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FOREWORD

The mission of the U.S. Geological Survey
(USGS) is to assess the quantity and quality of the
earth resources of the Nation and to provide informa-
tion that will assist resource managers and policymak-
ers at Federal, State, and local levels in making sound
decisions. Assessment of water-quality conditions and
trends is an important part of this overall mission.

One of the greatest challenges faced by water-
resources scientists is acquiring reliable information
that will guide the use and protection of the Nation’s
water resources. That challenge is being addressed by
Federal, State, interstate, and local water-resource
agencies and by many academic institutions. These
organizations are collecting water-quality data for a
host of purposes that include: compliance with permits
and water-supply standards; development of remedia-
tion plans for a specific contamination problem; oper-
ational decisions on industrial, wastewater, or water-
supply facilities; and research on factors that affect
water quality. An additional need for water-quality
information is to provide a basis on which regional
and national-level policy decisions can be based. Wise
decisions must be based on sound information. As a
society we need to know whether certain types of
water-quality problems are isolated or ubiquitous,
whether there are significant differences in conditions
among regions, whether the conditions are changing
over time, and why these conditions change from
place to place and over time. The information can be
used to help determine the efficacy of existing water-
quality policies and to help analysts determine the
need for and likely consequences of new policies.

To address these needs, the Congress appropri-
ated funds in 1986 for the USGS to begin a pilot pro-
gram in seven project areas to develop and refine the
National Water-Quality Assessment (NAWQA) Pro-
gram. In 1991, the USGS began full implementation
of the program. The NAWQA Program builds upon an
existing base of water-quality studies of the USGS, as
well as those of other Federal, State, and local agen-
cies. The objectives of the NAWQA Program are to:

*Describe current water-quality conditions for a
large part of the Nation’s freshwater streams,
rivers, and aquifers.

*Describe how water quality is changing over
time.

eImprove understanding of the primary natural
and human factors that affect water-quality
conditions.
This information will help support the development
and evaluation of management, regulatory, and moni-
toring decisions by other Federal, State, and local
agencies to protect, use, and enhance water resources.

The goals of the NAWQA Program are being
achieved through ongoing and proposed investigations
of 60 of the Nation’s most important river basins and
aquifer systems, which are referred to as study units.
These study units are distributed throughout the
Nation and cover a diversity of hydrogeologic settings.
More than two-thirds of the Nation’s freshwater use
occurs within the 59 study units and more than two-
thirds of the people served by public water-supply sys-
tems live within their boundaries.

National synthesis of data analysis, based on
aggregation of comparable information obtained from
the study units, is a major component of the program.
This effort focuses on selected water-quality topics
using nationally consistent information. Comparative
studies will explain differences and similarities in
observed water-quality conditions among study areas
and will identify changes and trends and their causes.
The first topics addressed by the national synthesis are
pesticides, nutrients, volatile organic compounds, and
aquatic biology. Discussions on these and other water-
quality topics will be published in periodic summaries
of the quality of the Nation’s ground and surface water
as the information becomes available.

This report is an element of the comprehensive
body of information developed as part of the NAWQA
Program. The program depends heavily on the advice,
cooperation, and information from many Federal,
State, interstate, Tribal, and local agencies and the
public. The assistance and suggestions of all are
greatly appreciated.

Robert M. Hirsch
Chief Hydrologist
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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED

WATER-QUALITY UNITS

Multiply By To obtain
centimeter (cm) 0.3937 inch
inch (in.) 2.54 meter
foot (ft) 0.3048 meter
foot per mile (ft/mi) 0.1894 meter per kilometer
kilometer (km) 0.6214 mile
liter (L) 0.2642 gallon
liter per second (L/s)  15.85 gallon per minute
meter (m) 3.281 foot
meter per day (m/d) 3.281 foot per day
meter per kilometer (m/km) 5.27983 foot per mile
meter squared per day (m¥d)  10.76 foot squared per day
mile (mi) 1.609 kilometer
millimeter (mm) 0.03937 inch
millimeter per year (mm/yr) 0.03937 inch per year
square kilometer (km?) 0.3861 square mile
square mile (miz) 2.590 square kilometer

Temperature in degree Fahrenheit (°F) can be converted to degree Celsius (°C) as follows:

°C = (°F - 32)/1.8.

Temperature in degree Celsius (°C) can be converted to degree Fahrenheit (°F) as follows:

°F=1.8°C +32.

The following water-quality units and abbreviations are also used in this report:

microgram per gram (Ug/g)
microgram per liter (ug/L)
micrometer ((m)

micromole per liter (wmol/L)
milliequivalent (meq)
milliequivalent per liter (meqg/L)
milliequivalent per 100 grams (meg/100 g)
milligram per day (mg/d)
milligram per liter (mg/L)
milliliter per liter (mL/L)
millimole per liter (mmol/L)
mole (mol)

part per million (ppm)

percent modern carbon (pmc)
picocuries per liter (pCi/L)

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of
1929 (NGVD of 1929)—a geodetic datum derived from a general adjustment of the
first-order level nets of both the United States and Canada, formerly called Sea Level

Datum of 1929.

Conversion Factors, Vertical Datum, and Abbreviated Water-Quality Units
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Ground-Water-Quality Assessment of the Central
Oklahoma Aquifer: Summary of Investigations

By Scott Christenson

Abstract

A study of the ground-water quality of the
Central Oklahoma aquifer was conducted as part
of the National Water-Quality Assessment Pro-
gram. The objectives of the study were to:

(1) describe regional ground-water quality
throughout the aquifer, (2) describe the major
geochemical and geohydrologic processes operat-
ing in the aquifer, (3) identify the major factors
affecting the ground-water quality, and

(4) describe the location, nature, and causes of
selected water-quality problems within the study
unit, which were identified as naturally occurring
trace substances and degradation of ground-water
quality caused by urbanization.

Geochemical investigations showed that cal-
cium, magnesium, and bicarbonate are the domi-
nant ions in ground water from the unconfined
parts of the Garber Sandstone and Wellington For-
mation. This water chemistry is the result of
uptake of carbon dioxide from the unsaturated
zone; dissolution of dolomite and, to lesser
extents, the dissolution of biotite, chlorite, plagio-
clase, and potassium feldspar; and precipitation of
kaolinite. Sodium and bicarbonate are the domi-
nant ions in the Hennessey Group, the confined
part of the Garber Sandstone and Wellington For-
mation, and the Chase, Council Grove, and
Admire Groups. The sodium bicarbonate water is
derived from the calcium, magnesium, and bicar-
bonate water by cation exchange of calcium and
magnesium with sodium in clay minerals.

The overall quality of water in the aquifer is
quite good, based on the small number of sampled

wells that exceeded existing water-quality stan-
dards. Maximum Contaminant Levels, which are
related to public health, were commonly (more
than 10 percent of wells) exceeded only for nitrate
in wells shallower than 30 meters completed in
Permian geologic units and for selenium in wells
deeper than 30 meters completed in Permian geo-
logic units.

Although the overall quality of water in the
Central Oklahoma aquifer is good, water-quality
problems occur in parts of the aquifer. Many pub-
lic supply wells in central Oklahoma yield water
with elevated concentrations of arsenic, chro-
mium, selenium, and uranium. These elements are
widely dispersed on solid-phase materials
throughout the aquifer and are mobilized under
certain geochemical conditions. The quality of
ground water under the urban area was found to be
significantly different from that of water outside
the urban area. Pesticides and volatiie organic
compounds were much more common in water
samples from wells in the urban area than from
wells outside the urban area. The types of pesti-
cides and volatile organic compounds found in
water samples were consistent with the organic
compounds known to be used in the urban area.

INTRODUCTION

The Central Oklahoma aquifer underlies about
8,000 km? of central Oklahoma (fig. 1), where the aqui-
fer is used extensively for municipal, industrial, com-
mercial, and domestic water supplies. All the
municipalities in central Oklahoma rely on the aquifer
for all or part of their water supply. Thus, the Central

Ground-Water-Quaiity Assessment of the Central Oklahoma Aquifer: Summary of investigations 1



EXPLANATION

L:....-7.0+0+] Central Oklahoma
aquifer study unit
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Figure 1. Location of the Central Oklahoma aquifer study unit.

Oklahoma aquifer is vitally important to the economy

of central Oklahoma.

Because of its importance, the Central Oklahoma
aquifer was selected as a pilot study of the U.S. Geo-
logical Survey’s National Water-Quality Assessment
(NAWQA) Program. The primary purpose of the
NAWQA Program is to assess water quality for a large
part of the Nation’s water resources. The long-term
goals of the NAWQA Program are to:

1. Provide a nationally consistent description of cur-
rent water-quality conditions for a large part of
the Nation’s water resources,

2. Define long-term trends (or lack of trends) in water
quality, and

3. Identify, describe, and explain, as possible, the
major factors that affect the observed water-qual-
ity conditions and trends.

This information, which will be obtained on a con-
tinuing basis, is available to water managers,
policymakers, and the public to provide an improved
scientific basis for evaluating the effectiveness of
water-quality management programs and for predicting
the likely effects of contemplated changes in land- and
water-management practices (Hirsch, Alley, and Wil-
ber, 1988).

The objectives of the Central Oklahoma aquifer
NAWQA project, as posed by Christenson and
Parkhurst (1987), were to: (1) investigate regional
ground-water quality throughout the aquifer in a
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manner consistent with the other pilot NAWQA
ground-water projects, emphasizing the occurrence
and distribution of potentially toxic substances in
ground water, including trace elements, organic com-
pounds, and radioactive constituents; (2) describe the
relation of ground-water quality to land use, hydrogeo-
logy, and other pertinent factors; (3) provide a general
description of the location, nature, and causes of
selected water-quality problems within the study unit;
and (4) describe potential for water-quality degrada-
tion of ground-water zones within the study unit.

The objectives of the project were revised slightly
during the life of the project as knowledge of the aqui-
fer increased and were further revised on the basis of
input from the project’s liaison committee, a group of
representatives from 13 Federal, State, and local gov-
ernmental agencies. The liaison committee was estab-
lished to ensure that the scientific information
produced by the Oklahoma NAWQA project was rele-
vant to local and regional interests. The revised objec-
tives were to: (1) describe regional ground-water
quality throughout the aquifer, (2) describe the major
geochemical and geohydrologic processes operating in
the aquifer, (3) identify the major factors affecting the
ground-water quality, and (4) describe the location,
nature, and causes of selected water-quality problems
within the study unit, which were identified as naturally
occurring trace substances and degradation of
ground-water quality caused by urbanization.
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Figure 14. Major-ion chemistry in the deep part (depth greater than 91 meters) of the Garber Sandstone and Wellington

Formation.
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ALLUVIUM AND TERRACE DEPOSITS

HENNESSEY GROUP EXPLANATION
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GARBER SANDSTONE AND WELLINGTON FORMATION, DEEP, UNCONFINED Shallow is defined to be
less than 91 meters, and

° deep is 91 meters or
© © greater for this figure
<

GARBER SANDSTONE AND WELLINGTON FORMATION, SHALLOW, CONFINED

< <o
<& <
< l—e— <&

GARBER SANDSTONE AND WELLINGTON FORMATION, DEEP, CONFINED

:LL/O

CHASE, COUNCIL GROVE, AND ADMIRE GROUPS

<

15 10 5 0 -5 -10
MILLIEQUIVALENTS PER LITER

Figure 15. Median concentrations of major ions in water samples from hydrogeologic units within the
Central Oklahoma aquifer.

pesticides) and 18 different volatile organic com- pounds were reported at relatively small concentra-

p.oundsf (VOC’s) v.vere repprted. The actual concentra- tions, with the exception of several VOC's. Large
tions of the organic constituents were felt to be less concentrations of 1,1,1-trichloroethane,

important than their presence or absence in water sam- trichloroethylene, and 1,1-dichloroethylene were

ples because the presence of organic compounds in a reported from a single weli, and the next-largest con-
water sample indicates that the well is vuinerabie to centration of each of these three compounds was con-
anthropogenic contamination. Most organic com- siderably lower than the maximum concentration
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Table 5. Number of wells in Central Oklahoma aquifer survey-sampling networks in which organic compounds were
reported in water samples

[ng/L, micrograms per liter]

