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CONVERSION FACTORS

For readers who may prefer to use inch-pound units rather than Inter-
national System (SI) units or International System units rather than inch-
pound units, the conversion factors for the terms in this report are listed

below:

Multiply By
centimeter (cm) 0.06102
gram (g) 0.0022
kilometer (km) 0.6214
liter (L) 0.2642
meter (m) 3.281
milligram (mg) 0.0000353
millimeter (mm) 25.4
cubic foot per second (ft3/s) 0.028317
foot (ft) 0.3048
foot per second (ft/s) 0.3048
inch 25.4

mile (mi) 1.609

To oQE@in

inch

pound

mile

gallon

foot

ounce

inch

cubic meter per second
meter

meter per second
millimeter
kilometer

Convert degrees Celsius (°C) to degrees Fahrenheit (°F) by using the

formula:

°F = 1.8°C + 32

Additional abbreviations:

counts/us counts per microsecond

g/L gram per liter

g/m? gram per square meter
ug’g microgram per gram
ug/L microgram per liter
um micrometer

UM micromoles

us microsiemens

mg/L milligram per liter
mL milliliter

mL/min milliliter per minute
mM millimoles

mM/g millimole per gram
mv millivolts

Use of brand names is for descriptive purposes only and does not constitute

endorsement by the U.S. Geological Survey.

ix



U.S. GEOLOGICAL SURVEY APPLIED RESEARCH STUDIES OF THE
CHEYENNE RIVER SYSTEM, SOUTH DAKOTA: DESCRIPTION AND

COLLATION OF DATA, WATER YEARS 1985-86
Edited by Kimball E. Goddard

ABSTRACT

The Cheyenne River System in western South Dakota has been impacted by
the discharge of about 100 million metric tons of gold-mill tailings to
Whitewood Creek near Lead, South Dakota. In April 1985, the U.S. Geological
Survey initiated an extensive series of research studies to investigate the
magnitude of the impact and to define important processes acting on the
contaminated sediments present in the system. The report presents all data
collected during the 1985 and 1986 water years for these research studies.
Some of the data included have been published previously.

Hydrologic, geochemical, and biologic data are available for sites on
Whitewood Creek, the Belle Fourche and Cheyenne Rivers, and for the Cheyenne
River arm of Lake Qahe, Data complexity varies from routine discharge and
water-quality to very complex photon-correlation spectroscopy and energy-
dispersive x-ray analysis. Methods for sample collection, handling and
preservation, and laboratory analysis are also presented. No interpretations
or complex statistical summaries are included.

INTRODUCTION

Beginning in the 1960's, people became more aware of the serious environ-
mental hazard and economic damage that could result from the continued use of
our Nation's rivers and streams for waste disposal. Resulting legislation,
such as the Federal Water Pollution Control Act Amendments of 1972 (P.L.
92-500), the Toxic Substances Control Act of 1976 (P.L. 97-469), and the
National Pollutant Discharge Elimination System (NPDES) Permit Program
provided the impetus for a nationwide cleanup of rivers and streams. As a
result, the quality of the Nation's rivers and streams has improved sub-
stantially in several respects, reflected by increased dissolved-oxygen
concentrations and decreased bacterial populations, that are largely
attributable to measures for controlling point-source discharges and the
construction or improvement of wastewater-treatment facilities. However,
numerous other water-quality issues remain and the focus of concern is
shifting from sewage disposal to control of potentially more hazardous wastes
such as toxic metals and synthetic organic compounds.

Recent studies on the geochemical reactions of toxic metals and synthetic
organic compounds in river and stream systems have demonstrated that these
constituents are commonly associated with river or stream sediments. The
extremely low solubilities of some metals, such as mercury and lead, in normal



stream water and the affinity of many synthetic organic compounds for sedi-
ments, generally result in very small to undetectable dissolved concentrations
of these constituents in surface water. However, these constituents may
accumulate in bottom sediments in sufficiently large concentrations so as to
allow uptake by aquatic plants, benthic organisms, or bottom-feeding fish.
Although toxic constituents concentrated in bottom sediments may be isolated
from the environment for long periods by burial, they can be exposed and
transported during floods. It is clear that the adsorption of hazardous
constituents onto channel bottom sediments exacerbates the difficulty of
understanding the processes responsible for the movement and fate of these
constituents in river systems.

In 1985, the U.S. Geological Survey initiated the Toxic Substances in
Surface Waters and Sediments Thrust Program. The program is designed to: (1)
define the occurrence of toxic substances in water, sediment, and biota, (2)
conduct research on the transport of toxic substances, and (3) conduct
research to improve sampling and analytical methods. 1In April 1985, the
Cheyenne River basin in western South Dakota was selected for study. Investi-
gative efforts at the study site are cooperatively divided between District
and National Research Program personnel.

Problem

About 100 million metric tons of finely ground gold-mill tailings were
discharged into Whitewood Creek near Lead, South Dakota, between 1876 and
1977. The tailings contained substantial concentrations of arsenic, mercury,
and other trace elements resulting in widespread contamination of the alluvial
sediments along Whitewood Creek and the Belle Fourche and Cheyenne Rivers
(figs. 1 and 2). The primary contaminant is arsenic derived from, or still
present as, the sulfide mineral arsenopyrite (FeAsS), a gangue mineral common
to the gold-bearing deposits at Lead. The trace elements antimony, cadmium,
copper, iron, manganese, mercury, and silver also are associated with the mill
tailings and are present in the contaminated alluvial sediments.

The gross contamination of Whitewood Creek and the downstream rivers was
alleviated by the discontinuance of tailings discharge in December 1977.
However, the huge deposits of contaminated sediments present along Whitewood
Creek and the Belle Fourche and Cheyenne Rivers continues to degrade surface
water and ground water in the affected portion of the Cheyenne River basin.
Because the contaminated sediment deposits were formed by natural surface
flow, the contaminated sediments are subject to resuspension and downstream
movement, particularly during periods of high discharge when sediment enters
the flow from streambed scouring, bank collapse, or by input from overland
runoff. Suspended-sediment samples collected from Whitewood Creek and the
Belle Fourche and Cheyenne Rivers since 1977 continue to have unusually large
concentrations of total arsenie, iron, and manganese. Dissolved arsenic,
thought to be derived from alluvial ground-water and desorbed from streambed
material, is present in substantial concentrations in Whitewood Creek.
Portions of the alluvial aquifers along Whitewood Creek and the Belle Fourche
River are contaminated by leachate derived from overlying contaminated
sediment deposits.









Table 1.--Names of data-collection sites discussed in text.

Location of sites 1 to 18 shown in figure 1;

location of sites 19-40 shown in figure 2

[Q, continuous discharge; SW, surface-water chemistry; S, suspended-
sediment chemistry; BM, bottom-material chemistry; AS, alluvial-
sediment chemistry; GW, ground-water chemistry; B, biologicl

Site Date Report
number Site name type chapter
1 Whitewood Creek above Lead Sw,BM,B C,E,d
2 Grizzly Gulch tailings pond AS A
3 Whitewood Creek above Gold Run SW,BM C,E
y Gold Run at mouth SW E
5 Whitewood Creek below Gold Run Sw,B E,J
6 Whitewood Creek at Deadwood SW,B E,F,J
7 Whitewood Creek above Deadwood STP SW,B E,J
8 Whitewood Creek below Deadwood STP SW,B E,J
9 Whitewood Creek below Deadwood SW,BM, B C,E,d
10 Whitewood Creek above Whitewood Q,SW,S,BM A,C,E,F
" Whitewood Creek near Whitewood BM C
12 Whitewood transect one (WW1) AS B
13 Berger site SW,AS,GW,B A,E,F,G,I1,Jd
14  Whitewood Creek at Custer Camp MV C
15 Whitewood Creek above Vale Q,Sw,S,BM,B A,C,E,I,Jd
16 Whitewood transect two (WW2) AS B
17 Sheeler site SW,AS,GW,B A,E,F,G,H,I,d
18 Whitewood Creek near mouth B J
19 Belle Fourche River below Nisland Sw,S,BM,B A,C,E,d
20 Belle Fourche River at Vale BM C,F
21 Belle Fourche transect one (BF1) AS B
22 Belle Fourche River at old Vale bridge BM C
23 Horse Creek above Vale SW,S E
24 Belle Fourche River below Vale S E
25 Belle Fourche transect two (BF2) AS B
26 Belle Fourche River near Sturgis Q,SwW,S,BM A,C,E
27 Belle Fourche transect three (BF3) AS B
28 Belle Fourche River near Hereford SW, S A
29 Belle Fourche transect four (BFY4) AS B
30 Belle Fourche River near Elm Springs SW,S,BM A,C,E
31 Belle Fourche transect five (BF5) AS B
32 Cheyenne River near Wasta SW,S E
33 Cheyenne River transect one (CR1) AS B
34 Cheyenne River near Plainview BM C
35 Cheyenne River at SD Hwy 34 bridge B J
36 Cheyenne River transect two (CR2) AS B
37 Cheyenne River at Cherry Creek Q,Sw,S,BM C,E
38 Cheyenne River at Carlin Flat SW, S E
39 Cheyenne River at SD Hwy 63 bridge BM C
40 Cheyenne River arm of Lake Oahe AS D

