ion water.

The intermediate water (well SDS-12C) also is from the upper part of the
Barnwell-McBean aquifer. Like the mixed-ion water, it is low in dissolved
solids (35 mg/L). However, dissolved calcium and bicarbonate are slightly
higher and comprise 68 percent of the ions in solution. At 6.85, pH also is
higher. Dissolved oxygen (6.8 mg/L) is slightly lower than the other water
types from the Barnwell-McBean aquifer.

@]
CATIONS ANIONS
PERCENT OF TOTAL MILLIEQUIVALENTS PER LITER

Figure 23.--Major-ion composition of water samples from the
Barnwell-McBean and Congaree aquifers.
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It is important to document the present concentrations of nitrate in the
water-bearing units, because nitrate is a major constituent in the
salt-solution waste that will be stored at Z Area. The highest measured
concentration of dissolved nitrate plus nitrite, as nitrogen, was 1.20 mg/L
(table 6). These nitrogen species were detected only in the unit containing
measurable dissolved oxygen (Barnwell-McBean aquifer), indicating that
nitrate/nitrite reducing bacteria may be active in the green clay and/or
Congaree aquifer. This is important information with respect to following
the movement of potential nitrate contaminants. Depending on the
availability of required nutrients and organic substrates, the
concentrations of nitrate contaminants could be lessened or eliminated in a
zone of nitrate reduction.

The relatively high levels of dissolved zinc found in water samples from
SDS-12 probably are due to contamination by the galvanized steel well
casing. Wells at 9S-20 are made of PVC; therefore, similar contamination
is unlikely. Relatively high levels of strontium were measured in waters
from the Congaree aquifer. The strontium may be from the dissoclution
strontium-carbonate (strontianite) or strontium-sulfate (celestite)
minerals. However, little is known about the occurrence of these minerals
in sediments of the Congaree aquifer. It may alsc occur as a trace element
in calcite and be released as calcite dissolves.

The major differences in water chemistry between the upper
Barnwell-McBean aquifer and the lower Barnwell-McBean and Congaree aquifers
can be summarized as follows: (1) dissolved calcium and bicarbonate
concentrations are nearly ten fold greater in the lower Barnwell-McBean and
Congaree aquifers; (2) dissolved silica concentrations are about five fold
greater, and (3) pH is higher. Because there is a horizontal hydraulic
gradient in each aquifer, in addition to a downward hydraulic gradient
directed through the Barnwell-McBean aquifer and across the green clay into
the Congaree aquifer, wells sampled in this study do not fall along a single
flow path, so a strict mass-balance accounting of the dissolved constituents
cannot be made. In addition, the limited number and distribution of
analyses warrant only a limited interpretation. However, the wells are
positioned such that a general discussion of the chemical evolution of the
waters can be made.

The large increases in concentrations of dissolved calcium and
bicarbonate in the lower Barnwell-McBean aquifer can be attributed to the
dissolution of calcite in the calcareous zone in this part of the aquifer.
For example, there is little dissolved calcium or bicarbonate in water from
the upper Barnwell-McBean aquifer (S0S-20C), and it is undersaturated with
respect to calcite, as calculated by WATEQF. This indicates that water from
the upper Barnwell-McBean aquifer would tend to dissolve calcite if they
were to come in contact. Because of the downward hydraulic gradient in the
area, water in the upper Barnwell-McBean aquifer flows downward through the
calcareous zone, dissolving calcite, thus increasing pH and increasing
concentrations of dissolved calcium and bicarbonate in the lower
Barnwell-McBean and Congaree aquifers. This is supported by WATEQF
calculations, which indicate water in the lower Barnwell-McBean is in
equilibrium with respect to calcite.
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The major silica-bearing minerals in the Barnwell-McBean aquifer and
the green clay are quartz in the sand fraction and illite/smectite in the
clay fraction. Quartz is relatively unreactive at low temperatures,
therefore, reactions involving illite/smectite probably are responsible for
the large increase in dissolved silica between the upper Barnwell-McBean
aquifer and the lower Barnwell-McBean and the Congaree aquifers.
Geochemical data from each well were plotted on mineral stability diagrams
(fig. 24) to determine which silicate minerals control concentrations of
dissolved silica in the water. The composition and structure of
illite/smectite mixed-layer clays are so highly variable that choosing
accurate thermodynamic data for use in constructing stability diagrams is
difficult. To simplify the matter, geochemical data were plotted on
diagrams for pure end members of sodium smectite and calcium smectite in an
attempt to account for probable compositional variability in the clay.
Although the mixed-ion (SDS-20C) and intermediate (39DS-12C) waters plot near
the quartz equilibrium line, the trend of the data is to traverse the
kaolinite stability field in the direction of the smectite fields. This
suggests that as water undersaturated with respect to illite/smectite moves
downward it dissolves these clays. In this way, concentrations of dissolved
silica increase and the water approachs illite/smectite equilibrium as
indicated in figure 24. This reaction also consumes protons, thus
increasing pH. Extensive silicification of carbonate material in the lower
Barnwell-McBean has been seen in outcrop, suggesting that reactions of this
type, which produce silica in excess of quartz saturation, are occurring in
the McBean aquifer.