Sampling network

Quaternary Permian geologic units Laboratory
alluvium minimum
and Intermedi- reporting Maximum
terrace Shallow ate-depth level concentration
Compound deposits wells wells Deep wells (ng/L) (ng/L)
Organochlorine compounds
Chlordane 0 1 0 0 0.1 0.3
Dieldrin 0 1 1 0 .01 .05
DDE 0 1 0 0 .01 .01
Heptachlor epoxide 0 0 1 0 .01 .01
PCB 0 0 1 0 1 1
Phenoxy-acid herbicides
2,4-D 0 2 1 0 .01 02
2,4-DP 1 0 0 0 .01 .01
2,4,5-T 1 0 0 0 .01 .01
Picloram 1 1 0 0 .01 .02
Dicamba 1 0 1 0 .01 .01
Triazine and other nitrogen-containing herbicides
Atrazine 2 0 1 0 .1 3
Prometone 1 0 0 1 1 .6
Volatile organic compounds
Bromoform 0 0 1 2 2 1.1
Chlorodibromomethane 0 0 1 2 2 i
Chloroethane 1 0 0 0 2 2
Chloroform 0 2 3 1 2 6.8
Chloromethane 0 0 1 2 2 4.4
Dichlorobromomethane 0 0 1 1 2 .6
Dichlorodifluoromethane 1 0 0 0 2 2
1,1-Dichloroethane 2 0 0 0 2 2.5
1,2-Dichloroethane 1 1 0 0 2 2
1,2-Dichloroethene 2 0 0 0 2 1.0
1,1-Dichloroethylene 2 0 0 0 2 45
Methylene chloride 2 1 0 0 2 .6
1,1,2,2-Tetrachloroethane 0 0 1 0 2 3
Tetrachloroethylene 0 0 0 1 2 9
Toluene 0 1 0 1 2 2
1,1,1-Trichloroethane 1 0 0 0 2 200
Trichloroethylene 3 0 0 2 2 30
Trichlorofluoromethane 1 0 2 0 2 3
Number of wells in network 42 25 35 27
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detected. This particular well was a domestic well that
apparently was contaminated by a solvent spill approx-
imately 50 m from the well.

The presence of these organic compounds in the
Central Oklahoma aquifer clearly represents anthropo-
genic contamination as no natural sources of these
compounds exist. Organic compounds were detected
most commonly in water samples from the urban sam-
pling network. The factors that affect water quality in
the Central Oklahoma aquifer are discussed in Chris-
tenson and Rea (1993).

Comparison of Selected Inorganic Constituents to
Water-Quality Standards

Of considerable relevance in evaluating regional
ground-water quality is a comparison of the water qual-
ity in the aquifer to water-quality standards. The
water-quality standards used in this report are the Max-
imum Contaminant Levels (MCLs), promulgated to
protect public health (U.S. Environmental Protection
Agency, 1988a), and Secondary Maximum Contami-
nant Levels (SMCLs), promulgated for aesthetic rea-
sons related to public acceptance of drinking water
(U.S. Environmental Protection Agency, 1988b).

The number of wells in each Oklahoma NAWQA
survey-sampling network that exceeded water-quality
standards is shown in table 6. On the basis of the design
of the Oklahoma NAWQA survey-sampling networks,
the percentage of wells that exceeded the standards is
considered to be representative of the overall water
resource of the Central Oklahoma aquifer.

The overall quality of the water resource of the
Central Oklahoma aquifer is quite good on the basis of
the small percentage of wells exceeding water-quality
standards. Water-quality standards were never
exceeded in any survey-sampling network well for flu-
oride, barium, cadmium, lead, mercury, silver, 2,4-D,
endrin, lindane, methoxychlor, silvex, benzene, carbon
tetrachloride, 1,4-dichlorobenzene, 1,2-dichloro-
ethane, 1,1,1-trichloroethane, trihalomethanes, vinyl
chloride, copper, and zinc. MCLs, which are related to
public health, were commonly (more than 10 percent
of wells) exceeded only for nitrate in the shallow Per-
mian network and for selenium in the intermediate and
deep Permian network. Nitrate concentrations
exceeded the MCL of 10 mg/L for wells in the allu-
vium and terrace deposits and shallow and intermediate
Permian geologic units networks, which is consistent
with a shallow source for nitrate, probably fertilizer or
septic-tank effluent. The nitrate standard of 10 mg/L is

primarily a concern for infants because they are unable
to metabolize nitrate. Healthy adults are less threatened
by water with nitrate concentrations that exceed the
MCL. The deep water resource is most likely to contain
selenium in excess of the 10-pg/L standard, and unfor-
tunately the deep resource is most likely to be used by
public-supply wells. The selenium MCL of 10 pg/L
was exceeded by wells in all networks, and fully
one-third of the wells in the deep Permian network
exceeded the standard. Deep wells are completed in the
environment most likely to mobilize this element
(Schlottmann, Mosier, and Breit, 1995). However, the
U.S. Environmental Protection Agency has proposed
raising the MCL for selenium from 10 to 50 pg/L
(U.S. Environmental Protection Agency, 1989). At that
concentration, no wells in the alluvium and terrace or
shallow Permian network would exceed the standard,
and only 2.9 percent of wells in the intermediate and 11
percent of the wells in the deep Permian networks
would exceed the standard.

Arsenic and chromium exceed the MCL of
50 ug/L (for both constituents) only in wells in the
deep Permian network where the geohydrologic and
geochemical environment that mobilizes these ele-
ments is more likely to occur (Schlottmann, Mosier,
and Breit, 1995). Residual alpha radioactivity
exceeded the MCL of 15 pCi/L in a small percentage
(less than 10 percent) of wells in every Permian net-
work. The MCL for 1,1-dichloroethylene (7 ug/L) and
trichloroethylene (5 pg/L) were exceeded only in a sin-
gle well (the same well for both MCLs).

The Central Oklahoma aquifer is more affected by
aesthetic than public health probiems. The pH exceeds
8.5 in wells in all survey-sampling networks. The larg-
est percentage (33 percent) of wells that exceeded a pH
of 8.5 were wells in the deep Permian network. The pH
was less than the SMCL of 6.5 in wells in the alluvium
and terrace deposits and shallow and intermediate Per-
mian networks. The largest percentage (20 percent) of
wells less than the SMCL of 6.5 was in the shallow Per-
mian network. Sulfate exceeded the SMCL of
250 mg/L in a small percentage (less than 10 percent)
of wells in ali networks. Chloride exceeded the SMCL
of 250 mg/L in 9.5 percent of the wells in the alluvium
and terrace deposits network, 12 percent of the wells in
the shallow Permian network, and 2.9 percent of the
wells in the intermediate Permian network. Wells in the
shallower networks exceeding the standard is consis-
tent with a shallow source of chloride, such as contam-
ination from road salt or other surface sources, as
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Table 6. Percentage of wells in Central Oklahoma aquifer survey-sampling networks that exceeded water-quality
standards

Survey-sampling network

Quaternary Permian geologic units
alluvium and
Type of terrace Shallow Intermediate Deep
Constituent standard’ deposits (<30 meters) (30-91 meters) (>91 meters)

Fluoride MCL 0 0 0 0
Nitrate MCL 2.4 12 8.6 0
Arsenic MCL 0 0 0 7.4
Barium MCL 0 0 0 0
Cadmium MCL 0 0 0 0
Chromium MCL 0 0 0 7.4
Lead MCL 0 0 0 0
Mercury MCL 0 0 0 0
Selenium MCL 4.8 4.0 1 33
Silver MCL 0 0 0 0
Residual alpha radioactivity MCL 0 4.0 29 3.7
2,4-D MCL 0 0 0 0
Endrin MCL 0 0 0 0
Lindane MCL 0 0 0 0
Methoxychlor MCL 0 0 0 0
Silvex MCL 0 0 0 0
Benzene MCL 0 0 0 0
Carbon tetrachloride MCL 0 0 0 0
1,4-Dichlorobenzene MCL 0 0 0 0
1,2-Dichloroethane MCL 0 0 0 0
1,1-Dichloroethylene MCL 2.4 0 0 0
1,1,1-Trichloroethane MCL 0 0 0 0
Trichloroethylene MCL 24 0 0 0
Trihalomethanes (total) MCL 0 0 0 0
Vinyl chloride MCL 0 0 0 0
pH > 8.5 SMCL 2.4 8.0 29 33
pH<6.5 SMCL 12 20 8.6 0
Sulfate SMCL 7.1 40 29 7.4
Chloride SMCL 9.5 12 29 0
Copper SMCL 0 0 0 0
Iron SMCL 26 4.0 0 3.7
Manganese SMCL 38 8.0 0 0
Zinc SMCL 0 0 0 0
Number of wells in network 42 25 35 27

IMCL, Maximum Contaminant Level (U.S. Environment Protection Agency, 1988a). SMCL, Secondary Maximum Contaminant Level
(U.S. Environmental Protection (1988b).
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opposed to upconing of brines caused by ground-water
withdrawals. Iron exceeded the SMCL of 300 pg/L in
all survey networks except the intermediate Permian
network, and manganese exceeded the SMCL of

50 pg/L in the alluvium and terrace and shallow Per-
mian networks. The SMCLs for iron and manganese
are very commonly exceeded (in more than 25 percent
of wells) in the alluvium and terrace deposits network.

TARGETED SAMPLING

The fourth objective of the Oklahoma NAWQA
project was to describe the location, nature, and causes
of selected water-quality problems within the study
unit, which were identified as naturally occurring trace
substances and degradation of water quality due to
urbanization. The investigations of these selected
water-quality problems were termed “targeted sam-
pling,” as the network design, water-quality sampling,
and data analyses were targeted at specific problems.

Naturally Occurring Trace Substances

The purpose of the investigation of naturally
occurring trace substances was to determine the cause
of elevated concentrations (in excess of MCLS) of
arsenic, chromium, selenium, and gross alpha radioac-
tivity in many wells completed in the Central Okla-
homa aquifer. The results of the study of naturally
occurring trace substances in the Central Oklahoma
aquifer are documented in Schlottmann, Mosier, and
Breit (1995) and summarized below.

The presence of elevated concentrations of these
elements and gross alpha radioactivity was docu-
mented prior to the inception of the Oklahoma
NAWQA project (for example, see Gates, Marsh, and
Fryberger, 1983). Parkhurst, Christenson, and Schlott-
mann (1989) found that in the water-quality data avail-
able at the beginning of the NAWQA project,

4.3 percent of the chemical analyses exceeded the
arsenic MCL, 6.8 percent exceeded the chromium
MCL, 12.5 percent exceeded the selenium MCL, and
12.2 percent exceeded the gross alpha radioactivity
MCL. Many of the wells affected by this problem were
public-supply wells, and input from the Oklahoma
NAWQA Liaison Committee indicated that the trace
element/gross alpha radioactivity issue was the most
serious water-quality problem ih the Central Oklahoma
aquifer.

An important finding of the Oklahoma NAWQA
was that naturally occurring gross alpha radioactivity
in water samples from the Central Oklahoma aquifer
results largely from dissolved uranium (Schlottmann,
Mosier, and Breit, 1995). Thus, further investigation of
radioactivity in the aquifer concentrated exclusively on
uranium.

Initial efforts to determine the causes of elevated
concentrations of arsenic, chromium, selenium, and
uranium centered on finding a simple source, such as a
bed or stratum enriched in these elements. A total of
293 B-horizon soil samples and 362 outcrop rock sam-
ples were collected for chemical analysis. Eight test
holes were drilled, cores were recovered, and water
samples were collected from sandstone layers. The
core samples were subjected to a variety of petro-
graphic and chemical analyses, including sequential
chemical extractions. As work progressed, it became
clear that elevated dissolved concentrations of these
trace elements could not be attributed to a simple
source; rather, the elevated concentrations depended on
several complex geologic and geochemical conditions,
including: (1) the distribution of the elements in the
solid phases, (2) the redox conditions of the water,

(3) the distribution of mudstone, and (4) changes in
water chemistry as water flows through the aquifer.

Average whole-rock abundances of the elements in
the Central Oklahoma aquifer are similar to those of
typical sedimentary rocks (Mosier and others, 1990).
However, the distribution of the elements in the solid
phase is not uniform, and specific rock types locally are
enriched with certain elements. High concentrations of
all four elements are associated with red iron-oxide
grain coatings in sandstone in the aquifer. High arsenic
concentrations are in yellow-brown goethite-cemented
sandstone; high chromium concentrations are in mud-
stone and clay; and high selenium and uranium concen-
trations are in green-gray reduced zones in sandstone.
High concentrations of any of these elements in ground
water frequently are in proximity to rocks enriched in
that element.