- —— - — —————— -



Although the magnitude of arsenic and other trace element contamination
in the Cheyenne River basin has been documented by previous investigations,
many process-oriented questions remain. It is apparent that the original
source of arsenic contamination was arsenopyrite present in the tailings
discharge at Lead. The current source of contamination is much less obvious
because of the dispersed nature of the contaminated sediments. How much of
the originally discharged material remains in the basin, how much of the
arsenic mass still exists as arsenopyrite, what mechanisms are responsible for
arsenic transport, and what are the annual rates of downstream transport, are
all questions that remain to be answered. In addition, although it has been
documented that dissolved arsenic is present in substantial concentrations in
some ground water and in Whitewood Creek, the socurce of the dissolved arsenic,
and the fe~tors controlling the dissolved arsenic concentration, are also not
currently understood.

Purpose and Scope

This report presents basic data collected in the 1985 and 1986 water
vears during U.S. Geological Survey research studies of the tailings contamin-
ation in the Cheyenne River basin. The report was prepared so that method-
ology and data obtained during a wide variety of research studies would be
easily available. No interpretations or complex statistical summaries are
included. Persons interested in interpretation of these data should contact
individual authors who have prepared interpretive reports or papers for most
chapters. Some of the data included in this report have been previously
published.



Chapter A. Geochemical Characteristics of Contaminated Sediments from
Deposits along Whitewood Creek

By Thomas E. McKallip, Kimball E. Goddard, Ray W. Wuolo, and Reinhard W. Leinz

PHYSICAL AND CHEMICAL CHARACTERISTICS

Sample Collection and Handling Procedures

Four sediment samples, considered to be representative of the contamina-
tion problem in the Whitewood Creek system, were collected in early April
1986. Two of the samples were mill tailings collected from the Grizzly Gulch
tailings disposal pond while the second pair were highly contaminated sedi-
ments collected from deposits along Whitewood Creek. The sample number,
description, and location are listed in table 2. The two contaminated
sediment samples were collected from sites at which there are additional
hydrologic and geochemical data available.

Sediment samples were collected by hand using a small epoxy-covered metal
trowel. Samples were placed directly into acid-rinsed wide-mouth gallon
bottles., The samples were air-dried on plastic plates, then stored at room
temperature in the original field-sample containers until analysis.

Table 2.--Sample number, source, description, and location
for sediment samples collected in April 1986

i e e et e o, e e

Sample
number Source Description Location
1 Grizzly Gulch Black sand 4yo1gryQnr 103°44r15"
tailings pond TUN R3E Sec. 3 SELSEL
2 Grizzly Gulch Gray fine silt 4lye19r1Qm 103°44105"
tailings pond TUN R3E Sec. 10 NEINEL
3 Whitewood Creek Blue-gray very j4yo33102" 103°32'55"
(Berger site) fine silt T7N RS5E Sec. 19 NELSEL
4 Whitewood Creek Red-orange lLho38r24m 103027'23"
(Sheeler site) sandy silt T8N RSE Sec. 24 NWiSEL

Analytical Procedures and Results

Total digestion analysis was performed on subsamples from the bulk
samples by J. Motooka of the U.S. Geological Survey, Geologic Division, Branch
of Exploration Geochemistry, Arvada, Colorado. Digestion was by HF/HC10,/HNO,
acid with detection by inductively coupled plasma atomic emission spectro-
meter. Analytical results are listed in table 3.
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Subsamples from the bulk samples were further split by specific gravity
and magnetic properties by John Unruh, U.S. Geological Survey, Geologic
Division, Arvada, Colorado. Samples were washed first in water to remove
clay-size particles which will not gravity settle in bromoform. Samples were
then split into light (specific gravity less than 2.8) and heavy (specific
gravity greater than 2.8) fractions using bromoform flotation. The heavy
fraction was further split into magnetic, weakly magnetic, and non-magnetic
fractions. The resultant splits underwent semi-quantitative analysis using
D. C. Arc spectrography. The results of the separations and the analytical
results are listed in table 4. The elements antimony, bismuth, cadmium,
molybdenum, niobium, thorium, tin, tungsten, and zinc were included in the
analysis but are not listed in table U4 because they were below the detection
limits.

Subsamples from the bulk samples underwent sequential digestion and
arsenic analysis by R. F. Sanzolone, U.S. Geological Survey, Geologic
Division, Arvada, Colorado. The sequential digestion procedure involved
attacking the sample with increasing strength acids to determine what fraction
of the sample contained arsenic. Arsenic concentrations were determined using
an inductively coupled plasma atomic emission spectrometer. The sequential
digestion procedure used and the analytical results are listed in table 5.

ADSORPTION/DESORPTION CHARACTERISTICS

Sample Collection and Handling Procedures

Sediments for adsorption/desorption studies were collected from the
streambank and flood plain of Whitewood Creek at a location considered typical
of the lower portion of the drainage basin (Wuolo, 1986). The location,
commonly referred to as the Berger site by previous investigators, is shown in
figure 1 and listed in table 1. The Berger site has been extensively studied
(Stach and others, 1978; Cherry and others, 1984; and Goddard, in press).
Large amounts of additional hydrologic and geochemical data are available.

In October 1985, four large samples were collected at the Berger site for
the characterization of physical and chemical properties and adsorption/
desorption. Three samples of contaminated sediment (Tec-1, Tc-2, Te-3) and one
of uncontaminated sediment (Ac-1) were obtained using an acid-rinsed plastic
spatula. About 7 inches of surface material was removed before collection.
Samples were stored in large sealable plastic bags and frozen for storage. In
order to simulate field conditions in the column leaching experiments, seven
additional samples were collected adjacent to the large adsorption/desorption
samples. Permeability samples were collected by driving a shelby-tube sampler
vertically (flood plain) or horizontally (streambank) into sediments.
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Table 5.--Sequential digestion procedure and arsenic concentrations measured
in representative tailings and contaminated sediment samples

[<, less than]

—— - - —- -

Arsenic concentration in fraction
(micrograms per gram)

Recovered Sample number!
Digestion fraction 1 2 3 b
0.1M KH,PO, Water soluble/ <250 <250 <250 250
exchangeable
4 N HC1 Oxide/carbonate <250 <250 <250 3,000
KC10,/HC1 Sulfide 3,300 1,600 3, 400 <250
HF /HC10,/HNO, Silicates <250 <250 <250 <250
HF/HC10,/HNO, Total 3,700 1,600 3,700 3,000

- - - - —— - . - — 8 — S o D A D e} S o e B A e e g e

!Sample number refers to number listed in table 2.

Analysis of Physical and Chemical Properties

Mineralogy of these samples was determined by x-ray diffraction analysis
of freeze-dried splits. Results are reported in weight fractions and
variances for major minerals (table 6) and total oxide contents (table 7).

Grain-size analysis of sample splits of 200 g of Ac-1, Tc-1, Tec-2, and
Tc-2 was done using the sample pretreatment procedure outlined by Bodman
(1928). The greater than 62-uym fraction was dried and mechanically separated
by sieving. The less than 62-um fraction was separated down to 2 um using the
pipet method outlined by Friedman and Johnson (1982). The results of grain-
size analysis are given in table 8.

Permeabilities were determined by converting the shelby sampler into a
permeameter. Hydrologic conductivity was calculated using variations of
Darcy's law as proposed by Fetter (1980). Porosities were determined by
extruding saturated samples, weighing them, and subtracting the weight of the
sample after it was oven dried for 26 hours at 125 °C. Permeability and
porosity results are given in table 9.