Samples need to be collected from additional wells to provide a better
areal and vertical coverage in the study area. Analyses of these samples
would allow for a more complete understanding of the geochemical processes
and variability in the system.

LABORATORY ANALYSIS OF SEDIMENT/WASTE INTERACTIONS

Hydraulic conductivity is one of the most important hydrologic
properties affecting the transport of contaminants in ground water.
Although hydraulic conductivity routinely is assumed to remain constant at a
point in space, physical and chemical reactions between ground water,
sediment, and contaminants may cause it to increase or decrease (Alperovitch
and others, 1985; Hayes, 1979). Sediment/waste interactions that might
influence the hydraulic conductivity of sediments at the DWPF and vicinity
were identified to better evaluate the potential for solute transport at the
site. In order to do this, laboratory-scale column experiments were
designed to examine the interactions between a laboratory salt solution and
sediments with which the waste might come in contact.

Figure 2 shows the proposed location of the buried pipeline which will
transport the salt-solution waste from H Area to Z Area. Because of
topographic variations between H and Z Areas, the pipeline will pass through
sediments of both the upland unit and the Barnwell Group. The sediments
within the upland unit generally are more sandy and have a lower clay
content than the sediments of the Barnwell Group. Laboratory experiments of
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sediment/waste interactions were performed only on sediments from the
Barnwell Group because these are the uppermost saturated sediments at the
site.

Material and Method

The salt-solution waste is alkaline and composed largely of NaNO,; (sodium
nitrate). Table 7 compares the chemical and physical properties of the
salt-solution waste and the solution used in laboratory experiments.

Fresh samples of the Barnwell Group were collected from an excavation
for the salt-solution transfer pipeline. Table 8 gives the physical and
mineralogic properties of sediments from the Barnwell Group used in the
column experiments.

Hydraulic conductivity is a function of both fluid and media properties.
Measured hydraulic conductivities were therefore converted to permeabilities
(Freeze and Cherry, 1979, p. 27) in order to express the transmissive
capability of the medium alone. Hydraulic conductivities obtained with
fluids of different density could then be compared.

Oven-dried samples of sediment were sieved through a No. 10 sieve
(2 millimeter) and compacted into a PVC cylinder (5.87 in. long by 2.44 in.
in diameter) to a bulk density of 93.6 to 96.1 lb. per ft3, with a porosity
of about 0.42. Values obtained in field measurements conducted by
D'Appolonia (1981, 1982) are similar; bulk density ranged from 96 to 120 lb.
per ft3 and porosity ranged from 26 to 46 percent. The cylinder was capped
at both ends with porous stones and placed into a soil permeameter in order
to saturate the sample with tap water and measure hydraulic conductivity
using both constant and falling head permeameter tests (Bowles, 1978,
p. 97).

The effect of salt solution on the hydraulic conductivity of the
sediment samples was measured in three steps. Hydraulic conductivity of
the sample was first measured by using tap water in order to establish a
baseline value of hydraulic conductivity to compare with values
obtained using salt solution. After passing tap water through the sediment
for about 12 hours, it was flushed by using salt solution. The effect of
the salt solution on the hydraulic conductivity of the sediments was
analyzed in three separate tests by passing 2, 4, and 10 pore volumes of
solution through the sample. Finally, salt solution was flushed from the
sample with tap water to examine changes in hydraulic conductivity due to
re-establishing initial solution conditions in the sediment. This sequence
of solution applications is equivalent to examining changes in hydraulic
conductivity in the Barnwell Group if a slug of the salt-solution waste were
to pass through it.