All of the elements require oxidizing redox condi-
tions to be mobile. Most water sampled in the Permian
geologic units contained greater than 1 mg/L dissolved
oxygen, indicating an oxidizing condition. This condi-
tion allows the elements to be mobile in most of the
aquifer.

Dissolved concentrations of the elements generally
increase with pH. Arsenic, chromium, and selenium
that are adsorbed onto the iron-oxide coatings of min-
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eral grains in the aquifer tend to desorb at higher pH.
Selenium desorbs at a lower pH than do arsenic and
chromium. Higher pH increases carbonate-ion activity,
which favors the mobilization of uranium by formation
of carbonate complexes in the bicarbonate water that
resides in the aquifer. High pH in the aquifer results
from chemical reactions with clay and dolomite in the
aquifer rock. Sodium, bound to clay, is exchanged for
calcium and magnesium in water, which results in dis-
solved calcium and magnesium concentrations below
saturation. As a result, the dolomite cement in the aqui-
fer dissolves. Where dolomite dissolution occurs away
from the atmosphere (with no carbon dioxide avail-
able), the pH increases to greater than 8.5.

High concentrations of uranium occur in some
water with low pH. In this case, the exchange of
sodium for calcium and magnesium occurs in the
vadose zone, and the resultant dissolution of dolomite
takes place in proximity to soil gas with abundant car-
bon dioxide. The carbon dioxide buffers the pH to near
neutral, and the aikalinity increases. The increased
alkalinity results in an increased carbonate-ion activity,
which favors mobilization of uranium.

The distribution of mudstone is significant for
three reasons: (1) mudstone frequently contains higher
concentrations of chromium; (2) clay in mudstone is a
site for cation exchange (where mudstone is abundant
in the aquifer, the increased cation-exchange capacity
results in more of the changes in ground-water chemis-
try that allow the elements to be mobile); and (3) the
hydraulic conductivity of mudstone is lower than that
of sandstone, which constitutes the producing zone in
the aquifer. As a result, transmissivity is lower in parts
of the aquifer with abundant mudstone, and fewer vol-
umes of water pass through these parts of the aquifer to
deplete the elements and the exchangeable sodium.
Thus, more of the elements and more clay with
exchangeable sodium are available in parts of the aqui-
fer with abundant mudstone.

Concentrations of the elements generally increase
with the age of ground water as it flows through the
aquifer. Arsenic and chromium are found only in water
that has resided in the aquifer on the order of tens of
thousands of years. This relation is thought to be
caused by: (1) the elements may require more time to
reach elevated concentrations where the source of the
elements is small concentrations disseminated
throughout the aquifer, (2) the elements may require
more time to oxidize, regardless of the source, or
(3) water taking longer to flow through the parts of the

aquifer with abundant mudstone (because the transmis-
sivity is lower) where mudstone is the source of the ele-
ments or where mudstone is creating the geochemical
environment needed to mobilize the elements. Sele-
nium and uranium are in some young (generally less
than 5,000 years) ground water because they are more
available for dissolution and are mobile at low pH.

The elevated concentrations of arsenic, chromium,
selenium, and uranium in the Central Oklahoma aqui-
fer depend on several complex geologic and geochem-
ical conditions. A detailed explanation of those
conditions is presented in Schlottmann, Mosier, and
Breit (1995).

Urban Ground-Water Quality

The purposes of the urban ground-water investiga-
tion were to describe the quality of ground water under
the Oklahoma City urban area, to determine if the
water quality under the urban area was different from
the overall water quality of the Central Oklahoma aqui-
fer, and to determine the causes of the differences, if
differences existed. An urban water-quality sampling
network was established in the central part of the Okla-
homa City urban area. The resuits of the urban
ground-water-quality investigation are documented in
Christenson and Rea (1993) and summarized below.

An urban sampling network was designed to study
water quality in the Oklahoma City urban area. The
urban sampling network was established within the
central part of Oklahoma City and included the down-
town business district, industrial areas, and older resi-
dential areas. All wells sampled in the urban sampling
network were existing water-supply wells equipped
with operational pumps and were generally but not
exclusively domestic wells. Forty-one randomly
selected wells were sampled for the urban network
(fig. 16).

Any ground-water investigation that considers
land use as a factor must determine how to characterize
land use at a well. Several methods were used in the
urban investigation for characterizing the land use near
the sampled wells. Because there was no clear best
method, the results of the different methods were com-
pared. If several of the methods indicated the same
relations between urban land use and ground-water
quality, then confidence in the validity of those
relations was increased. Similarly, if the results of the
different methods did not agree, the results could be an
artifact of the methods used, rather than cause-and-
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effect relations in the hydrologic system. The methods
of categorizing urban land use that were used were
based on the sampling network, field sheets, point-in-
polygon overlay, buffer-overlay analysis, and parti-
cle-tracking analysis. Explanation of these different
methods of land-use categorization can be found in
Christenson and Rea (1993).

Mann-Whitney tests were used to compare
selected inorganic constituent concentrations in urban
and nonurban wells. The tests indicated that there were
statistically significant differences between urban and
nonurban wells in the concentrations of alkalinity, cal-
cium, magnesium, sodium, potassium, bicarbonate,
chloride, iron, gross alpha radioactivity, and uranium.
Median concentrations of these constituents were
larger in urban than in nonurban wells. Concentrations
of dissolved oxygen, carbonate, sulfate, nitrite plus
nitrate, arsenic, barium, copper, lead, mercury, sele-
nium, and silver had no significant differences in urban
and nonurban wells. Whether the concentrations of pH,
fluoride, cadmium, chromium, manganese, and radon
were significantly different or not in urban and nonur-
ban wells depended on the method of land-use catego-
rization.

A contingency-table analysis indicated that the
proportion of wells with reportable pesticides or
VOC’s might or might not be different in urban and
nonurban land uses, depending on the method used to
categorize urban land use and how the VOC’s were
grouped. On the basis of the results of statistical tests
and onsite evidence, the sources of organic contami-
nants commonly were near the wellhead, indicating
that the shallow seals and gravel packs may provide
pathways for contaminants to enter the wells.

The comparisons by sampling network (which rep-
resent the basis of the design of the urban sampling net-
work) consistently indicated that the presence or
absence of organic constituents, as well as the concen-
trations of many inorganic constituents, were signifi-
cantly different in samples from urban and nonurban
wells. Additionally, the median concentrations of all
inorganic constituents that were significantly different
for any method of land-use categorization, except fluo-
ride, cadmium, and chromium, were larger in samples
from urban wells than in those from nonurban wells.
The proportion of welis with reportable organic com-
pounds was higher among the urban wells than the non-
urban wells, regardless of the method of land-use
categorization. The possibility exists that the compari-
son between urban and nonurban wells contained a

geologic bias for the inorganic constituents. For a more
complete discussion of the effects of urbanization on
the ground-water quality of the Central Oklahoma
aquifer, see Christenson and Rea (1993).

SUMMARY

A study of the regional ground-water quality of the
Central Oklahoma aquifer was conducted as part of the
pilot National Water-Quality Assessment Program.
The objectives of the study were to: (1) describe
regional ground-water quality throughout the aquifer,
(2) describe the major geochemical and geohydrologic
processes operating in the aquifer, (3) identify the
major factors affecting the ground-water quality, and
(4) describe the location, nature, and causes of selected
water-quality problems within the study unit, which

" were identified as naturally occurring trace substances

and degradation of ground-water quality caused by
urbanization.

The Central Oklahoma aquifer is a major source of
water supply for municipalities in central Oklahoma.
The aquifer consists of the Permian Garber Sandstone,
Wellington Formation, and Chase, Council Grove, and
Admire Groups, and Quaternary alluvium and terrace
deposits. The aquifer is unconfined in the eastern
two-thirds of its areal extent and confined in the west-
ern one-third by the Hennessey Group. Ground water
originates as recharge from precipitation and dis-
charges to streams and wells. Water flows rapidly
through the shallow, unconfined part of the aquifer but
can take tens of thousands of years to flow through the
confined part of the aquifer.

The regional water quality of the aquifer was
described and analyzed using data available at the start
of the Oklahoma NAWQA project and networks of
wells established during the project. Calcium, magne-
sium, and bicarbonate are the dominant ions in ground
water from the unconfined parts of the Garber Sand-
stone and Wellington Formation. This water chemistry
is the result of uptake of carbon dioxide from the unsat-
urated zone; dissolution of dolomite and, to lesser
extents, the dissolution of biotite, chlorite, plagioclase,
and potassium feldspar; and precipitation of kaolinite.
Sodium and bicarbonate are the dominant ions in the
Hennessey Group, the confined part of the Garber
Sandstone and Wellington Formation, and the Chase,
Council Grove, and Admire Groups. The sodium bicar-
bonate water is derived from the calcium, magnesium,
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and bicarbonate water by cation exchange of calcium
and magnesium with sodium in clay minerals.

Statistically based networks of wells were estab-
lished to assess the overall quality of the water resource
of the Central Oklahoma aquifer. The overall quality of
the resource is quite good, based on the small percent-
age of wells in these networks that exceeded existing
water-quality standards. Maximum Contaminant Lev-
els, which are related to public health, are commonly
(more than 10 percent of wells) exceeded only for
nitrate in the shallow (less than 30 m) wells completed
in Permian geologic units and for selenium in wells
deeper than 30 m completed in Permian geologic units.
Deep (greater than 91 m) ground water is most likely
to contain selenium in excess of the 10-pug/L standard,
and deep ground water is most likely to be used by pub-
lic-supply wells. However, the U.S. Environmental
Protection Agency has proposed raising the Maximum
Contaminant Level for selenium from 10 to 50 ug/L.
At that concentration, only 2.9 percent of the network
wells 30 to 91 m deep and 11 percent of the network
wells greater than 91 m deep completed in Permian
geologic units would exceed the standard. The Central
Oklahoma aquifer is affected more by aesthetic than
public health problems. Secondary Maximum Contam-
inant Levels, related to aesthetic concerns, are com-
monly (more than 10 percent) exceeded for pH greater
than 8.5 in deep (greater than 91 m) Permian wells, pH
less than 6.5 in alluvium and terrace deposits and shal-
low (less than 30 m) Permian wells, chloride in shal-
low Permian wells, and iron and manganese are very
commonly (more than 25 percent) exceeded in allu-
vium and terrace deposits wells.

Although the overall quality of water in the Central
Oklahoma aquifer is good, water-quality problems
occur in parts of the aquifer. Some of these problems
were investigated as part of the Oklahoma NAWQA
project, including concentrations of arsenic, chro-
mium, selenium, and uranium in excess of water-qual-
ity standards and the effect of urbanization on
ground-water quality.

Many public-supply wells in central Oklahoma
yield water with elevated concentrations of arsenic,
chromium, selenium, and uranium. These elements are
widely dispersed on solid-phase materials throughout
the aquifer and are mobilized under certain geochemi-
cal conditions. Dissolved oxygen in the aquifer, which
commonly exceeds 1 mg/L, oxidizes the elements to
their most mobile states. The exchange of calcium and
magnesium in water for sodium adsorbed on clay

decreases the saturation of dolomite, which results in
the dissolution of dolomite. In parts of the aquifer iso-
lated from carbon dioxide in the atmosphere, the disso-
lution of dolomite increases the pH of the water.
Arsenic, chromium, and selenium are desorbed from
the solid aquifer matrix at elevated pH. In parts of the
aquifer in contact with carbon dioxide in the atmo-
sphere, the exchange reaction and dissolution of dolo-
mite take place, but the reaction is buffered to neutral
and the alkalinity increases. The increased alkalinity
results in increased carbonate-ion activity, which
favors mobilization of uranium. Because the exchange
reaction requires sodium-saturated clay, the distribu-
tion of mudstone, which contains the clay, controls the
location where dissolved concentrations of arsenic,
chromium, selenium, and uranium are elevated.