12



*snoyduaouy,

2°001 1°101 L'66 €9°001 ung
- - - - - - L*h Ll 93710TR)
66" hh - - - - - - 99 TAOOSH
- - - - - - £6° G'€ @3TuUTTORY
€e" 26" -- -- G2 6°L 6°1 LS 2se100y£10
LG° 0°€¢ -- - 60" Sh* AN 86" unsdng
9°2 02 G2 ce 2°'ec 91 8°2 1€ (23TuUoUWT ]
9¢" Ll 91 2L 9f* (I -- -- @3 13eWaH
-- -- g80° 6" g0° G* Ll 2l 29 1UO0TOQ
ge* 1°2 9z° 6°1 gt " L2 8G* €' n 9SEBT0031T0
6°2 0§ L2 94 8° ¢ %9 €h 25 ZqJenp
A% G2 €L n6* — - 90° Gh* @1 1804BpL
8"l Ll 6°1 2l L9° L€ -- - 93 TJOTYD
16°0 O.ﬂ 1G° ﬂ.: PM.O M.N - - 29 TJaundy
-- -- 9€°0 92 -- -- ol ! ITTTI
% F ) %+ ) 3 ¥ 4 3 F 4
uoTjeTJRA ySToM uotjeTJBA S TaM uoTjeTJEA JyS1oM uotTjeIJRA IYS1oM TRJBUTK
€-01 Z2-0lL 1-0L 1 -0V

[ — - —— s e —

J91J1quapT a1dwes

[dudodad | 3noqQe JO 4TWIT UOT30939p AeBJ-X dYj UBY] SSOT ‘--]

STSATRUE UOT40BJJJIP ABJ-X AQ poUTWJS39D SE

——— - —————————

“(G86| 49Q0200) 0318 JoSJed oUjz WOJJ SOTAWES JO UOT4150dWOD TEJoUTR--°g oTqBL

13



Table 7. --Weight percent of maJor oxides for samples from the Berger site,

s e . e -

! > oo i S et e A o s — e - - — e - ——. - . —————

Sample identifier

Oxide AC-1 TC-1 TC-2 TC-3
Weight Weight Weight Weight
% % % %
Sio, 65 73 64 60
A1,0, 6.7 3.4 4.2 4.9
No,0 .6l .43 .23 36
K,O0 1.6 1.0 24 .63
Cao 8.1 .53 U2 1.3
FeO .45 1.4 3.3 3.3
Fe,0, 3.2 15 18.7 19
Mg0 2.6 1.0 3.0 2.8
H,O 1.9 2.8 b7 5.2
Co, 8.9 .23 .23 .02
S0, LB .20 .30 2.2
MnO .13 .12 .36 .35
Tio, .06 .02 .04 .04
Pb0 0 0 0 0
Nio .01 0 0 0
Cuo 0 0 0 0
V,0, 0 0 0 0
P,04 .01 .05 .06 .06
Cr,0, 0 0 0 .03
As,0, 0 0 0 0
MnO, 0 0 0 0
Bao 0 .01 0 .02
Sro 0 0 0 0
Li,0 0 0] 0 0
Zn0 0 0 0 0
Sum 99.9 99.9 99.9 99.9

- - —— . - — -

14



Table 8.--Grain-size analysis of samples from the Berger site (October 1985)

- o ———

- ——— - - P - e s e —~ - -

Mass of size fraction for sample identifier

(grams)
Micrometers Method AC-1 TC-1 TC-2 TC-3
1,000
Sieve 0.00 1.07 0.15 0.00
710
do. .00 2.57 .15 .00
500
do. .00 9.69 .40 .08
420
do. .25 6.76 .49 .18
300
do. 1.02 35.84 .82 .93
210
do. 2.93 31.23 2.09 1.67
177
do. 3.16 11.03 2.57 2.02
149
do. 5.45 8.52 4,02 3.42
125
do. 2.64 2.72 11.72 5.75
T4
do. 40.73 9.24 38.38 28.65
63
Pipette 68.5 13.5 24.0 24.0
31
do. 49.0 9.5 20.0 7.5
15.6
do. 4y .5 7.0 14.5 5.5
7.8
do. 42.0 4.5 14.5 4.0
3.9
do. 27.0 4.5 9.0 3.5
2.0
do. 8.0 3.0 8.0 1.0

- — - - e —— ————— e — . et e S et et e .
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Table 9.--Summary of permeability test results of samples

- - s e o e

from the Berger site (October 1985)

o ——— o ————————— . 1 o el o e At e i it 2 - - -

Porosity Hydraulic conductivity

Sediment type Sampling orientation (percent) (feet per second)
Uncontaminated Horizontal 49 1.90x107 7
Contaminated do. 37 ll.92x10-5

Do. do. 52 1.80x107 "

Do. do. 56 3.28x10 °

Do. Vertical 47 1.97x107°

Do. do. 61 2.46x10"

Do. do. 59 5.91x10"°

- - - < e e - e e < et v

Determination of Adsorption/Desorption Characteristics

In preparation for batch experiments, freeze-dried splits of Ac-1 and
Tc-2 Wwere sieved through a 500-um polypropolene screen, and the coarser
fraction was discarded. Samples were handled with plastic spatulas. The
average major ion concentrations in the alluvial ground water are known from
previous studies by Cherry and others (1984), Fox Associates (1984), and
Goddard (in press). These ion concentrations were simulated using reagent-
grade compounds. Stock solution for As+3 and As+5 were prepared with reagent
grade NaAs0O, and Na,HAsO,+TH,0 daily in bottles rinsed and soaked in 3 percent
nitric acid overnight.

Reaction vessels were 250-mL polypropylene bottles that had been acid
rinsed, double rinsed in distilled water, and soaked overnight in distilled
water prior to each use. Solid and liquid were combined in the reaction
vessel. An aliquot of the appropriate arsenic species was pipetted into the
vessel to obtain the desired arsenic concentration. The pH of the contents of
each reaction vessel was titrated to the desired pH by the addition of a small
aliquot of 10 percent NaOH or 10 percent HCL and the vessel was shaken for one
hour in a wrist-action shaker. The pH was remeasured and adjusted as
necessary. The unadjusted redox potential was recorded with a combination
platinum electrode, but redox potential is reported with respect to a standard
hydrogen electrode. Temperature also was recorded.
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Redox potential and pH were measured in a glove bag filled with nitrogen
gas to prevent atmospheric oxygen from entering the sample. The solution was
filtered through a 0.45-um cellulose-nitrate membrane filter into 250-mL,
acid-rinsed bottles using a peristaltic pump and preserved with nitric-acid
for arsenic analysis. Samples used for sulfate analysis were filtered into
bottles not rinsed with acid and were not preserved with acid.

Al1 filtered samples were sent to the U.S. Geological Survey Water
Resources Division Central Laboratory in Arvada, Colorado, for arsenic and
sulfate analysis. Arsenic analyses were by atomic-adsorption spectroscopy
following hydride generation. Sulfate analyses were by turbidimetric methods.
Detection limits for arsenic and sulfate were 1 ug/L and 0.2 mg/L respectively
(Feltz and Anthony, 1985).

Adsorption characteristics of the reaction vessels were determined by
using 200 mL of simulated water as a blank and shaking the sample for 24 hours
at fixed, various pHs (table 10). Based on previous work by Olsen and
Watanabe (1957) and Frost and Griffen (1977), a sediment-to-liquid ratio of
1:20 was decided upon for the remaining batch experiments. The effect of
varying the solid-to-liquid ratio is shown in table 11.

Batch experiments were run with contaminated sediment (Tec-2) at varying
durations to determine the effect equilibrium time on adsorption. The pH of
each sample was adjusted to 7.0 +0.3 prior to shaking. The results are
contained in table 12.

The effect of pH on adsorption was explored for both uncontaminated and
contaminated sediments at four different concentrations of As(III) and As(V).
Solid and simulated water were allowed to equilibrate for about 1 hour before
the pH was adjusted. A final equilibration period of 1 hour was allowed and
the pH was "fine-tuned" to 0.3 pH units from the desired pH values of 3.5,
6.5, 9.5, and 12.5.
Various initial As+3 and As+® concentrations were employed. Shake time
was 24 hours. Initial SO, concentration was 656 mg/L. The solution's pH, Eh,
and temperature were measured prior to filtration and the results are listed
in tables 13 and 14,

The effect of sulfate concentration on arsenic adsorption was examined in
batch experiments with both the uncontaminated sediment (Ac-1) and contam-
inated sediment (Tc-2) samples. Initial sulfate concentrations were varied.
As+5 was used because its ionic character is more like sulfate than As+3
(Ferguson and Gavis, 1972). Results are listed in table 15.