In addition to measuring hydraulic conductivity, the conductance, pH,
and concentrations of dissolved aluminum, silica, and sodium in aliquots of
the effluent were measured during the tests. Dissolved constituents were
analyzed by the South Carolina Department of Health and Environmental
Control by using inductively coupled plasma emission spectroscopy.

59



Table 7.--Comparison of Defence Waste Processing Facility salt solution and

solution used in column experiments

DWPF salt solution (approximate)*

Laboratory solution

Component Grams per Liter Component Grams per Liter

Nat+ 117 Na+ 23

NO;- 130 NOs~= 62

NO,~ 30

OH~ 20

NaB (CeHs)u 69

pH ~ 14 pH ~ 12.5

density 1.26 grams density 1.05 grams
per cubic per cubic
centimeter centimeter

* (K. Hayes-White, written commun., 1986)

Table 8.--Properties of Barnwell sediments used in laboratory study

Minerals present

Cation exchange

in order of capacityb Bulk Total
Fraction Weight relative (milliequivalents | density | porosity
percent abundance? (per 100g soil) (lbs/ft?) percent
Sand 85-90 Quartz, kaolinite
(0.0625-2.00 (as aggregates), l.4 , pH= 6
millimeters) mica, feldspar
2.5, pH= 9 93.6 42
1.9, pH = 12.5
Silt and Kaolinite, quartz,
clay 10-15 mica, hematite
(<.0625
millimeters)

apetermined by x-ray diffraction

bHawkins, 1971
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Results and Discussion

The changes in relative permeability of the sediment as a function of
total pore volumes of salt solution and tap water passed through the column
are shown in figure 25. Relative permeability is the ratio of the measured
permeability to the baseline value obtained using tap water. Zero pore
volumes represents the introduction of salt solution after the initial
application of tap water.

Each test (2, 4, 10 pore volumes of salt solution) generally exhibited
the same pattern of relative permeability response (fig. 25). Relative
permeability decreased sharply immediately upon the entry of salt solution
into the sediment. After two pore volumes were introduced, relative
permeability stabilized at a value roughly 20-30 percent of the baseline
value. In the 4- and 10-pore volume tests relative permeability remained
constant as the remaining salt solution was introduced to the sediment.
After tap water was reintroduced into the sediments, relative permeabilities
did not change until approximately one pore volume of tap water passed through
the sediment. At this point, relative permeability decreased steadily,
although less rapidly than during the initial introduction of salt solution.
The final value of relative permeability for all three tests was about 4 to
10 percent of the baseline value.
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Permeability-reducing processes can be classified as: (1) mechanical
(compaction, grain realignment); (2) chemical (mineral precipitation);
and, (3) a combination of (1) and (2) (swelling of clays, dispersion of
clays) (Hayes, 1979). Compaction processes can be ignored in the laboratory
tests and probably are negligible in a stable tectonic environment like the
Upper Coastal Plain of South Carolina (D’Appolonia 1982, p. 3.6.1-70). If
smectite or mixed-layer clays were present, clay swelling might be an
important process in the reduction of permeability. However, x-ray
diffraction analyses of the sediment indicate there is very little, if any,
expandable clay in the sediment (table 8). Therefore, precipitation of
material from solution and clay dispersion are the only likely mechanisms
available to account for the reductions in permeability.