The effect of the Oklahoma City urban area on the
water quality of the Central Oklahoma aquifer was
investigated. The quality of water under the urban area
was found to be significantly different from that of
water outside the urban area. Pesticides and VOC'’s
were much more common in water samples from wells
in the urban area than from wells outside the urban
area. The types of pesticides and VOC’s found in water
samples were consistent with the organic compounds
known to be used in the urban area. The concentrations
of certain inorganic constituents were also found to be
different in the urban area than in nonurban areas, but
the presence of a geologic bias for inorganic constitu-
ents is possible.
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The Diagenetic History of Permian Rocks
in the Central Oklahoma Aquifer

By George N. Breit

Abstract

Variations in the chemical composition of
water within the Central Oklahoma aquifer are
largely a result of reactions between water and
solid components of the aquifer. To understand
these reactions, a detailed mineralogical and petro-
graphic study of Permian rocks in the aquifer was
included as part of the Oklahoma National
Water-Quality Assessment (NAWQA) project.
Rock samples from eight test-hole cores were ana-
lyzed by X-ray diffraction and by optical and scan-
ning electron microscopy.

The abundance, composition, and reactivity
of solids in the aquifer reflect the sediment source
unit and alteration during deposition, burial, and
exposure due to erosion. During deposition of the
Permian sediment, soil processes dissolved some
framework silicates and precipitated iron oxides,
carbonate nodules, and kaolinite. Burial and incur-
sion of evolved seawater resulted in precipitation
of dolomite, barite, quartz overgrowths, additional
iron oxides, and local accumulations of selenium,
uranium, and vanadium. Tertiary and Quaternary
erosion exposed rocks in the aquifer to recharge by
rainwater. This dilute recharge has dissolved cal-
cite, dolomite, feldspars, and chert, and has precip-
itated calcite, goethite, manganese oxides, and
kaolinite.

INTRODUCTION

The range of water compositions produced from
Permian rocks within the Central Oklahoma aquifer
(Parkhurst, Christenson, and Schlottmann, 1989) is
largely a result of reactions between ground water and
solid constituents of the rocks. To better understand
these reactions, a detailed study of the mineralogy and
petrography of these rocks was conducted as part of the
National Water Quality Assessment (NAWQA) Pro-

gram. This paper summarizes the petrographic and
mineralogic data with particular emphasis on rock tex-
tures that record water-rock interaction. These data are
to be integrated with hydrologic, aqueous geochemical,
and solid-phase chemical data to understand processes
that affect the quality of water in the aquifer.

Changes in the abundance and composition of sol-
ids in the aquifer that occurred from Permian to present
affect modern ground-water compositions. The altered
appearance of some detrital minerals and the mineral-
ogy of solids that formed within the aquifer record
these changes. The alteration of the Permian sediment
began soon after deposition, continued during burial,
and is continuing now because of reactions between
solids and dilute recharge water. Assignment of the
timing and conditions of alteration based on petro-
graphic evidence is commonly ambiguous because
many of the observed alterations can have multiple ori-
gins. Therefore, this paper presents information on the
abundance and appearance of constituents of the Per-
mian rocks and reviews the evidence for the probable
timing of each type of alteration. Previous studies have
described the mineralogy of Permian rocks near the
study unit (Swineford, 1955; Cox, 1978; Shelton,
1979; Elrod, 1980; Lilburn and Al-Shaieb, 1983,
1984), but little is published about diagenesis within
the aquifer.

Geology

The Central Oklahoma aquifer as defined by
Parkhurst, Christenson, and Schlottmann (1989)
includes alluvial and terrace deposits of Quaternary age
and sedimentary rocks of Permian age. Major
water-yielding Permian units include, from youngest to
oldest, the Garber Sandstone, the Weilington Forma-
tion, and the Chase, Council Grove, and Admire
Groups. The undifferentiated Chase, Council Grove,
and Admire Groups of central Oklahoma have been
identified in previous studies as the Pennsylvanian
Oscar Group (compare Bingham and Moore, 1975),
but recent stratigraphic correlations have reassigned
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the units (Lindberg, 1987). The Permian Hennessey

Group overlies Permian rocks in the aquifer, and the
Vanoss Formation of Pennsylvanian age underlies it;
both units are sedimentary rocks with relatively low

permeability.

The Permian units are mainly red, interbedded
sandstone and mudstone, with minor amounts of con-
glomerate (fig. 1). The Hennessey Group consists of
reddish-brown shale and mudstone with a few thin
beds of very fine-grained sandstone. The Hennessey
Group is underlain by Garber Sandstone, which is in
turn underlain by the Wellington Formation. Because
the Garber Sandstone and Wellington Formation are
lithologically similar, they are described together.
These units include lenticular beds of fine-grained,
crossbedded sandstone that are interbedded with silt-
stone and mudstone. The combined thickness of a full
section of the Garber Sandstone and Wellington For-
mation is 1,165 to 1,600 ft (Christenson, Morton, and
Mesander, 1992). The amount of sandstone varies from
25 to 75 percent in this section. The Chase, Council
Grove, and Admire Groups are also undifferentiated
because of their lithologic similarities within the study
unit. The rocks consist of mudstone; fine-grained,
crossbedded sandstone; and some conglomerates. The
combined thickness of these groups ranges from 570 to
940 ft (Christenson, Morton, and Mesander, 1992). The
underlying Pennsylvanian Vanoss Formation consists
mainly of mudstone and a few thin, fine-grained sand-
stone beds.

The Permian rocks were deposited in a combina-
tion of fluvial, deltaic, and marginal marine environ-
ments (Tanner, 1959). During deposition, the study unit
was in a structurally stable unit on the east margin of
the Anadarko Basin (fig 2; Johnson, 1989). Streams
crossed the unit and transported detritus from the
southeast and east toward an epeiric sea to the west and
north. Most of the sediment was eroded from Paleozoic
sandstone, shale, and chert in the Ouachita Uplift.
Studies of Permian units outside the Central Oklahoma
aquifer indicate minor contributions of sediment may
have come from the Arbuckle and Ozark Uplifts (fig. 2;
Self, 1966; Cox, 1978; Shelton, 1979). Fluctuations in
sea level along the shallow depositional slope resulted
in large changes in depositional environment. In the
marine basin, rocks equivalent to those in the aquifer
are finer grained and include bedded limestone and
evaporite deposits.

Paleogeographic reconstructions and paleoclimatic
interpretations (Ziegler, 1990) indicate that central

Hennessey Group

Red-brown mudstone,
siltstone, and very fine-
grained sandstone

Garber Sandstone and
Wellington Formation

Lenticular beds of fine-grained
sandstone with interbedded
siltstone, mudstone, and

small amounts of conglomerate

] Chase, Council Grove,
and Admire Groups

= ] Mudstone, fine-grained

~ o e sandstone, and conglomerate
L2 e |

] Vanoss Formation

T Mudstone and thin, fine-

e — grained sandstone

S TN N

Figure 1. Generalized stratigraphic section of rock
units within the Central Oklahoma aquifer.

Oklahoma was near the equator during the Permian.
The unit had an alternating wet and dry climate during
the Early Permian when the rocks in the aquifer were
deposited. The climate shifted to consistently dry con-
ditions during the Late Permian. Paleosols visible in
core and outcrop indicate that the climate affected
pedogenic processes on the Permian depositional sur-
face (J. Schlottmann, U.S. Geological Survey, oral
commun., 1989; Joeckel, 1991).

Following deposition of the Hennessey Group, a
few hundred feet of Permian sediment and 1,500 to
2,000 ft of Triassic, Jurassic, and Cretaceous sediment
accumulated (Johnson, 1989). Late Jurassic to Early
Cretaceous and Late Cretaceous to early Tertiary were
times of epeirogenic uplift during which most of the
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Authigenic Minerals

Dolomite, quartz overgrowths, calcite, hematite,
goethite, kaolinite, manganese oxides, and barite
formed within the aquifer after deposition of the host
sediment. These common authigenic minerals form
pore-filling cements, coatings on detrital grains, and
locally replace detrital grains. Rare authigenic minerals
that contain large concentrations of selenium, uranium,
and vanadium are also disseminated in the aquifer
within small black lenses and spherical patches.

Sparry dolomite is the most abundant authigenic
mineral in the aquifer. It is present as pore-filling
cement, isolated rhombs within mudstone, and replace-
ment of micritic dolomite nodules and clasts. Manga-
nese concentrations in sparry dolomite were
determined by wet chemical analysis to be near 1
weight percent. Irregular, discontinuous patches of
optically continuous pore-filling dolomite cement and
etch pits on dolomite surfaces are attributed to dissolu-
tion. The age of dolomite rhombohedra in the mud-
stone is uncertain, but its inclusion within the
boundaries of mudstone clasts suggests it formed prior
to the rip-up clast. Recrystallization of micritic nodules
and clasts to sparry dolomite varies from complete
replacement to sparse, thin veinlets. Micritic dolomite
cement is most abundant in argillaceous samples.

The spatial associations of sparry dolomite with
other authigenic minerals are variable. Hematite com-
monly coats detrital grains cemented by dolomite. A
few quartz grains have overgrowths beneath the dolo-
mite cement. Inclusions within the dolomite include
hematite, goethite, kaolinite (fig. 4B), and rare vana-
dium oxide. In several samples from the Chase, Coun-
cil Grove, and Admire Groups, hematite inclusions
within dolomite define a pseudorhombic outline that is
interpreted to be psuedomorphic after a ferroan carbon-
ate (fig. 40).

Syntaxial quartz overgrowths are common in Cen-
tral Oklahoma aquifer sandstone that lacks clay matrix.
The overgrowths are responsible for the angular
appearance of many quartz grains. In most samples, the
overgrowths are small and can be resolved only with
the SEM. Larger overgrowths are sparse and typically
less than 10 pm thick. The outer surfaces of all quartz
overgrowths are smooth. The larger overgrowths com-
monly contain inclusions of hematite and goethite. Cal-
cite or kaolinite are common on the outer overgrowth
surfaces.

Calcite is a minor to trace cement in sandstone and
a trace cement in mudstone. Calcite cement in sand-

stone is sparry and forms optically continuous patches
with circular cross section that cement as many as

50 contiguous grains. Inclusions of kaolinite and iron
oxide are common within calcite. Surfaces of calcite
cement are pitted and irregular in samples from shal-
low parts of the aquifer.

Hematite is responsible for the red color of rocks
within the aquifer. Variations in rock color are attrib-
uted mainly to differences in hematite abundance, par-
ticle size, and clustering of hematite grains (Walker,
Larson, and Hoblitt, 1981; Torrent and Schwertmann,
1987). Hematite in the aquifer is locally concentrated
in Liesegang bands within sandstone, accumulations
near burrows and root traces, and disseminated,
pore-filling patches that are a few millimeters in diam-
eter. The morphology of authigenic hematite ranges
from ultrafine pigment (grains less than 0.2 pym) and
microcrystalline grains to specular hematite. The red
color of many rocks in the aquifer is attributed to
ultrafine hematite, which could not be resolved with
techniques used in this study. This pigmentary hematite
is intermixed with clay minerals and is a coating on
detrital grains. Microcrystalline grains typically are
“buttons” up to 5 um in diameter that have red internal
reflections when illuminated by oblique light. This
form of hematite is dispersed in voids, coats detrital
grains (fig. 4D), and is included under quartz over-
growths and within dolomite. Authigenic specular
hematite was identified by its silver-gray color in
reflected light. It is concentrated along the rims of bur-
rows, in rare cubic psuedomorphs of pyrite, as laterally
extensive pore-filling cements, and as spheres as large
as 20 um that resemble micro-ooids. Hematite inclu-
sions are common beneath quartz overgrowths, within
barite roses or sparry dolomite cement, and around
quartz grains that are cemented with calcite or dolo-
mite.

Yellow-brown iron oxides in the aquifer include
goethite and less crystalline phases. These oxides form
massive coatings on detrital grains and mudstone
clasts, fibrous overgrowths on hematite, and ultrafine
pigment. Yellow-brown iron-oxides coat kaolinite,
hematite, quartz overgrowths, and rarely dolomite. In a
few samples, fibrous yellow-brown iron-oxide over-
growths on hematite were detected within sparry dolo-
mite cement or beneath quartz overgrowths. The
energy-dispersive spectrometer on the SEM detected
large concentrations of arsenic in some yellow-brown
iron oxides.
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Kaolinite is a minor constituent that forms vermic-
ular books as large as 60 pm and random, finer grained
aggregates that fill voids. Kaolinite inclusions were
seen in sparry calcite and less commonly in dolomite
cement. Kaolinite is absent within partially dissolved
framework grains, although grains composed entirely
of kaolinite have boundaries similar to those of detrital
grains. Large kaolinite books between detrital grains
are deformed, apparently because of compaction.
Within some siltstone laminae, interstitial kaolinite is
locally abundant to the exclusion of more common
interstitial clay minerals such as illite and chlorite.