Contaminated sediment samples were used in duplicate batch experiments to
determine the variability of adsorption among samples and sample splits.
Final arsenic and sulfate concentration are analyzed for. Results are listed
in table 16,

Partical-size splits of both the uncontaminated sediment (Ac-1) and
contaminated sediment (Tc-2) were obtained using polypropylene sieves. Batch
experiments using both As+3 and As+5 initial concentrations were run to
determine the effect of grain size on adsorption. Results are listed in
table 17.
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Foot-long columns made from PVC pipe were rinsed thoroughly and soaked
overnight in distilled water. Uncontaminated (Ac-1) and contaminated (Tc-2)
freeze~dried sediment was sieved with a 1-mm polypropylene screen and hand
packed in the columns using increments of 10 g of sediment. Resultant
permeability approximated field values. Column tops and bottoms were packed
with 0.25 inch of glass wool.

Columns were first saturated for 7 days under constant head by water with
varied sulfate concentrations, and the leachate was sampled for arsenic. Then
water containing varied arsenic and sulfate concentrations was fed to the
columns under constant head. Periodically, lab parameters were measured and
leachate was sampled for arsenic analysis. Sediment porosities were measured
after completion of the experiment. Column hydraulic characteristics are
listed in table 18. Results of column experiments are listed in tables 19
and 20.

Table 18.--Hydraulic _characteristics, in columns, of uncontaminated (Ac-1)

and contaminated (Tc-2) sediments from the Berger site (October 1985)

[ft®/s, cubic feet per second; ft/s, feet per second]

Column Deposit Pore volume Porosity Hydraulic conductivity
(ft3/s) (%) (ft/s)
1 Ac-1 4.802%1073 0.50 9.51x10 "
2 Ac-1 4.346x10 3 L4y 2.79%10° "
3 Ac-1 4. 717%1073 .48 3.346x107°
4 Ac-1 4.799x1073 .48 8.53x10°
5 Te-2 6.073x1073 .62 1.94x107°
6 Te-2 5.897x103 .58 8.86x10°
7 Te-2 5.720%1073 57 1.48%10°
8 Te~2 6.002x10"3 .60 3.543%10°
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Chapter B. Trace-Element Geochemistry of Sediments Collected from the Flood
Plains of Whitewood Creek and the Belle Fourche and Cheyenne Rivers

By Donna C. Marron

SAMPLE COLLECTION AND HANDLING PROCEDURES

Samples of flood-plain sediment were collected for chemical analysis
during the summers of 1985 and 1986. Samples were collected from soil pits
that were dug to a depth of 1 m along the flood plains of Whitewood Creek, the
Belle Fourche River, and the Cheyenne River., The soil pits were arranged
along transects that were perpendicular to the modern stream channel.
Transect locations are shown in figures 1 and 2 and listed in table 1.

The stratigraphy that was observed in each soil pit was measured and
described. A variety of layers was sampled. Plastic containers and sampling
utensils were used. The containers and sampling utensils were soaked in
5 percent HCL, rinsed with deionized water, and air dried before use. Samples
were frozen at the end of the day they were collected. Distilled water was
added to the frozen samples to make a slurry immediately before freeze drying.
The slurry was then frozen onto the insides of freeze-drying flasks and freeze
dried. The freeze-drying flasks were soaked in 5 percent HCL and rinsed with
deionized water before use.

Splits of samples were made using a plastic or a stainless steel
splitter. Splits of samples were collected in glass or ceramic dishes.
Utensils used for splitting samples were rinsed in 5 percent HCL and deionized
water, and then were air dried before use. Splits of four samples were
separated into grain-size fractions using an air elutriator.

ANALYTICAL PROCEDURES AND RESULTS

Several types of digestion procedures were used. "Partial" digestion
analyses for arsenic used a nitric and sulfuric acid digestion (Method I-6062~
85 in Fishman and Friedman, 1985) and atomic absorption spectrometry.
"Partial" digestion analyses for aluminum, antimony, chromium, copper,
manganese, and zinc used a weak-acid digestion (Method I-5485-85 in Fishman
and Friedman, 1985) and atomic absorption spectrometry. "Partial' digestion
analyses for mercury used method I-5462-85 of Fishman and Friedman, 1985.
"Total" digestion analyses were done using total digestion of the sample with
HF/HC10,/HNO, acid with detection by inductively coupled plasma atomic
emission spectrometer. Analytical results are listed in tables 21, 22,
and 23. Selected samples were analyzed for grain-size distributions and the
results are listed in table 2U,.
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Table 22.--Total digestion analysis of sediment samples collected during 1985 and 1986 from the
flood plains of Whitewood Creek and the Belle Fourche and Cheyenne Rivers

{ug/g, micrograms per gram]

Sample Aluminum Calcium Iron Potassium Magnesium Sodium Phosphorous Titanium Arsenic
identifier (%) (%) %) (%) (%) (%) (%) (%) (ug/g)
WW1A1 4.1 1.1 11 1.6 1.4 0.31 0.07 0.19 1,400
WW1A2 1.6 W14 17 .63 .89 .15 .07 .12 2,100
WWTA3 3.4 2.0 13 .80 1.7 .19 .05 A7 1,300
WW1B1 1.6 .06 17 .65 .90 L1l .07 11 1,900
WW1B2 3.0 .55 14 1.2 LTh .24 .07 A7 980
WW1B2 3.1 .76 13 1.2 .78 .23 .06 .16 970
WWiC1?! 1.8 .62 13 .72 .95 .15 .06 .11 1,900
WwWicti! 2.0 .66 14 .88 1.1 .16 .06 .10 1,700
WW1C2 2.3 1.1 9.4 .69 1.3 .16 .03 .14 760
WW2AT 2.9 2.5 11 .98 1.1 .22 .05 .14 3,400
WW2A2 2.8 1.8 13 .81 1.3 .19 .05 L 4,100
WW2A3 2.5 1.5 15 .65 1.4 A7 .05 .13 6,500
WW2AL 3.2 1.3 15 .91 1.7 .18 .05 Ah 4,600
WW2B1 2.6 .34 1 1.1 1.0 .22 .05 .13 3,800
WW2B2 2.3 T4 1" .96 .88 A7 .06 .10 1,500
WW2B3 3.7 .76 14 1.1 1.2 .19 .08 A7 1,400
WW2BY 5.1 2.6 2.5 1.4 .37 .39 .08 A7 40
BF1A1 4.2 1.7 h.y 1.5 .83 .35 .06 .19 320
BF1A2 2.8 1.5 5.8 1.1 .62 .22 .05 .12 590
BF1A3 2.6 1.2 1 1.2 .86 .21 .04 11 1,100
BF1B2 4.5 2.4 12 1.4 2.0 .29 .07 .20 2,100
BF1B3 2.4 1.3 10 1.1 .97 .21 .ol .09 1,400
BF1C1!? 3.0 1.4 16 .73 2.1 .22 .05 .16 3,100
BFI1C1! 3.3 1.2 16 .83 2.2 .23 .05 .15 2,700
BF1C2 5.1 2.1 12 1.4 2.5 .27 .07 .21 2,300
BF2A1 3.1 .27 12 1.1 1.2 .30 .05 .15 2,000
BF2A2 4.6 1.4 12 1.3 2.2 .26 .06 .19 720
BF2B1 2.7 1.1 12 .94 1.4 .27 .04 .13 1,600
BF2B2 3.3 1.4 11 1.1 1.4 .24 .06 .5 670
BF2Ct 4.3 1.0 1 1.2 1.8 .34 .06 .19 1,700
BF2C2 2.6 1.4 14 .72 1.2 .21 .04 .13 2,200
BF2C3 2.6 1.5 11 .61 1.4 .20 .04 .12 1,400
BF2D2 5.1 1.5 5.9 1.6 .90 .49 .06 .22 450
BF2D3 2.9 .87 9.7 1.1 .93 .26 .06 .15 770
BF2E 5.6 1.5 2.9 1.7 .85 .49 .06 .25 10
BF2N1 5.4 1.6 2.7 1.7 .96 .51 .06 .25 20
BF2N2! 3.7 L.y 1.7 1.5 .88 .45 .06 .16 <10
BF2N2! 4.0 4.6 1.9 1.9 .96 .5 .06 .16 <10
BF3A1 2.3 2.0 16 .65 1.3 .30 .0l 1Y 5,000
BF3A2 7.6 1.3 4.8 1.7 1.4 .54 .05 .31 260
BF 3B1 3.0 1.3 1 .75 1.5 .25 .04 .14 1,700
BF3B2! 3.8 1.4 13 .87 2.0 .22 .06 .18 2,800
BF3B2! 4.0 1.2 13 .96 2.1 .23 .06 A7 2,400
BF 4A1 4.0 1.9 11 1.1 1.6 .33 .06 AT 1,800
BF4A3 5.8 1.6 6.9 1.5 1.3 .43 .06 .24 570
BF 4B3 3.6 .75 T.4 1.2 .91 .3 .05 .16 710
BFU4BY 3.5 1.4 6.4 1.2 .91 .29 .05 AL 410
BFUR1? 3.8 1.7 12 .82 2.0 .25 .05 A7 1,700
BF4R1! b1 1.7 13 .93 2.1 .25 .06 A7 1,800
BF 4R2 3.6 1.3 10 .91 1.7 .30 .05 .16 1,400
BFSAT 5.2 .86 7.8 1.5 1.3 .13 .07 .23 850
BF5B1 4.3 .99 11 1.1 1.7 .35 .06 .19 1,300
BF5B2 4.9 .86 11 1.1 2.1 .36 .05 .21 1,200
BF5B3 3.3 1.6 12 .86 1.6 .31 .06 .16 1,900
BF5BUY 6.4 1.0 6.2 1.7 1.4 .54 .07 .26 490
BF5C1 5.6 1.6 7.1 1.5 T.h R} .07 .24 650
BFS5C2 4.9 1.3 12 .99 1.4 .35 .06 .18 1,700
BF5C3 4.0 1.1 11 .96 1.9 .36 .06 .18 1,300
CR1A1 5.5 3.1 3.7 1.8 .91 1.0 .07 .20 200
CR1A2! 5.5 2.2 5.8 1.7 1.3 .85 .07 .22 410
CR1A2! 5.6 2.1 6.0 1.7 1.3 .81 .07 .22 430
CR1A3 8.4 1.7 5.5 2.1 1.5 .57 .08 .33 260
CR1AL 5.1 2.2 7.8 1.5 1.6 .76 .07 .22 830
CR2B1 4.4 2.1 3.4 1.6 .72 7 .06 A7 170
CR2B2 4.3 1.9 3.6 1.6 .70 .82 .06 .18 180