Batch tests of mineral solubility in salt solutions with various
alkalinities show that significant mineral dissolution occurred in alkaline
solutions, but little dissolution occurred in solutions having values of pH
less than about 9.0 (fig. 26a, b). Essentially there were no differences in
concentrations of dissolved aluminum and silica between fresh water and 1
molar NaNO; at a pH less than 7. There were at least two orders of
magnitude difference in concentrations between the NaNO; solution at a pH
less than 7 and the solution at pH 12. X-ray diffraction data indicate that
dissolution of quartz and kaolinite were the major sources of these solutes.
Because of the large concentrations of dissolved silica and aluminum in the
alkaline solution it is possible that the equilibrium solubility of one or
more aluminum and/or silica-bearing minerals was exceeded, thus providing
the potential for mineral precipitation to occur as the alkaline salt
solution moved through the column. The data in figure 26c, however,
indicate precipitation was not the principal mechanism affecting
permeability. Changes in permeability measured during the introduction of
salt solution under neutral and alkaline pH conditions show that nearly
equal reductions in permeability occurred with both solutions. The slightly
greater reductions in permeability produced by the alkaline solution might
be a result of mineral precipitation. Examination of sediment exposed to
salt solution by X-ray diffraction and scanning electron microscopy gave no
evidence of mineral precipitation; although it is possible that very
fine-grained, poorly-crystalline aluminum hydroxide species could have
formed and gone undetected with these techniques. Furthermore, initial
reductions in permeability occurred so rapidly (typically within 1 to 3
hours) that the rates of dissolution and precipitation would have been much
greater than those measured in previous investigations (May and others,
1979; Hem and Lind, 1974). A second possible mechanism that might have
produced the additional reduction in permeability is dissolution of mineral
cements and matrix holding clay aggregates together, thus increasing the
amount of mobile grains available to disperse.

The chemical data presented above indicate that the majority of the
decreases in permeability were not due to mineral precipitation, therefore,
dispersion of clay particles is the most reasonable mechanism. Generally,
it is accepted in the soil-science literature that dissolved sodium promotes
clay dispersion, and that the amount of clay dispersion is directly related
to the amount of dissolved sodium in the pore fluid (Alperovitch and others,
1985; Arora and Coleman, 1979). Dispersion is due to expansion of the
electrical double layer (EDL) surrounding a clay particle, which causes clay
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particles to separate and become mobile. The EDL thickness can be expanded
by increasing the number of singly charged hydrated ions, such as sodium, on
the clay surface and lowering the ionic strength of the pore fluid (Drever,
1982, p. 81; van Olphen, 1977, p. 34). As clay particles disperse they move
through the pores of the sediment until they lodge in pore throats, thus
causing a reduction in permeability. Surface-chemistry reactions associated
with clay dispersion, proceed rapidly enough to go to completion within the
observed period of 1 to 3 hours.

The clay-dispersion mechanism is consistent with the observed patterns
of permeability reduction; that is, rapid lowering of permeability upon
switching the pore fluid from tap water to salt solution, or the reverse,
and no change during maximum salt breakthrough (fig. 25). Introducing salt
solution to the column probably resulted in the development of an interface
between the solutions, in which sodium concentrations were sufficiently
high, and ionic strength sufficiently low, thus promoting clay dispersion.
Arora and Coleman (1979) reported that dispersion of soil clay containing
kaolinite, mica, and quartz ceased above a critical salt concentration of
apout 0.22 molar. Above this concentration, the repelling forces between
clay particles are overcome by van de Waals forces, which attract clay
particles toward each other. One molar sodium nitrate was used in this
study, therefore, the critical salt concentration probably was exceeded as
the concentration of dissolved sodium in the pore fluids reached maximum
breakthrough levels, thereby allowing permeability to remain constant during
this time. After freshwater was reintroduced to the column, the ionic
strength of the pore fluid was lowered enough to allow clay dispersion, and
associated reductions in permeability, to continue. Evidence for clay
dispersion includes 1) the appearance of clay in the column effluent and 2)
SEM views of pores clogged with grains of clay. Figure 27 shows
photomicrographs of pore openings in untreated and treated sediments. The
pore in the untreated sediment is relatively free of obstructions, whereas
the pore in the treated sediment contains many submicron-sized kaolinite
grains (mineral identification was based on morphology and energy dispersive
analysis).

Significance Of Permeability Reductions

The reductions in permeability of the Barnwell sediments, owing to the
passage of salt solution through them, have important implications with
regard to the rate of contaminant transport in the system. The laboratory
results indicate that a pulse of a concentrated salt-solution waste would
move more slowly through the sediments than would be expected based on
pre-spill measurements of hydraulic conductivity. The reduction in
permeability, therefore, may act to contain a release of the salt-solution
waste near the point of release. By the same token, the reductions in
permeability also would make it harder to either flush the waste out of the
system or to remove it using recovery wells.