Manganese oxides, mainly as dendrites, were visi-
ble in all test-hole cores. Microscopically, these oxides
are massive, pore-filling cement and porous boxwork
pore fillings. The massive cement penetrates quartz
grains along fractures (fig. 4F) and replaces detrital
grains. The boxwork structures have a rhombohedral
habit, suggesting that it formed as dolomite dissolved.
Manganese oxides coat dolomite, but no other contact
relations with other authigenic minerals were seen.
Romanechite (BaMngO,4(OH),4) and todorokite
((Mn,Ca,Mg)Mn;0-7H,0) were detected by XRD in
an outcrop sample of a manganese-oxide-cemented
siltstone.

Barite is a trace constituent of aquifer sandstone.
Although barite roses locally are concentrated in layers
within the aquifer (Ham and Merritt, 1944), only one
rose was detected in the test-hole cores. A few samples
contain small prisms of barite within interstitial pores;
locally, these prisms are sufficiently large to cement a
few grains. The prisms are typically embayed or seg-
mented. Contacts of barite and other authigenic phases
are sparse. Two barite roses obtained from an outcrop
of the Garber Sandstone contain inclusions of hematite
but lack other authigenic minerals.

Sandstone porosity within the Central Oklahoma
aquifer is variable and in some samples exceeds 40 vol-
ume percent as determined by point-count analysis
(Appendix 2). Many voids have rims of clay and iron
oxide that resemble the outlines of detrital grains.
Apparently, porosity in this sandstone is the result of
primary void space and dissolution of cement and
detrital grains. Samples with large amounts of porosity
(greater than 16 volume percent) have consistently less
clay matrix, hematite, potassium feldspar, caicite, and
dolomite than those of lesser porosity.

The small (less than 1 cm in maximum dimension)
black zones enriched in selenium, uranium, and vana-
dium are contained within green argillaceous

fine-grained sandstone, mudstone, or conglomerate.
Only a few percent of each core is green, and a small
portion of the green rock contains the black trace-metal
accumulations. The relative absence of ferric oxides
and the low oxidation state of metals enriched in the
black spots imply that the spots were sites of chemical
reduction and, hence, are referred to as reduction
zones. Similar features occur in Permian rocks else-
where in Oklahoma (Wu, 1971; Curiale and others,
1983).

The minerais in the reduction zones in the aquifer
are very fine grained and were identified by XRD on
grain separates and EDS analyses on the SEM. Identi-
fied phases include clausthalite (PbSe), haggite
(V,05(0OH);), as well as U-Ti, Cu-Se-S, and U-Si
phases. Native selenium (Se), metatyuyamunite
(Ca(U0,),(V0Oy),-H,0), and volborthite
(Cu3(VOy4),-3H,0) are found near or around the black
cores of the reduction zones. The sequence of mineral
precipitation is poorly defined. Clausthalite and other
selenides are typically surrounded by vanadium oxides.
Haggite formed after, and with quartz overgrowths, and
was locally intergrown with vermicular kaolinite and
dolomite. Metatyuyamunite, volborthite, and native
selenium were the last-formed phases. Rare grains of
pyrite that are typically less than a few micrometers
wide were detected in one reduction zone and in two
hematitic samples. Pyrite in the hematitic samples is
pitted and rimmed by yellow-brown iron oxides.

DIAGENESIS OF PERMIAN ROCKS IN
THE AQUIFER

Detrital minerals and rock fragments in Permian
rocks of the Central Oklahoma aquifer are consistent
with a source unit dominated by shale, sandstone, and
chert. Reactions of these solids with surface and pore
water altered some detrital phases and precipitated
authigenic minerals. Considering the geologic history
of the aquifer rocks and the petrographic data for indi-
vidual minerals as summarized in table 4, the alteration
reactions are divided among three sequential
episodes—deposition, burial, and exposure.

Deposition
During deposition of the Permian-age sediment,

surface and pore water was mainly dilute freshwater,
with a component of seawater that increased westward
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across the study unit. Highlands to the southeast pro-
vided the dilute surface- and ground-water recharge.
Reactions between the solids and freshwater dissolved
framework grains formed an early generation of
kaolinite and smectite-rich interlayered clay. Seawater
from the epeiric sea to the west and north may have
flooded parts of the depositional surface when sea level
rose. Evidence of these incursions is limited to the
dolomite rhombs in mudstone.

Carbonate nodules, color mottling due to iron
oxides, slickensides, and destruction of depositional
fabrics in fine-grained rocks are products of Permian
pedogenesis. Nodules similar to those in the study unit
are described in Permian mudstones elsewhere in the
Midcontinent (Joeckel, 1991). Joeckel (1991) pro-
posed that the carbonate nodules formed during slow
sediment deposition and extended subaerial exposure,
under the influence of a generally dry climate that
included wet episodes. The dry climate is consistent
with bedded Permian evaporite deposits that were
deposited west of the study unit in the Anadarko Basin
(Jordan and Vosburg, 1963).

The evidence of generally dry conditions is con-
trasted with the irregular distribution of hematite and
kaolinite within the aquifer. The varying abundance of
these minerals is consistent with intermittent wet con-
ditions that enhanced chemical weathering in some
intervals. Increased amounts of freshwater recharge
favored release and redistribution of aluminum, sili-
con, and iron from framework grains (Walker, Larson,
and Hoblitt, 1981; Pye, 1983). However, the variable
grain size, concentration, and morphology of hematite
indicate a complex history of reddening, which began
during Permian soil formation but continued until deep
burial limited the supply of oxidants to form ferric iron.

Kaolinite in thin layers and within some pores
formed during or soon after sediment deposition. Sim-
ilar early-formed kaolinite has been described in rocks
west and north of the study unit (Cox, 1978; Al Shaieb
and others, 1980). Kaolinite typically forms by reaction
of unstable aluminosilicates with relatively dilute or
low pH water (Tardy, 1982; Arditto, 1983;
Kantorowicz, 1984). In the aquifer, partially dissolved
feldspar grains within dolomite cement are consistent
with an early dissolution of framework grains that
could have been sources of aluminum and silicon. The
virtual absence of kaolinite in the Hennessey Group
samples indicates this unit was deposited in an environ-
ment with a greater marine influence or a drier climate.

The abundance of smectite interlayers in
illite-smectite is greatest in mudstone from the oldest
rocks in the aquifer. This distribution is not matched by
a similar change in other detrital constituents and is,
therefore, attributed to a change in weathering/alter-
ation conditions. The smectite layers could have
formed by weathering of detrital clay and mica in soil
zones. A shift to drier conditions (Ziegler, 1990) during
deposition of younger Permian sediment slowed this
process, leaving the detrital clay assemblage less
altered. The abundance of interlayer smectite in the
aquifer is an important control on ion-exchange pro-
cesses that affect the relative abundance of dissolved
calcium, magnesium, and sodium in ground water
(Parkhurst, Christenson, and Breit, 1993).

During shallow burial, local, chemically reducing
pore water altered the distribution of ferric oxides. The
disseminated pyrite, reduction zones, and inferred fer-
roan carbonates were stable under conditions where
ferric iron would be reduced and dissolve. The low
redox potential may have been favored by the presence
of local accumulations of organic matter. Remnants of
carbonaceous plant debris are rare in the aquifer, but
episodes of high productivity are preserved in carbon-
aceous layers 25 mi north of the study unit (Tasch,
1964; Shelton, 1979). Remnants of pyrite and ferroan
carbonates found in hematitic rocks imply that rocks
with reducing (low Eh) pore water were more exten-
sive than the present distribution of green rocks and
reduced zones indicate. The pervasive red color of the
aquifer resulted in part from periods of extended oxida-
tion that destroyed organic matter and minerals that
were stable in reducing environments.

Burial

Burial diagenesis began within a few tens of feet of
the depositional surface and continued until erosion
re-exposed the aquifer to meteoric water recharge. This
episode was marked by precipitation of dolomite
cement, quartz overgrowths, barite, and some hematite,
and the accumulation of selenium, uranium, and vana-
dium, in the remaining zones of low Eh. Rocks in the
aquifer were buried to a maximum depth of only 2,000
to 2,500 ft, so many of the diagenetic changes ascribed
to deeper burial in siliclastic sequences are absent. Dur-
ing burial, chemically evolved seawater, which formed
by evaporation, dominated pore-water compositions.
Saline solutions beneath the aquifer may be remnants
of this pore water (Parkhurst, Christenson, and Breit,
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1993). Saline water moved into the sediment with fluc-
tuations in sea level, or as a result of compaction of
more deeply buried equivalent units in the Anadarko
Basin.

Oxygen and carbon isotope data are consistent
with dolomite formation through reaction of seawater
with preexisting carbonates. The 5!80 of the water in
equilibrium with dolomite was estimated using the
fractionation factor of Northrop and Clayton (1966).
Temperatures used in the calculation range from 15 to
40 °C; the range likely to inciude the temperatures from
sediment deposition to maximum burial. The calcu-
lated 8'80g) 0w of the equilibrium water ranges
between 0 and +8 per mil. Values near 0 per mil are
consistent with seawater; larger values suggest a water
modified by evaporation. Knauth and Roberts (1991)
measured a similar range of 8180 values for seawater
trapped within inclusions in Permian evaporite depos-
its of the Palo Duro Basin, Texas (O to +6 per mil).

The similar 8'80g;ow compositions of dolomite
nodules and sparry cement (fig. 6) indicate that both
formed by reaction with seawater. Coupled with the
different paragenetic age relations of the two forms of
dolomite, the isotopic data imply that the nodules were
dolomitized after they formed in the soil zones. The
distribution of dolostone nodules indicates that dolo-
mitization of early carbonates was pervasive in the
aquifer.

Carbon in the dolomite may have been inherited
from preexisting carbonates or accumulated from car-
bon species dissolved in pore water. The 813CPDB val-
ues (table 2; fig. 6) are distinctly more negative than the
range predicted for marine inorganic carbon (-4 to
+4 per mil; Hudson, 1977). The isotopically light car-
bon may have been inherited from preexisting
pedogenic carbonates or been supplied by migrating
hydrocarbons. Talma and Netterberg (1983) report
813Cppp values for modern and submodern calcretes to
range from +4 to -12 per mil. This range includes most
of the dolomite samples from the aquifer. The 813CPDB
values that are less than -5 per mil are attributed to car-
bon that was produced by respiration of organic matter
in the Permian soil zones. The mass of these
early-formed carbonates in the aquifer could have
dominated the carbon reservoir during dolomitization;
therefore, the 8!3Cppp value of preexisting carbonates
was retained.

The effect of hydrocarbon migration on 8'3Cppg
of carbonates within Permian rocks of Oklahoma has
been described by Donovan, Friedman, and Gleason

(1974) and Lilburn and Al-Shaieb (1984). In contrast to
results of these studies, dolomite samples in the aquifer
have relatively uniform 813C§DB values (-8 to -10 per
mil). The narrow range of 8!°Cppg and the smail
amount of iron-oxide dissolution (bleaching) detected
in the test-hole cores suggest that hydrocarbon migra-
tion is not responsible for the carbon isotope composi-
tion of most dolomite in the aquifer. The less negative
813Cppp of dolomite (fig. 6) in the Hennessey Group is
attributed to greater inputs of dissolved carbon from
seawater or increased amounts of atmospheric carbon
dioxide during carbonate formation.

Quartz overgrowths formed during burial on the
basis of their inclusion of iron oxides and their sparse
occurrence on grains cemented with dolomite. They
can be explained by redistribution of silica from alter-
ing silicate minerals, migration of warmer, silica-bear-
ing solutions from the Anadarko Basin into the cooler
aquifer, or salting out of dissolved silica as pore-water
salinity increased (McBride, 1989).