'puplicate pair.
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Table 22.--Total digestion analysis of sediment samples collected during 1985 and 1986 from the
flood plains of Whitewood Creek and the Belle Fourche and Cheyenne Rivers--Continued

Sample Bar ium Cerium Chromium Cobalt Copper Gallium Lanthanum Lithium Manganese
identifier  (ug/g) (ug/g) (pug/g) (ug/g) (vg/g) (ug/g) (ug/g) (ug/g) (ug/g)
WW1A1 420 51 75 20 78 13 28 28 2,500
WW1A2 240 59 36 10 57 T 33 10 1,700
WW1A3 280 35 56 8 30 13 19 18 1,200
WWiB1 200 36 34 12 65 5 21 10 1,200
WW1B2 320 49 58 16 97 10 27 19 960
WW1B2 300 36 u7 16 79 1 20 19 960
WWic1! 220 28 25 8 38 6 17 1 1,100
WWict! 250 34 29 7 48 7 21 13 1,200
WW1C2 250 29 30 6 20 8 17 13 1,100
WW2A1 300 36 35 17 57 10 20 18 2,000
WW2A2 270 39 uy 22 73 12 22 16 3,800
WW2A3 210 31 32 14 92 10 19 13 2,300
WW2AY 260 36 51 10 120 12 19 17 1,800
WW2B1 280 28 33 8 4y 10 17 13 1,400
WW2B2 250 5 37 12 55 8 25 15 1,400
WW2B3 320 29 58 22 91 14 17 21 3,400
WW2BY 340 57 52 61 190 12 30 52 4,200
BF1A1 570 48 50 1 31 10 27 26 1,000
BF1A2 440 37 28 1M 3N 8 21 16 1,400
BF1A3 310 39 28 12 53 8 22 15 1,500
BF1B2 400 50 73 19 89 14 28 30 2,900
BF1B31 290 23 25 T 20 8 15 10 1,400
BF1C1? 230 26 42 18 80 13 16 16 3,300
BFIC1!? 250 33 49 15 87 12 20 18 3,100
BF1C2 390 52 81 16 99 17 29 35 3,300
BF2A1 500 32 46 8 50 9 19 15 1,600
BF2A2 380 40 65 14 60 15 22 35 3,000
BF2B1 290 35 40 7 43 9 20 15 1,800
BF2B2 340 39 46 14 51 11 22 24 2,400
BF2C1 440 46 59 18 70 14 25 31 3,400
BF2C2 240 29 42 10 70 9 16 13 1,300
BF2C3 240 26 39 1" 52 10 16 15 2,500
BF2D2 680 54 63 16 40 13 31 33 1,600
BF2D3 450 49 38 14 48 9 27 20 2,100
BF2E 760 52 65 12 23 12 29 37 490
BF2N1 760 54 53 1" 21 12 30 37 400
BF2N2! 670 43 34 8 12 8 23 22 350
BF2N2'® 680 yy 37 8 15 8 27 24 370
BF 3A1 230 27 3 6 45 8 16 1 1,700
BF3A2 500 43 82 27 37 20 24 1 3,600
BF 3B1 250 27 L) 10 63 10 16 15 1,800
BF3B2! 320 3y u7 15 76 14 20 25 3,900
BF3B2! 340 37 53 14 81 14 23 28 4,000
BFUA1 490 y2 56 16 65 1 24 24 3,000
BFUA3 690 uy 71 18 4y 16 24 39 2,200
BFU4B3 670 49 2 18 7 10 27 23 2,200
BFUBY 530 42 53 15 40 9 23 24 1,900
BFUR1? 300 32 56 15 68 14 18 23 4,200
BF4R1? 340 32 69 14 76 15 20 24 4,200
BFUR2 420 36 49 13 55 12 20 24 2,900
BF5A1 640 y2 58 17 4y 15 23 32 2,000
BF5B1 500 36 52 18 53 13 20 26 2,900
BF5B2 4o 37 68 14 56 15 21 31 2,800
BF5B3 400 34 40 13 65 12 20 18 2,700
BF5BY 1,000 14 82 17 39 15 32 y2 1,300
BF5C1 600 39 67 16 [} 14 22 35 1,800
BF5C2 490 32 49 16 59 13 18 23 2,000
BFS5C3 560 37 59 15 60 13 21 27 3,500
CR1A1 940 50 45 10 21 12 29 27 1,000
CR1A2! 850 49 56 13 32 14 28 31 1,600
CR1A2! 890 46 55 13 32 13 29 32 1,500
CR1A3 710 60 100 16 39 20 3y 59 1,200
CR1AY 780 51 58 13 n 13 29 28 2,200
CR2B1 1,000 54 32 1" 21 10 31 23 930
CR2B2 1,000 48 37 1 21 10 28 22 990

'puplicate pair.
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Table 22,~~Total digestion analysis of sediment samples collected during 1985 and 1986 from the
flood plains of Whitewood Creek and the Belle Fourche and Cheyenne Rivers--Continued