The permeability reductions also have implications with respect to the
accuracy of solute transport models that do not account for the changes.
August (1986) illustrated the usefulness of incorporating dispersion-related
permeability reductions in a computer simulation of an injection/withdrawal
cycle of freshwater in a brackish aguifer in Vvirginia.
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Inflow to the aquifer is from infiltrating precipitation and the lateral
flow of water from the south. Discharge is to local streams and as leakage
through the green-clay confining unit.

The Barnwell aquifer exhibits many of the same hydraulic
characteristics as the Barnwell-McBean aquifer. An exception is that the
Barnwell aquifer discharges to local streams and leaks through the tan-clay
confining unit to the underlying McBean aquifer. The geometric average of
laboratory derived hydraulic conductivities is 10— ft/s.

The McBean aquifer possibly composed up of three different geologic zones
(upper sandy zone, transition zone, and lower calcareous zone). However,
hydraulically, they tend to respond as a single unit. Hydraulic
conductivities range from 10-% to 10-* ft/s and seem to be lower in the
calcareous zone than in the upper sandy zone. Local streams incise the
McBean aquifer and have a pronounced influence on the direction of
ground-water flow. The McBean aquifer discharges lateraly to the northern
half of the study area and downward to the underlying Congaree aquifer.

The head difference across the tan-clay confining unit, which separates the
Barnwell from the McBean aquifer, is about 2 ft.

The Congaree aquifer is the deepest aquifer included in this
investigation. Its average hydraulic conductivity is approximately
10-% ft/s. Upper Three Runs is the only stream to incise this aquifer
within the study area. The direction of ground-water flow in the Congaree
aquifer seems to be to the northwest, based on the potentiometric surface
map. The decrease in hydraulic head across the green-clay confining unit,
which separates the Congaree aquifer from the McBean aquifer, is
approximately 50 ft. The green-clay confining unit has a lower hydraulic
conductivity than the tan-clay confining unit.

Two streamflow gaging stations were installed on area streams (McQueens
Branch and Crouch Branch). These two streams receive surface drainage from
S and Z Areas and drain into Upper Three Runs. Results of seepage
investigations indicate that over each reach measured, the stream gains flow
and that the rate of gain varies as different geologic units are traversed.

A total of five samples were taken from the Barnwell-McBean and
Congaree aquifers (SDS-12 and 3DS-20) to document present water quality. It
was determined that a minimum of 4.5 well volumes had to be evacuated from
each well to obtain a representative sample of the aquifer. Ground water at
these wells can be classified as: 1) acidic mixed-cation type (upper
Barnwell-McBean); 2) alkaline calcium-bicarbonate type (lower
Barnwell-McBean and Congaree); and, 3) a water intermediate between the
previous two types (upper Barnwell-McBean). Major differences in water
chemistry between waters from the upper part of Barnwell-McBean, the lower
Barnwell-McBean, and the Congaree aquifers can be summarized as;

1) dissolved calcium and bicarbonate concentrations increase nearly ten fold
with depth, 2) dissolved silica concentrations increase about five fold, and
3) pH increases. Chemical changes in water reflect the influence of
lithology as water moves from the upper part of the Barnwell-McBean, to the
lower Barnwell-McBean aquifer, and to the Congaree aquifer.
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Laboratory column experiments were conducted to examine the potential
for movement of a simulated salt solution in sediments from the Barnwell
Group. A seguence of solution applications caused changes in hydraulic
conductivity simulating changes that would result from a slug of a
concentrated salt-solution waste passing through the sediments. Regardless
of the number of pore volumes of salt solution passing through the column,
the general pattern of decreasing relative permeability was the same,
roughly 20 to 30 percent. ODuring the final step of reintroducing tap water
to the column, relative permeabilities decreased steadily to about 4 to 10
percent of original values. The physical mechanism responsible for
permeability reductions is clay dispersion. Clay dispersion and reductions
in permeability are related directly to the concentration of sodium in the
pore fluid.
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