Barite precipitated by reaction of seawater sulfate
and barium from the Permian rocks. The origin of the
sulfate is supported by the sulfur isotope data. 8>*Scpt
compositions of the two barite roses collected during
this investigation range from +12.8 to +16.9 per mil. A
sample of barite that is interpreted to be psuedomor-
phic after chicken-wire gypsum in a Hennessey Group
mudstone has a 834SCDT of +8.0 per mil. The range of
8348 cpr values spans the range of Permian seawater
(+9 to +13 per mil; Claypool and others, 1980) and falls
within the range measured in sulfate minerals in Per-
mian units in southern Kansas (-3 to +16 per mil;
Branam and Ripley, 1990). The large range of 834SCDT
values measured by Branam and Ripley (1990) is
attributed to isotopic fractionation of Permian seawater
sulfate during diagenesis. Similar fractionation pro-
cesses probably affected dissolved sulfate within the
aquifer and resulted in the heavier §°4Spyy than pre-
dicted for Permian seawater. Probable barium sources
include feldspar and clay minerals in the Permian
rocks.

During burial, selenium, uranium, and vanadium
may have been transported by pore water to sites of
accumulation in the reduction zones. Reduction of the
dissolved forms of the metals to less-soluble oxidation
states was affected by conditions that favored the for-
mation of pyrite and ferroan carbonates elsewhere in
the aquifer. Organic matter and microbial activity have
been proposed to explain reduction zones in other rock
units (Hofmann, 1991). Mosier and others (1991)
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Figure 6. Oxygen isotope composition relative to Peedee belemnite

) 8O,;DB) versus carbon isotope composition relative to Peedee
belemnite (8'3Cppg) for calcite and dolomite in the Central Oklahoma
aquifer. Values for carbonate in equivalent Permian unit from elsewhere
in Oklahoma and southeastern Nebraska are plotted for comparison.

determined that significant amounts of selenium, ura-
nium, and vanadium are readily dissolved from “barren
rocks” in the Central Oklahoma aquifer by treatment
with weak reactants, such as solutions of 0.1-mol
KH,PO,4 or NaHCO5. Changes in pore-water composi-
tion during burial may have similarly favored redistri-
bution of selenium, uranium, and vanadium dispersed
in the sediment to form the accumulations.

Exposure

During the Tertiary and Quaternary, rocks within
the study unit were successively eroded, overlain by
300 to 1,000 ft of late Tertiary sediment, and subse-
quently re-exposed and eroded to produce the modern
surface configuration. Meteoric water, supplied largely
by direct precipitation, became the principal source of
aquifer recharge. This freshwater dilutes and displaces
saline pore water and reacts with solid phases
(Parkhurst, Christenson, and Breit, 1993).

58  Ground-Water-Quality Assessment of the Central Oklahoma Aquifer, Oklahoma: Results of Investigations



Calcite is considered a product of reaction between
solids in the aquifer and meteoric recharge. The
8180SMOW of water that formed most calcite is calcu-
lated to range between -5 and -1 per mil using the frac-
tionation factor of O’Neil, Clayton, and Mayeda
(1969). This range is much lower than water that
formed the dolomite, O to +8 per mil, but is greater than
present ground water, which ranges between -5 and
-7 per mil (Parkhurst, Christenson, and Breit, 1993).
The water that formed the calcite could have been a
mixture of isotopically heavy brines with modern
meteoric water, or the calcite may have formed from a
meteoric water different from that currently in the aqui-
fer. The isotopically distinct meteoric water may have
been recharge that entered the aquifer during the early
Tertiary when it was exposed by erosion. On the basis
of their !>Cpppg values, both dolomite (table 2; fig. 6)
and modern ground water (813CPDB = -7.7 10 -20.2 per
mil; Ferree and others, 1992) could be sources of the
carbon in calcite.

Textural data suggest that dolomite, calcite, feld-
spar, chert, and possibly chlorite are dissolving by reac-
tion with modern recharge water. Dissolution of these
minerals is consistent with the chemical composition of
modern ground water (Parkhurst, Christenson, and
Breit, 1993). As detrital grains dissolve, aluminum and
some silica recombine to form kaolinite, excess silica
is precipitated as quartz overgrowths, and iron forms
iron oxides. Among the test holes, the effects of disso-
lution are greatest in test hole 4. Although the smaller
amounts of plagioclase and chlorite in test hole 4 could
be attributed to provenance, no other minerals vary in
abundance to support a change in the sediment source
unit. Mineral dissolution may have been more intense
in the unit of test hole 4 as a result of preferential flow
of dilute meteoric water during the Permian. However,
the absence of dolomite in this test hole favors recent
dissolution because dolomite is considered a product of
the pervasive incursion of seawater during burial.
Hydrologic modeling of the aquifer indicates that test
hole 4 is near a major recharge unit (Parkhurst, Chris-
tenson, and Breit, 1993), which is consistent with
recent dissolution of the depleted minerals.

The capability of modern recharge to favor oxida-
tion reactions is supported by the concentrations of dis-
solved oxygen in ground water (Parkhurst,
Christenson, and Breit, 1993). Dissolved oxidants react
with reduced forms of manganese, iron, and other
elements to form in-place accumulations of manganese
oxide, goethite, and the rare secondary selenium, ura-

nium, and vanadium minerals. Manganese oxides are
locally common and are explained most simply by the
oxidation of manganese released as dolomite dis-
solved. Iron in goethite may have originated in nearby
iron-rich silicates, such as biotite. The great abundance
of goethite in yellow-brown sandstone suggests that
these rocks originally contained a great abundance of
ferrous iron. However, no local accumulations of fer-
rous iron-rich minerals have been recognized. An
explanation offered to explain yellow-brown and
bleached rocks elsewhere in Oklahoma is the migration
of oil-field brines or petroleum (Donovan, 1974; Fer-
guson, 1975). These solutions could have reduced fer-
ric oxides to form ferrous iron minerals that were
subsequently re-oxidized by modern meteoric water.
Alteration by hydrocarbon-bearing solutions is consis-
tent with the abundance of yellow-brown iron oxides
along small fractures that are visible in some outcrops.

SUMMARY

Changes to the solid constituents of the Central
Oklahoma aquifer are the result of complex processes
that began during sediment deposition and continue
with the circulation of modern dilute ground water.
Detrital framework grains were dissolved or altered,
and authigenic minerals were precipitated and dis-
solved in response to changes in the composition of the
pore water. These changes were products of climate
and sea-level fluctuations during deposition, migration
of evolved seawater during burial, and the flow of mod-
ern dilute water. Reactions between solids and dilute
ground water that affect the composition of modern
ground water include: dissolution of feldspar, chert,
dolomite, chlorite, and calcite; ion exchange with clay
minerals; oxidation of minerals with great abundances
of selenium, uranium, and vanadium; and precipitation
of kaolinite, quartz, goethite, and manganese oxides.
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Appendix 1. Statistical summary of the mineralogical composition of the test-hole cores as determined by
whole-rock X-ray diffraction

[Values were calculated for results normalized to totals of 100 percent. %, percent; <, less than the value that follows; n, number of samples;
Std. Dev., standard deviation; --, data insufficient for calculation; *, abundance of kaolinite could not be determined because of interference

with chlorite]
Test Hole 1a—Garber Sandstone
Location: Latitude 35°51'18"; Longitude 97°25'00"
Lithologies: Sandstone 67%, Mudstone 33%
(n=26) Median Minimum Maximum Mean Std. Dev.
Quartz 61 21 92 56 22
Plagioclase 2 <1 8 2 2
Illite 20 2 71 29 23
Hematite 4 1 12
Dolomite 2 <5 38 4 7
Calcite <5 <.5 1 -- -
Kaolinite 5 2 8 5 2
Test Hole 2—Chase, Council Grove and Admire Groups
Location: Latitude 35°44'18"; Longitude 97°01'35"
Lithologies: Sandstone 45%, Mudstone 45%, Siltstone 5%, Conglomerate 5%
(n= 21) Median Minimum Maximum Mean Std. Dev.
Quartz 39 26 83 46 20
Plagioclase 2 <1 10 2 3
Illite 41 4 61 37 21
Hematite 6 <1 9
Dolomite 1 <5 30 3 7
Calcite <.5 <5 <5 -- --
Kaolinite 6 4 10 7 2
Test Hole 3—Garber Sandstone
Location: Latitude 35°40'12"; Longitude 97°23'10"
Lithologies: Sandstone 52%; Mudstone 33%, Siltstone 10%, Conglomerate 5%
(n=22) Median Minimum Maximum Mean Std. Dev.
Quartz 52 21 99 56 29
Plagioclase 2 <1 7 2 2
Illite 35 <1 72 32 27
Hematite 1 <1 3 1 1
Dolomite 4 - <05 56 7 12
Calcite <0.5 <0.5 1 - -
Kaolinite 3 1 7 3 1
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Appendix 1. Statistical summary of the mineralogical composition of the test-hole cores as determined by
whole-rock X-ray diffraction—Continued

Test Hole 4—Garber Sandstone and Wellington Formation
Location: Latitude 35°21'42"; Longitude 97°10'35"
Sandstone 60%, Mudstone 36%, Siltstone 4%

(n= 25) Median Minimum Maximum Mean Std. Dev.
Quartz 68 21 99 63 26
Plagioclase <1 <1 <1 - -
Illite 18 <1 67 27 24
Hematite 4 <1 35 6 7
Dolomite <5 <5 <.5 - --
Calcite <5 <5 5 - --
Kaolinite 4 1 7 4 2

Test Hole 5—Chase, Council Grove, and Admire Groups
Location: Latitude 35°11'42"; Longitude 96°58'01"
Lithologies: Sandstone 57%, Mudstone 38%, Siltstone 5%

(n=21) Median Minimum Maximum Mean Std. Dev.
Quartz 40 18 84 47 25
Plagioclase 2 <1 11 2 3
Illite 46 <1 71 40 23
Hematite 6 <1 11 5 4
Dolomite 1 <5 11
Calcite <5 <5 <5 -- --
Kaolinite 4 2 7 4 1

Test Hole 6—Garber Sandstone
Location: Latitude 35°42'08"; Longitude 97°33'02"
Lithologies: Sandstone 71%, Mudstone 18%, Conglomerate 8%, Siltstone 3%

(n=36) Median Minimum Maximum Mean Std. Dev.
Quartz 78 24 9 70 23
Plagioclase 2 <1 8 2 2
Illite 12 <1 71 18 20
Hematite 2 <1 29 3
Dolomite 1 <.5 21 3
Calcite <5 <5 13 -- --
Kaolinite 2 <1 6 3 2
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Appendix 1. Statistical summary of the mineralogical composition of the test-hole cores as determined by
whole-rock X-ray diffraction—Continued

Test Hole 7—Hennessey Group
Location: Latitude 35°13'15"; Longitude 97°25'43"
Lithologies: Sandstone 25%, Mudstone 50%, Siltstone 19%, Conglomerate 6%

(n=16) Median Minimum Maximum Mean Std. Dev.
Quartz 40 21 64 2 14
Plagioclase 5 <1 9 5 2
Illite 42 17 73 42 17
Hematite 2 1 5 2 1
Dolomite 5 7 36 7 8
Calcite <.5 <.5 <5 - -
Kaolinite* - -- - - -

Test Hole 7a—Garber Sandstone
Location: Latitude 35°13'15"; Longitude 97°25'42"
Sandstone 76%, Mudstone 14%, Siltstone 7%, Conglomerate 3%

(n=29) Median Minimum Maximum Mean Std. Dev.
Quartz 70 28 98 67 19
Plagioclase 2 <1 8 2 2
Illite 19 <1 66 23 19
Hematite 3 <1 8 2
Dolomite 1 <.5 12 3
Calcite <5 <.5 4 0.3 1
Kaolinite 2 1 1
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Appendix 2. Summary statistics of point-count results on sandstone collected from test-hole cores
[<, abundance is less than the value that follows; n, number of samples; --, data insufficient for calculation; Std. Dev., standard deviation;
Poly-quartz, polycrystalline quartz rock fragments; Rock fragments, other than polycrystalline quartz]

Test Hole 1a—Garber Sandstone
Location: Latitude 35°51'18"; Longitude 97°25'00"

(n=17) Median Minimum Maximum Mean Std. Dev.
Quartz 35 35 56 47 7
Plagioclase 1 <.5 2 - --
K-feldspar <5 <5 1 - --
Clay matrix 13 1 38 15 11
Poly-quartz 2 <5 10 5 3
Rock fragments 1 <.5 4 1 1
Sparry dolomite <5 <5 16 - -
Calcite <.5 <5 2 -- -
Kaolinite 1 <.5 2
Hematite 5 <5 27 7 8
Voids 20 S 35 21