Sample Neodymium Nickel Lead Scandium Strontium Thorium Vanadium Yttrium Zine
identifier (ug/g) (ug/g)  (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g)
WWiA1 25 40 31 8 120 11 14 13 130
WWiA2 27 12 19 ] 42 9 45 ] 62
WWiA3 17 10 17 7 43 7 60 5 67
WWiB1 17 14 36 ] 35 9 46 3 80
WW1B2 22 30 18 6 79 10 61 6 92
WWiB2 19 29 21 6 79 14 63 6 96
WWic1t! 14 7 19 Ll 49 9 55 2 70
WWiC1? 15 8 15 Ll 51 n 55 5 60
WWi1C2 14 8 13 5 46 12 49 6 60
WW2A1 18 28 18 5 93 7 57 10 83
WW2a2 19 25 19 6 T 7 50 7 80
WW2A3 16 15 16 5 62 8 49 T 97
WW2A Y 17 15 26 7 59 8 54 6 100
WW2B1 13 12 18 5 67 10 51 5 T
WW2B2 21 15 18 y 96 10 52 7 81
WW2B3 16 25 14 7 59 13 78 y 100
WW2BY 26 78 12 6 160 10 80 13 110
BF1A1 25 34 17 7 93 8 70 17 82
BF1A2 17 23 16 L] 80 7 48 11 66
BF1A3 19 18 13 5 T4 10 45 7 80
BF1B2 23 35 30 8 110 9 81 13 110
BF1B31 11 n 10 y 60 6 38 y S4
BFiC1! 13 18 13 6 54 8 60 8 87
BF1C1? 15 18 15 6 56 6 62 8 90
BFiC2 25 31 49 9 120 11 92 13 130
BF2A1 15 12 13 6 64 T 59 6 62
BF2A2 20 22 18 8 120 10 80 9 140
BF2B1 17 10 12 5 63 7 49 5 61
BF2B2 18 24 15 6 110 9 63 10 97
BF2C1 23 31 22 8 90 9 85 13 100
BF2C2 14 13 14 5 61 7 48 L] 60
BF2C3 13 18 11 5 57 5 y7 5 68
BF2D2 27 66 18 8 110 9 98 22 97
BF2D3 23 25 19 5 95 9 56 12 78
BF2E 26 31 19 9 140 9 100 19 83
BF2N1 27 30 17 8 150 9 97 18 76
BF2N2! 22 17 13 5 130 T 52 14 39
BF2N2! 24 19 13 6 140 T 58 15 43
BF3A1 13 T 16 5 120 8 L4 T 49
BF3A2 22 66 19 13 110 12 170 L] 130
BF 3B1 14 14 13 6 61 8 59 T 70
BF3B2! 17 26 10 7 87 9 T4 9 93
BF3B2! 17 27 L] 7 87 7 75 9 100
BFA4A1 21 28 20 7 94 9 76 12 90
BFY4A3 21 45 20 10 120 8 120 15 110
BFAB3 23 36 15 6 96 9 69 13 84
BF 4BY 20 39 16 6 93 T 66 10 79
BF4R1? 15 38 13 T 73 8 70 8 96
BF4R1? 14 38 15 7 82 8 76 8 100
BFYR2 17 23 14 T 96 7 69 8 87
BFSA1 23 38 16 9 120 i1 110 15 110
BF5B1 19 35 16 8 94 9 90 12 110
BFS5B2 19 28 19 9 87 8 97 11 100
BFSB3 18 22 14 6 99 8 65 9 91
BFSBY 28 L 23 11 150 10 130 19 120
BFS5C1 20 39 20 10 140 10 120 16 100
BF5C2 17 24 17 8 110 8 89 1 96
BF5C3 19 33 19 7 99 T 83 i1 96
CR1A1 24 22 17 6 290 9 66 16 64
CR1A2! 24 29 18 7 220 9 82 16 79
CR1A2! 22 28 20 8 240 9 87 16 82
CR1A3 30 45 22 14 180 12 160 20 120
CR1AY 26 24 18 7 220 10 76 15 79
CR2B1 27 25 17 5 200 8 62 16 66
CR2B2 24 23 17 5 200 T 60 15 66

'Duplicate pair.
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Chapter C. Trace-Element Geochemistry of Bottom Sediment Samples Collected
from Whitewood Creek and the Belle Fourche and Cheyenne Rivers

By Kimball E. Goddard, Arthur J. Horowitz, and Kent A. Elrick

SAMPLE COLLECTION AND HANDLING PROCEDURES

Bottom sediment materials were collected from 15 sites along Whitewood
Creek and the Belle Fourche and Cheyenne Rivers between August 6 and 13, 1985.
The site locations are shown in figures 1 and 2 and listed in table 1.
Additional site information is provided in table 25.

Samples were collected by scooping bottom sediments into a plastic 64-um
sieve-bucket using a small plastic shovel. 1Individual scoops were collected
randomly from 5 to 20 locations within the wetted perimeter of the active
stream channel at each location and composited in the sieve. The materials
were washed with native stream water and the material passing the sieve was
retained. All materials not passing the sieve were discarded. Field sieving
was necessary to remove coarse gravel and cobbles, living and dead plant
materials, and to insure a sufficient amount of less than 64 um material to
allow analysis. Many of the Whitewood Creek sites had rock and cobble bottoms
that precluded whole-volume bottom-sediment sample collection. The sediment-
water slurry retained after sieving was pored into wide-mouth jars and chilled
on ice to 4 °C for transport to the sample preparation laboratory. All
implements used during sample collection were washed in 3 percent nitric acid
solution and rinsed in deionized and native water before sampling.

The bottom material samples were concentrated by centrifugation. A
Beckman model J2-21 centrifuge with a JA-10 fixed-angle rotor was used to spin
500 mL subsamples at 5,000 rpm for 5 minutes. The subsamples were subse-
quently composted into a single 500-mL centrifuge bottle. The freeze-dried
samples, in the original centrifuge bottles, were kept at room temperature
until analysis.

ANALYTICAL PROCEDURES AND RESULTS

Subsamples for total arsenic and metals analysis, total recoverable
arsenic and metals analysis, and total organic carbon analysis were obtained
from the whole samples following homogenization of the powdered, freeze-dried
sample,

Total digestion analysis for iron, manganese, aluminum, titanium,
arsenic, antimony, cadmium, chromium, cobalt, copper, lead, mercury, nickel,
selenium, and zinc were conducted on subsamples by Arthur J. Horowitz and Kent
Elrick, U.S. Geological Survey, Doraville, Georgia. Procedures followed were
those of Horowitz and Elrick (1985) and Elrick and Horowitz (1985; 1986). For
all elements except mercury, samples were digested with a combination of
HF/HC10,/HNO, acids at 200 °C. For mercury, samples were digested with
LeForte aqua regia at 100 °C. Quantitation was by atomic absorption
spectrophotometry. Analytical results are listed in table 26.
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Total recoverable digestion analysis for iron, manganese, aluminum,
arsenic, antimony, cadmium, chromium, cobalt, copper, lead, mercury, nickel,
selenium, and zinc were conducted on subsamples by the U.S. Geological Survey
laboratory at Arvada, Colorado. Procedures followed were standard U.S.
Geological Survey procedures for the analysis of bottom materials as described
by Skougstad and others (1970). For elements except arsenic, antimony,
mercury, and selenium, samples were digested with 6 Molar HC1 at 100 °C. For
arsenic and antimony, samples were digested with a combination of H,SO, and
HNO, at 100 °cC. For mercury, samples were digested with a potassium
permanganate/potassium persulfate acid solution at 95 °C followed by reduction
with stannous chloride. Finally, selenium was recovered using potassium
permanganate at 100 °C, followed by digestion with 6 M HC1 at 100 °C.
Quantitation was by atomic absorption. Analytical results are listed in
table 27T.

Analyses for total organic carbon were conducted on subsamples by the
U.S. Geological Survey laboratory at Arvada, Colorado. Procedures followed
were standard U.S. Geological Survey procedures for the analysis of bottom
materials as described by Wershaw and others (1983). Organic carbon is
recovered from the sample using a persulfate oxidation process. Analytical
results are also listed in table 27.

Subsamples for particle-size analysis were obtained from the whole
samples following homogenization of the powdered, freeze-dried sample. Sample
analysis was performed by the U.S. Geological Survey sediment laboratory in
Iowa City, Iowa. Procedures followed were standard U.S. Geological Survey
procedures for the enumeration of fluvial sediment as described by Guy (1969).
Analysis results are listed in table 28.
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Table 28. —-Partlcle -Size analysis of bottom sediment _materials collected from
Whitewood Creek and the Belle Fourche and Cheyenne Rlvers _during August 1985

[Samples field sieved to <0.06Y4 mm (millimeter)]

— — ——

Site Sieve Fall Fall Fall Fall Fall
number in diameter diameter diameter diameter diameter diameter
figures 1 % finer % finer % finer % finer % finer % finer

and 2, than than than than than than
table 1 0.064 mm 0.032mm 0.016mm 0.008 mm O0.004 mm 0.002 mm
1 100 74 48 36 28 21
3 100 85 47 27 15 7
6 100 78 56 36 19 11
7 100 81 58 37 19 9
8 100 87 62 37 15 1

11 100 84 63 L6 33 20

12 100 85 65 52 41 31

15 100 90 79 69 54 40

16 100 89 78 67 52 38

18 100 82 67 55 43 33

22 100 91 77 65 53 4

26 100 96 84 70 57 43

30 100 96 89 76 66 56

32 100 98 85 68 56 L6

34 100 92 84 72 62 53
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Chapter D. Trace-Element Geochemistry of Sediment Cores Collected from the
Cheyenne River Arm of Lake Oahe

By Arthur J. Horowitz, Kent A. Elrick, and Edward Callender

SAMPLE COLLECTION AND HANDLING PROCEDURES

During August 1985, a series of six cores were obtained along the line of
the 0ld Cheyenne River channel between the present mouth of the Cheyenne
River, through the Cheyenne River arm of Lake Oahe, to the lake proper
(fig. 3). The line of the old river channel was located by fathometer and was
selected for two reasons: (1) To obtain, if possible, samples from the
channel deposited prior to the closing of the Missouri River by the Oahe Dam
in 1958; and (2) to avoid contact with the numerous tree trunks which still
extend above the sediment from the former river banks, which were submerged
after 1958. Cores were obtained using a Benthos gravity corer with either a
4- or 8-ft (approximately 122 or 244 cm) plastic-lined barrel. Several cores
were obtained at each site for different purposes. Those destined for trace-
metal analysis were extruded on site using a series of rubber stoppers
inserted into the plastic core liner. Spe¢ific sections were excised from
each core., Usually the entire core was sampled; care was taken to limit
samples to single bands in the cores. Once a section was obtained, it was
placed immediately in a large-mouth plastic bottle, chiiled on ice to 4 °C in
a cooler, and shipped to Atlanta, Georgia, for subsequent processing and
chemical analysis. Individual sample bottles were Kkept refrigerated until
processing could begin.