Test Hole 2—Chase, Council Grove, and Admire Groups
Location: Latitude 35°44'18"; Longitude 97°01'35"

(n=12) Median Minimum Maximum Mean Std. Dev.
Quartz 45 29 60 44 8
Plagioclase 1 <5 4 1 1
K-feldspar <5 <5 <5 -- --
Clay matrix 29 3 60 27 19
Poly-quartz 4 1 11 5 3
Rock fragments 1 <5 3 1
Sparry dolomite <5 <5 5 1 2
Calcite 0 <5 1 - --
Kaolinite <5 <5 1 - --
Hematite 5 <.5 17 5 5
Voids 14 <.5 33 15 12

Test Hole 3—Garber Sandstone
Location: Latitude 35°40'12"; Longitude 97°23'10"

(n=12) Median Minimum Maximum Mean Std. Dev.
Quartz 48 27 61 46 8
Plagioclase <.5 <5 2 1 1
K-feldspar < <.5 2 -- -
Clay matrix 8 5 34 11 10
Poly-quartz 6 1 13 7 3
Rock fragments 2 <.5 14 2 3
Sparry dolomite <.5 <5 27 - --
Calcite <5 <5 7 -- -
Kaolinite <.5 <.5 3 - -
Hematite 2 <.5 45 8 13
Voids 20 2 37 20 12
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Appendix 2. Summary statistics of point-count results on sandstone collected from test-hole cores—Continued

Test Hole 4—Garber Sandstone and Wellington Formation
Location: Latitude 35°21'42"; Longitude 97°10'35"

(n=22) Median Minimum Maximum Mean Std. Dev.
Quartz 52 41 59 51 5
Plagioclase 1 <5 2 1 1
K-feldspar 1 <.5 3 1 1
Clay matrix 15 1 33 15 11
Poly-Quartz 6 <5 16 6 3
Rock fragments 1 <5 3 1 1
Sparry dolomite <5 <5 2 -- --
Calcite <.5 <5 2 - -
Kaolinite <5 <5 4 - -
Hematite 3 <.5 17 4 5
Voids 21 2 38 21 10

Test Hole 5—Chase, Council Grove and Admire Groups
Location: Latitude 35°11'42"; Longitude 96°58'01"

(n=14) Median Minimum Maximum Mean Std. Dev.
Quartz 48 38 55 47 4
Plagioclase 2 1 4 2 1
K-feldspar 1 <5 5 2 1
Clay matrix 12 2 47 18 14
Poly-quartz -6 3 12 6 3
Rock fragments 3 1 6 3 2
Sparry dolomite <.5 <5 14 2
Calcite <5 <5 <5 -- --
Kaolinite 1 <.5 3 1
Hematite 1 <.5 8 2 3
Voids 11 <5 28 18 8

Test Hole 6—Garber Sandstone
Location: Latitude 35°42'08"; Longitude. 97°33'02"

(n=31) Median Minimum Maximum Mean Std. Dev.
Quartz 48 33 66 48 7
Plagioclase 1 <.5 2 1 1
K-feldspar <5 <5 2 . --
Clay matrix 4 <5 49 7 10
Poly-quartz 5 1 10 5 2
Rock fragments 1 <.5 3 1 1
Sparry dolomite <5 <5 35 - -~
Calcite <5 <5 7 -- -
Kaolinite <.5 <.5 1 - -
Hematite 1 <.5 10 2 3
Voids 33 4 44 29 10
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Appendix 2. Summary statistics of point-count results on sandstone collected from test-hole cores—Continued

Test Hole 7a—Garber Sandstone

Location: Latitude 35°13'15"; Longitude 97°25'42"

(n=13) Median Minimum Maximum Mean Std. Dev.
Quartz 47 38 59 48 5
Plagioclase 1 <.5 2 1 1
K-feldspar 1 <5 2 1 1
Clay matrix 16 2 38 17 11
Poly-quartz 6 2 9 5 2
Rock fragments 2 <5 3 2 1
Sparry dolomite <5 <5 28 - -
Calcite <5 <5 3 -- -~
Kaolinite <5 <5 1 -- --
Hematite 1 <5 11 2 3
Voids 22 3 41 22 12
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Geochemical Characterization of Solid-Phase Materials
in the Central Oklahoma Aquifer

By Elwin L. Mosier

Abstract

Surficial and subsurface solid-phase materi-
als were collected from the area overlying the Cen-
tral Oklahoma aquifer to determine the abundance
and distribution of chemical constituents. These
geochemical studies were conducted because, in
some instances, trace elements such as arsenic,
chromium, selenium, and uranium are present in
the ground water at concentrations that exceed
public drinking-water regulations. The surficial
material sampled included B-horizon soils and
outcrop rocks from the Central Oklahoma aquifer
study unit. Subsurface rock samples were
obtained from the cores of eight test holes drilled
at selected locations in the aquifer. The
solid-phase samples were analyzed by an induc-
tively coupled plasma-atomic emission spectro-
metric technique for 40 elements, by hydride
generation-atomic absorption spectroscopy for
arsenic and selenium, and by delayed neutron acti-
vation analysis for uranium and thorium.

Analytical results show that the highest con-
centration of most elements are in the drill-core
samples and the lowest concentrations of the ele-
ments are in the outcrop samples. Comparison of
geometric means for calcium and magnesium indi-
cate that these elements have been leached from
surficial materials. Factor analysis identified ele-
ment associations directly related to residence
sites of the elements and variations in the compo-
sition of the solid-phase materials that relate to
water quality. In drill-core samples, arsenic is
strongly associated with mudstone and samples
with enhanced red coloration, indicating adsorp-
tion on clay minerals and iron oxides; chromium
has a strong correlation with aluminum and, there-
fore, is strongly associated with high clay-content
mudstone and siltstone; selenium and uranium,
along with vanadium, are associated with white to

pale-green samples that are indicative of reduction
zones; uranium also is associated with high
clay-content samples.

Two partial dissolution techniques were
used to study partitioning of the elements among
geochemical phases likely to be affected by envi-
ronmental conditions. One technique, a two-step
sequential procedure, was specifically designed to
mimic naturally present high pH-high bicarbonate
water and to assess the importance of oxidation
processes. The second procedure sequentially
extracted elements into five fractions (soluble,
ligand-exchangeable, acid soluble, oxidizable, and
residual). Appreciable amounts of arsenic, sele-
nium, and uranium were extracted from some
samples by the soluble and ligand-exchangeable
extractions, indicating that significant portions of
these elements reside in phases that are readily
available. The extraction results did not clearly
explain the sources of readily extractable chro-
mium or the processes involved in chromium
mobilization.

The analytical results and partial dissolution
studies indicate that the concentration of trace ele-
ments in ground water is affected by oxidation,
adsorption-desorption, and cation-exchange reac-
tions at mineral surfaces.

INTRODUCTION

The Central Oklahoma aquifer is of great interest
to water managers and to the public because it is a
major source for water supplies in central Oklahoma
and because it has several known and suspected
water-quality problems. The U.S. Geological Survey
(USGS) has completed geochemical studies of
solid-phase geologic materials collected from the Cen-
tral Oklahoma aquifer study unit. These solid-phase
geochemical studies were done as part of the National
Water-Quality Assessment (NAWQA) Program of the
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USGS. The term “solid-phase” is used to differentiate
between geochemical studies of solid materials and
water-chemistry studies. A description of the geo-
graphic and geologic settings of the Central Oklahoma
aquifer study unit and an explanation of the long-term
goals of the NAWQA Program are provided by Chris-
tenson (1998).

Solid-phase geochemical studies began in the
spring of 1987 with the objective of characterizing the
chemical composition of solid-phase materials in the
Central Oklahoma aquifer. At many locations in the
aquifer, the water contains concentrations of arsenic
(As), chromium (Cr), selenium (Se), and uranium (U)
that exceed the Federal drinking-water regulations of
50 ug/L As, 50 ug/L Cr, 10 pug/L Se (U.S. Environmen-
tal Protection Agency, 1986), and the proposed regula-
tion of 20 pg/L U. The trace elements are released
from solid-phase materials by ground water whose
chemical composition is a product of reaction with the
rock and soil gases. Although much geologic informa-
tion was available concerning water quality, outcrop-
ping strata, and oil-well and well-drilling data for the
study unit at the beginning of this study (Mosier and
Bullock, 1988; Parkhurst, Christenson, and Schiott-
mann, 1989), little surface and subsurface geochemical
information existed. Therefore, the chemical composi-
tion of surface and subsurface geologic materials had
to be determined. Knowledge and understanding of the
sites and mechanisms for the mobilization of trace ele-
ments from the geologic materials into the ground-
water system were gained from the results of these
analyses.

To assess areal and vertical variations in the distri-
bution and abundance of the elements, the geologic
materials studied included B-horizon soils, outcrop
rocks, and drill-core samples. The B horizon in a soil
profile is just below the A horizon and consists of a
zone of residual accumulation of clay minerals and ses-
quioxides characterized by a darker, stronger, or redder
coloring and a blocky or prismatic structure. B-horizon
soils and outcrop samples provided information on ele-
ments that may be mobilized from the near-surface oxi-
dizing zone. Drill-core samples were analyzed to
determine whether various lithologic and geochemical
environments were sources of the mobilized elements.

During this investigation, solid-phase geochemi-
cal data were used with data obtained from other Cen-
tral Oklahoma NAWQA studies to describe the
rock-water interaction and to understand the chemical
composition of ground water within the aquifer (Breit

and others, 1990a; Mosier and others, 1990a; Mosier
and Schlottmann, 1992). This paper presents a review
of the solid-phase geochemical studies.

GEOCHEMICAL STUDIES

Sample Media and Data Collection

During the reconnaissance geochemical sampling
program for surficial materials, 293 B-horizon soil
samples and 362 outcrop samples were collected in the
area bounded by 34°45' and 36° north latitude, and
96°45' and 97°45' west longitude (fig. 1). The surficial
sampling area extended beyond the Central Oklahoma
aquifer boundaries as defined by Christenson (1998).
B-horizon soil samples were collected from well-
drained locations, usually at or near the crest of a hill.
Most sample sites were near roads with light vehicular
traffic to minimize contamination from vehicular emis-
sions. Approximately three-fourths of the samples
were collected from pasture or forested land, and the
remainder were collected from cultivated land. Soil
samples were air dried, disaggregated, and then sieved
through a 10-mesh stainless-steel sieve. The less than
10-mesh fraction of the sample was pulverized to less
than 150 mesh and analyzed.

Nearly all of the outcrop samples were collected
from road cuts. Most outcrops in the study unit are
small and fairly uniform in their lithologic makeup.
For such outcrops, a composite sample of several rock
chips was made. Where distinct lithologies were
present, more than one sample was collected. Litholo-
gies sampled include sandstone, mudstone, siltstone,
and conglomerate. All geologic units exposed in the
sampling area were sampled. These geologic units are,
in ascending order, Upper Pennsylvanian rocks of the
Vanoss Formation and Permian rocks of the Admire,
Council Grove, and Chase Groups, Wellington Forma-
tion, Garber Sandstone, Hennessey Group, and the El
Reno Group. The Vanoss Formation, which occupies
the eastern one-eighth of the study unit, and the El
Reno Group, which crops out in the western part and
southwestern corner of the study unit, are not consid-
ered to be a part of the Central Oklahoma aquifer.
Likewise, the shale and siltstone that make up the Hen-
nessey Group in the western one-fourth of the study
unit are not very transmissive and are not considered to
be part of the aquifer. The Fairmont Shale, which is the
basal formation of the Hennessey Group, is a confining
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unit that overlies the aquifer. However, there is some
leakage of water from the Hennessey Group into the
aquifer, which affects the chemistry of the water in the
aquifer (Parkhurst, Christenson, and Schlottmann,
1989). The outcrop samples were crushed in the labo-
ratory and then pulverized to less than 150 mesh before
analysis.