ANALYTICAL PROCEDURES AND RESULTS

Individual sample bottles were removed from the refrigerator and
thoroughly homogenized using acid-rinsed glass rods. Subsamples were then
removed, placed in porcelain evaporating dishes, and freeze dried. The
remaining sample was returned to the refrigerator for storage. Chemical
analyses for iron, manganese, aluminum, titanium, copper, zinc, cadmium, lead,
nickel, cobalt, chromium, arsenic, antimony, selenium, and mercury were
carried out on freeze-dried samples following the procedures of Horowitz and
Elrick (1985) and Elrick and Horowitz (1985, 1987). For all elements other
than arsenic, antimony, selenium, and mercury, 500-mg samples were digested
with a combination of HF-HC10,-HNO, acids in teflon beakers at 200 °C; the
resulting salts were brought into solution with 50 mL of 2 percent HCL.
Quantification was by flame atomic absorption spectrophotometry using a Varian
model AA-975 and mixed-salt standards. The determination of arsenic,
antimony, and selenium used the same digestion, but final solutions were made
up in 50 percent HCL. Quantification was by hydride generation and atomic
absorption spectrophotometry using a Varian VGA-76 hydride generator and the
AA-975. Mercury was determined using a 500-mg sample digested with LeFort
aqua regia at 100 °C with gquantification by a cold-vapor technique using the
VGA-76 system in conjunction with the AA-975. Precision and bias (generally
better than +10%) were monitored by replicate analyses of selected samples and
by the concomitant digestion and analysis of National Bureau of Standards
sediment and U.S. Geological Survey rock standards. Total volatile solids
(loss on ignition) was used as a measure of the organic carbon, sulfur and
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water of hydration in each sample and was determined following the procedures
outlined in Skougstad and others (1979). This entailed the ignition of pre-
weighed samples and their subsequent re-weighing after 1 hour at 550 °C in a
muffle furnace. Analytical results for all the samples are given in table 29;
cadmium has been omitted because almost all the samples had concentrations
below the detection limit of 0.5 ug/g.
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Table 29.--Chemical composition of sediment core samples taken from the
Cheyenne River arm of Lake Oahe during August 1985

[Aluminum, iron, manganese, titanium, and LOI in weight percent;
all others values in micrograms per gram; cm, centimeteral

Sample Alumi- Iron Manga- Titan- LOI' Anti- Arsenic Chrom- Cobalt Copper Mercury Nickel Lead Sele- Zinc

interval num mese ium mony {um nium
(cm)
Core 1:
0-1 7.9 3.8 0.30 0.38 11.2 1.6 28 89 14 32 0.02 40 15 1.2 124
4-8 7.8 3.9 .08 .43 8.0 1.0 30 81 15 29 .09 32 14 .9 17
11-12.5 8.0 4.5 .06 .38  10.6 1.6 120 82 14 34 .12 37 17 1.1 121
16.5-21 7.5 3.9 .07 .35 10.3 1.2 27 57 13 27 .04 25 17 .5 105
22.5-23 8.4 3.8 06 .36 13.2 2.0 32 81 18 29 .06 46 12 .8 123
23-25 7.6 4.2 .10 .38 6.3 1.1 29 86 14 30 .06 42 18 .9 134
27.5-31 7.5 3.8 R 4o 7.9 1.1 20 91 16 29 .05 30 9 1.2 124
35-38 8.2 4.7 .10 .43 8.5 9 (L] 90 14 32 1N 38 14 1.1 126
u6-49 8.0 4.3 .09 .37 9.1 1.6 50 87 15 34 .06 45 15 1.1 131
53.5-55 7.8 4.6 .08 <37 10.8 1.6 36 92 14 32 .06 50 12 .9 126
59-63 8.4 4,2 .08 U3 8.0 1.1 37 85 16 30 .07 4o 16 .9 132
67-T1 T.7 LS| .08 .n 7.3 1.4 22 90 13 30 .06 40 14 .9 132
75-79 8.2 3.8 .05 R} 7.0 141 1 84 16 28 .04 40 12 1.0 130
83-87 8.0 3.8 .08 .38 7.5 1.0 21 67 15 27 .09 33 14 .7 17
91-95 8.0 4.0 .06 42 6.7 1.1 25 84 15 N BL 42 12 1.0 132
99-103 8.4 4.2 .05 43 7.7 1.0 10 96 14 29 .06 u5 15 1.0 142
107-111 8.3 3.9 .05 Juy 6.4 1.1 6.6 97 16 29 .06 48 20 1.1 146
Core 2:
0-3 T.4 3.8 .09 .38 10.8 1.6 20 82 14 3 .02 38 19 1.3 118
3-6 7.4 3.8 .07 .33  10.4 1.2 14 80 14 28 .06 N 12 .9 110
92-11 7.0 3.8 .07 .33 7.3 9 12 61 12 26 .05 28 19 .6 115
12-14 8.0 4.0 .06 . 1.4 .9 32 T2 12 27 .07 34 19 .6 121
17-20 7.5 3.9 .06 .33 9.0 1.2 24 50 15 25 .04 24 18 .3 104
27-30 7.7 4.0 .07 .lo 8.5 9 33 65 12 28 .08 33 18 T 122
37-42 7.8 4.2 .05 .38 7.3 1.2 u5 80 L] 32 .ol 37 14 .9 19
yuy-u7 8.3 U .ol 37 1.3 1.2 20 17 13 N .05 39 21 .8 120
47-52 8.3 4n .05 42 7.3 .9 19 81 14 29 .06 38 22 .8 129
55-60 8.0 4.0 .06 .38 7.8 .9 17 56 15 27 .03 28 20 W4 119
65-70 8.3 4. .04 .37 9.4 1.2 18 78 1 29 .04 34 21 .7 114
70-75 7.8 4,2 .05 .34 9.3 1.2 15 70 12 28 .16 35 23 .6 114
80-85 8.5 4.0 .05 .lo 7.6 .9 19 69 13 28 .07 37 20 .5 125
90-95 8.7 4. .05 .o 7.3 .8 19 4 14 28 .50 37 22 .6 126
100-105 8.2 4.0 .05 40 7.8 .9 14 73 13 28 .26 35 19 .5 127
105-110 8.4 4. .05 .39 8.6 .9 17 69 16 28 .05 32 18 .5 125
Core 3:
0-2 7.6 4.0 .13 .37 12.2 1.2 1" 90 15 34 .02 48 14 1.1 140
4-7 8.0 3.7 .06 ) 8.8 1.2 8 82 16 35 .06 u7 13 1.3 145
10-13 7.0 4.3 .09 .37 9.4 1.6 12 91 12 35 .09 49 18 1.3 138
13-16 7.9 4.1 .10 .37 9.8 1.2 n 90 14 35 .06 50 20 1.2 14
20-23 7.5 4.2 .07 .38 9.6 1.6 19 86 13 36 .04 50 19 1.2 145
28-32 T.4 4.0 .06 .34 11.2 1.2 14 51 10 27 .14 29 24 WA 108
35-39 7.7 4.1 07 Jh2 6.5 1.2 10 98 16 33 .06 u7 10 1.3 151
46-50 7.5 4.0 .09 40 6.8 1.1 7.7 95 15 32 .05 49 15 1.1 156
58-62 7.4 4.0 .07 .38 8.7 1.6 13 92 13 35 .07 49 19 1.2 140
66-70 T.4 4.6 .09 .38 6.2 1.2 15 89 14 33 .06 51 16 1.2, 160
65-69 7.8 4.2 .09 i 6.3 1.2 1 89 16 32 .05 46 12 1.3 150
70-74 6.4 3.9 .09 .36 6.4 1.3 10 80 15 33 .06 52 17 1.4 145
72-76 7.4 3.5 .08 40 6.3 1.3 14 17 18 3N .05 45 17 1.3 1m0
80-84 8.4 4.2 .09 A2 7.7 1.2 1 83 17 33 .06 51 13 1.1 158
88-92 6.8 4.3 .07 .38 9.2 1.2 8 97 1 34 .06 50 18 1.2 146
96-100 8.4 4.0 .08 .40 8.0 1.3 7.9 95 15 37 .04 52 18 1.2 157
t08-112 7.3 4.2 .08 .36 5.7 1.2 6 88 14 32 .06 48 16 1.2 155
112-116 7.2 4.4 .08 .37 5.5 1.2 6 87 14 32 .05 50 17 1.2 154
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Table 29.--Chemical ccmposition of sediment core samples taken from the
Cheyenne River arm of Lake Oahe during August 1985--Continued

Sample Alumi- Iron Manga- Titan- LOI' Anti- Arsenic Chrom- Cobalt Copper Mercury Nickel Lead Sele- Zinc

interval num mese iun mony iun nium
(em)
Core U4:
0-3 7.3 3.5 0.06 0.37 15.0 0.8 12 45 n 27 0.06 20 19 0.3 103
6-9 7.4 3.8 .06 .37 11.6 1.0 13 43 16 29 .02 26 21 .3 115
15-18 7.6 3.7 .06 N S I § T  Y " 52 15 29 .02 26 20 .2 116
26-30 7.2 3.5 .06 .38 9.3 .9 14 52 15 26 .03 27 21 .3 106
35-39 7.2 3.8 .07 .39 10.1 1.0 25 59 16 30 .0l 29 18 .5 115
4y-48 7.4 3.8 .06 .38 111 1.0 13 38 16 29 .02 26 23 .2 m
53-57 7.6 3.8 .06 40 9.3 1.0 13 43 16 27 .02 25 23 .2 112
62-66 8.3 4,2 .07 42 7.8 1.2 56 85 19 34 .09 43 19 .9 130
7-75 7.6 4.2 .06 .37 9.6 1.2 78 83 1 3 .05 4o 17 1.1 14
80-84 7.7 3.9 .07 ] 6.8 1.1 27 79 13 31 .06 39 23 .7 123
91-95 8.3 4.3 .07 42 7.8 1.1 Y] 94 17 34 .07 42 16 .8 142
100-104 7.2 4.2 .07 .37 6.9 1.0 37 83 13 30 .08 38 18 1.0 129
110-112 7.4 3.9 .07 .33 8.1 .9 26 62 13 26 .05 30 21 .6 13
12-14 7. 3.9 .07 .33 7.6 .9 22 43 9 26 .05 30 16 R 115
Core 5:
0-2 6.9 3.9 .13 .33 8.0 1.1 20 17 10 31 .07 5y 10 .8 135
2-4 6.9 3.8 .10 .33 7.9 14 15 84 9 30 .06 43 9 .8 133
4-6 7.6 4,2 .09 .34 8.7 1.0 us 84 10 32 Nl 43 15 .8 132
6-8 8.0 4.3 .09 .36 7.8 1.0 76 82 1 31 b 38 12 .9 131
8-10 7.4 U4 .10 .33 8.6 .9 35 67 10 27 .07 33 15 .5 121
10.5-15 7.3 3.9 .08 .33 11,0 1.2 35 82 14 32 .07 37 17 .8 17
31-32 7.0 3.5 .10 .36 1.2 1.2 29 83 1] 3N .06 s 16 .8 119
32-37 7.9 3.8 .10 .38 10,5 1.2 32 89 14 32 .ol u6 14 1.0 126
50-53 7.5 W.8 .15 .37 1.4 1.6 170 80 12 37 .14 36 26 .9 124
53-58 7.5 3.8 .09 .39 9.7 1.6 27 87 9 3 .03 42 22 1.1 134
58-63.5 7.5 3.8 .10 .37 10.6 1.2 25 80 1" N .05 37 18 .7 125
63.5-67.5 7.3 4.3 11 .33 9.0 1.0 64 (Al " 30 .14 37 16 .6 130
67.5-72 8.3 4.1 .08 .41 10.8 1.2 4y 86 10 32 2 39 19 .9 134
72-76 7.8 4.8 12 .38 10.3 1.2 180 77 13 36 .62 37 19 .9 123
76-82.5 7.7 3.9 .07 .37  10.1 1.2 22 86 10 30 .21 4o 21 .9 127
83-85 7.7 3.7 .06 .35 12.5 1.6 38 72 - 1N 30 .08 4g 20 1.0 132
91.5-99 7.6 3.8 .07 .36 11,0 1.2 90 80 1" 32 .15 42 19 1.0 128
95-101 8.2 4.7 .09 .38 11,5 1.2 90 79 L] 32 .ho 34 20 .7 120
101-106.5 8.3 4.3 .07 39 1.5 1.2 68 84 14 32 .30 36 19 .8 126
106.5-107.5 7.0 4.0 .06 .35 8.9 1.1 27 81 1 3 .07 45 13 .9 14
114.5-116.5 7.4 3.8 .10 .35 12,3 1.6 29 60 17 30 .06 53 17 1.2 133
123.5-127 8.0 4.2 .09 .37 10.8 1.2 80 75 12 31 3 30 18 .6 120
138.5-139 8.6 3.7 .06 .36 13,2 1.2 L] 66 17 28 .08 37 19 .7 121
147-152.5 8.3 4.0 .04 .39 10,1 1.2 52 83 13 29 .08 34 21 .7 119
165.5-170.5 7.9 4.6 .07 .38 9.0 1.2 100 75 12 32 .32 33 T .6 120
178-179 6.6 4.4 .06 .30 9.3 1.0 140 58 8 29 .28 43 14 7 136
179-188 8.0 4.7 .08 .37 8.3 1.2 100 78 14 36 .52 35 17 .9 121
195-201 8.3 4.6 .07 .38 8.4 1.2 68 89 15 35 .30 39 16 1.2 131
Core 6:
0-2 7.8 3.9 12 40 12,5 1.2 30 75 14 32 .05 37 18 .9 122
4-6 8.3 4.3 .09 .n 9.9 1.1 60 83 16 34 .08 39 16 .7 135
10-13 8.0 4.1 N .35 12,6 1.2 32 84 12 33 .08 L T] i5 1.0 124
17-23.5 7.7 4.2 .10 34 1 1.2 26 85 10 33 .10 45 18 .8 124
28.5-35 7.9 4.3 .09 A1 10,0 1.2 68 81 16 35 .12 45 18 .8 140
38-40.5 7.6 4.0 .06 .33 12,2 1. 7] 80 12 3 12 49 19 1.2 121
43-44.5 7.2 4.5 .10 .30 9.8 1.4 150 61 1" 36 .34 34 24 1.0 108
48.5-49.5 9.1 4.4 .09 A2 1.5 .2 125 90 15 38 0 43 16 .7 145
54.5-57.5 7.6 4,2 .06 .32 10,5 1.4 uy T4 12 32 A uy 18 1.3 122
60-61 8.0 4.1 .06 .33 12,4 1.4 42 70 12 30 A2 n 20 1.5 115
66-74.5 7.8 4.3 .06 .36 8.5 1.2 106 72 12 34 .24 35 23 .8 13
74.5-84 6.9 5.1 .10 1] 7.6 1.2 260 67 10 35 .29 32 17 1.0 109
84-87 4,7 2.8 .05 .33 6.8 1.0 1] 47 R 18 .05 25 17 .8 79
95-103 5.2 2.9 .08 .36 5.1 1.0 28 47 12 17 .05 26 17 .5 87
111-119 5.9 3.2 .06 .36 6.1 1.0 9.8 54 16 20 .04 31 17 .6 101
127-133 5.3 2.8 .06 .35 4.8 1.1 9.7 51 14 19 .03 31 20 .5 85

'Loss on ignition, total volatile solids.
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Chapter E. Discharge and Surface-Water Quality at Selected Sites on Whitewood
Creek and the Belle Fourche and Cheyenne Rivers

By William R. Roddy and Thomas E. McKallip

METHODS

Continuous discharge data were obtained at U4 streamflow-gaging stations,
and instantaneous discharge data were obtained at 16 miscellaneous wWater-
quality sites (figs. 1 and 2, table 1). Discharge data were obtained
following procedures by Buchanan and Somers (1969, 1982), Craig (1983), and
Kennedy (1983, 1984).

Discharge measurements were calculated by summing the products of width,
depth, and velocity at 20 to 40 sub-sections along a cross section of the
stream. Depths were measured with a graduated wading rod or with sounding
weights suspended by a metal cable. Water velocities were determined using
either a Price "AA" or a pygmy meter. Widths were measured based on the
midpoints between sub-sections. In a few instances, because of ice effects or
fast-rising stages, measurements were made with fewer sub-sections or with
less time for velocity measurements than published guidelines. 1In every case,
these measurements were checked against the water stage-discharge rating and
were found to be acceptabl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>