To characterize the chemical nature of subsurface
solid-phase materials in the aquifer, 549 rock samples
were obtained from the cores of test holes that were
drilled specifically for the Central Oklahoma aquifer
study. Eight test holes were drilled at seven locations
(fig. 1). Seven of the test holes were drilled in areas
where water wells were known to yield ground water
with high concentrations of As, Cr, Se, and U. Test
hole 4 was drilled in an area known to have ground
water with low concentrations of As, Cr, Se, and U.
Test holes 1A, 3, 4, and 6 intercept the undifferentiated
Garber Sandstone and Wellington Formation. Test
holes 1A, 3, and 4 were drilled to investigate As, Cr,
Se, and U in the unconfined, shallow (less than 300 ft)
part of the aquifer, and test hole 6 was drilled to study
the elements in the unconfined deeper (greater
than 300 ft) part of the aquifer. Test holes 2 and 5 are
shallow and penetrate the undifferentiated Chase,
Council Grove, and Admire Groups in the unconfined

part of the aquifer. Test hole 7 was drilled to character-
ize the confining layer (Hennessey Group), and test
hole 7A (drilled at the same location) was drilled to
study As, Cr, Se, and U in that part of the aquifer con-
fined by the Fairmont Shale.

The material collected from the cores was split and
sampled on the basis of lithologic variations, for exam-
ple, sandstone, mudstone, siltstone, and conglomerate,
and on visible diagenetic variations such as color,
reduction spots, degree of carbonate cement, or iron
enrichment. Each sample is a composite of the depth
interval sampled, and samples from each drill core are
contiguous. The distribution of the lithologic units in
linear feet and in percentage of total core is given in
table 1. Sandstones constitutes nearly 62 percent of the
material cored. Mudstone comprises about 24 percent
of the core, and the remainder of the core is comprised
of 2.9 percent conglomerate, 5.6 percent siltstone, and
5.9 percent mixed lithologies. Mixed lithologies iden-
tify locations in the core where distinct lithologies are
too thinly interbedded to sample separately. Drill-core
samples were crushed and then pulverized to less than
150 mesh prior to analysis.

Water samples also were collected from one to
eight individual sandstone layers within each test hole.
Chemical and isotopic analyses of the water samples

Table 1. Distribution by lithology of rock cored in test holes in the Central Oklahoma aquifer

[Values are in feet and parenthesized values are in percent]

Test hole
(fig. 1) Sandstone Mudstone Conglomerate Siitstone Mixed Total
1A 174.9 47.7 11.6 1.5 15.4 251.1
(69.7) (19.0) (4.6) (0.6) (6.1)
2 140.9 104.8 3.8 10.0 2.5 262.0
(53.8) (40.0) (1.5) 3.8) (1.0)
3 95.6 79.4 1.8 2.8 0 179.0
(53.2) (44.2) (1.0) (1.6) (0)
4 191.8 67.6 0 1.5 8.9 269.8
(7L.1) (24.5) (0) (0.5) (3.2)
5 106.0 98.3 13.0 4.2 1.5 223.0
(47.5) (44.1) (5.8) 1.9) 0.7
6 367.2 85.6 220 24.5 14.8 514.1
(71.4) (16.7) 4.3) (4.8 (2.9)
7 11.8 25.1 1.6 52.7 63.4 154.6
(7.6) (16.2) (1.0) 34.1) (41.0)
TA 262.4 21.3 10.4 25.9 22.7 342.7
(76.6) (6.2) (3.0) (7.6) (6.6)
Total 1,350.6 529.8 64.2 123.1 129.2 2,196.9
(61.5) (24.1) (2.9) (5.6) (5.9)
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collected from the test holes and the geophysical logs
of the test holes have been reported by Schlottmann
and Funkhouser (1991). The mineralogy and petrology
of the rock cores are presented in Breit and others
(1990b).

B-horizon soil, outcrop rock, and drill-core rock
samples were analyzed by an inductively coupied
plasma-atomic emission spectrometric (ICP-AES)
technique for 40 elements (Lichte, Golightly, and
Lamothe, 1987). Arsenic was determined by hydride
generation-atomic absorption spectroscopy
(HG-AAS) (Crock and Lichte, 1982). Selenium also
was determined by HG-AAS (Briggs and Crock, 1986;
Sanzolone and Chao, 1987). Uranium and thorium
were measured using delayed neutron activation analy-
sis (DNAA) (McKown and Millard, 1987). Geochem-
ical results from the chemical analyses of B-horizon
soil samples and outcrop samples and a summary of the
resuits and sample iocation maps were reported by
Mosier and others (1991a). Geochemical resuits from
the analyses of drili-core sampies were reported in and
summarized by Mosier and others (1990b).

Data Presentation

Statistical summaries of the geochemical data from
the analysis of B-horizon soil samples, outcrop sam-
ples, and drill-core samples are listed in table 2. Only
those elements that were detected in a majority of the
samples, indicated by the detection ratio, are listed.
Shown in table 2 are the detection ratios, minimum and
maximum values (concentration ranges), geometric
means, geometric deviations, arithmetic means, and
standard deviations for the elements for each of the
three solid-phase sample media. If an element was not
detected in all of the samples, Cohen's (1959) method
was used to estimate the geometric mean and geomet-
ric deviation. The arithmetic means and standard devi-
ations were calculated only on the noncensored data.
In figure 2, the geometric means of concentrations for
the elements listed in table 2 are displayed as ratios to
show the relation of the geometric means among the
three sample types.

A comparison of the geometric mean ratios for
drill-core samples to outcrop samples and for drill-core
samples to soil samples shows that the drill-core sam-
ples contain considerably higher concentrations of
most elements than outcrop samples and slightly higher
concentrations for most of the elements than soil sam-
ples. These ratios indicate that, on the average, the

concentration levels of As, Cr, Se, and U are 2 to

2.4 times higher in drill-core samples than in outcrop
samples. With the exception of Se, concentrations of
these elements are siightly higher in drill-core samples
than in soil samples. The geometric mean for Se is
higher in soil samples than in drill-core samples and
outcrop sampies. Eighty percent of the soil samples
had detectable (greater than or equal to 0.1 ppm) Se,
whereas only 63 percent of the drill-core samples and
34 percent of the outcrop sampies had detectable Se
(table 2). Outcrop-to-soil geometric mean ratios indi-
cate that soil samples contain higher concentrations of
most of the elements than outcrop samples. As, Cr, Se,
and U concentrations in outcrop samples are approxi-
mately one-half of soil-sample concentrations.

In the Paleozoic terrain of central Oklahoma, car-
bonate cements and nodules are the primary sources of
calcium (Ca) and magnesium (Mg). The ratios for the
geometric means for Ca and Mg indicate that they have
been depleted or leached from the surficial materials,
particularly from the soils.

In figure 3, the elemental distributions of the
B-horizon soil, outcrop, and drill-core As, Cr, Se, and
U data are shown by high-low plots. The maximum
value, 95th percentile, geometric mean, and minimum
value are shown for the four elements. Comparison of
the maximum values and the 95th-percentile values
shows that the highest concentrations of As, Cr, Se, and
U are in the drill-core samples. Higher concentrations
of these elements are often in discrete or isolated loca-
tions in the core that are associated with such lithologic
features as yellowish-brown limonitic staining, clay
enrichment, greenish-gray or white rocks, and reduc-
tion spots.The geochemical data indicate that the sur-
face and near-surface sedimentary rocks have been
altered by weathering processes and that a part of their
elemental constituents have been leached. Some of
these constituents may have been locally redeposited or
adsorbed onto clay minerals, aluminum oxides, or iron
oxides in the zone of accumulation or illuviation con-
stituting the B horizon of the soil profile.

FACTOR ANALYSIS

R-mode factor analysis (VanTrump and Miesch,
1977) was used to aid in the interpretation of the
geochemical data. R-mode factor analysis groups,
within a data set, elements that are geochemically asso-
ciated. This association is determined by evaluating
the variance among the elements. Thus, the data set is

Geochemical Characterization of Solid-Phase Materials in the Central Oklahoma Aquifer 75
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Figure 2. Relation of geometric means of chemical elements for drill-core, outcrop, and B-horizon soil samples, presented as

ratios.

reduced to a smaller number of more easily presented
factors. The contribution of each variable (concentra-
tion of each element) onto each factor in factor analysis
is referred to as that element's factor loading. Because
an element may be associated with more than one
group of elements, any given element may have a high
factor loading on more than one factor. The effect an
individual sample has on a particular factor is repre-
sented by a factor sample-score loading. A sample
with a high factor sample score indicates that the ele-
ment association represented by that factor is strong.
Any given sample may have a high sample score for
more than one factor. The reader is referred to Davis
(1986, p. 546-562) for further discussion of the factor
analysis method. For the three data sets, B-horizon
soil, outcrop rock, and drill-core rock, a varimax

80

solution was used to calculate the factor scores from
the log-transformed data. Only data with detection
ratios (table 2) greater than 0.70 were used. In addi-
tion, beryllium (Be) (detection ratio of 0.69) was
included in the B-horizon soil data set, and Se (detec-
tion ratio of 0.63) was included in the drill-core data
set. Locations within the sampling area with enrich-
ments of the elements are indicated by clusters of sam-
ples with high factor sample-score loadings from each
of the three data sets. In the following sections, the
geochemical and factor analysis data from B-horizon
soil samples and outcrop samples are presented to eval-
uate the areal distribution of the geochemical factors.
Data from drill-core samples are presented to evaluate
vertical distribution. The major elements and As, Cr,
Se, and U had high factor loadings in the first three

Ground-Water-Quality Assessment of the Central Oklahoma Aquifer, Oklahoma: Results of Investigations
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factors of the B-horizon soil solution and in the first
four factors of the outcrop and drill-core solutions.
Therefore, only these factors are presented in the fol-
lowing discussion. The factor loadings of each factor
for B-horizon soil (SF-1—SF-3), outcrop
(RF-1—RF-4), and drill-core (DF-1—DF-4) data are
presented in tables 3, 4, and S, respectively.

B-Horizon Soils

The three-factor model used to examine the
B-horizon soil data accounts for 83 percent of the total
variance in the data set (table 3). A majority of the ele-
ments, including As, Cr, Se, and U, have high or mod-
erate factor loadings on the first factor (SF-1). Factor
SF-1 represents 72 percent of the total variance and is
interpreted to be a lithologic factor that is mainly asso-
ciated with aluminum- (Al) and iron- (Fe) enriched
argillic B-horizon soils. Samples with high SF-1
scores have a dark-red argillic B horizon, and samples
with very low SF-1 scores typically have a sandy to
very sandy, cambic B horizon. Areas associated with
samples that have high SF-1 sample-score loadings
have soil profiles with easily distinguishable A and

Geochemical Characterization of Solid-Phase Materials in the Central Oklahoma Aquifer

B horizons. Figure 4 shows the areal distribution of the
B-horizon soil samples with SF-1 scores greater than
or equal to 1.0. The majority of these samples were
collected from the northeast quadrant of the study unit.
Samples with high SF-1 scores have higher concentra-
tions of Al and Fe indicating that these soils have a
higher content of Al oxides and Fe oxides in the
B-horizon zone of illuviation and that many of the trace
elements with high factor loadings on the SF-1 factor
may be associated with the oxides. The clay-rich
B-horizon soils that developed over the Hennessey
Group, in the western part of the study unit, generally
have moderate to low SF-1 sample scores. These
B-horizon soils exhibit a dark-brown or brownish-red
color and have the pronounced blocky, columnar struc-
ture typical of a natric B horizon (Soil Survey Staff,
1975). A natric B horizon is a special kind of argillic
horizon that is alkali enriched. The two types of
clay-rich B-horizon soils have discrete geochemical
characteristics (table 6). Soil samples developed over
the Hennessey Group have markedly higher average
concentrations of Ca, Mg, potassium (K), and sodium
(Na) than the clay-enriched soil samples with high
SF-1 scores. Therefore, because of the higher alkali
content, the Hennessey Group soils should have a
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Table 3. Factor loadings for the first three factors after varimax rotation of the log-transformed
B-horizon soil data

[The three factors (SF-1, SF-2, and SF-3) explain 83 percent of the total variance in the data set. --, factor
loadings less than 0.40, unless the value was quite close, in which case it is enclosed in parentheses (). *, element
concentrations determined by hydride generation-atomic absorption; #, element concentration determined by
delayed neutron activation analysis; all other element concentrations determined by inductively coupled
plasma-atomic emission spectrometry}]

Element SF-1 SF-2 SF-3 Detection ratio
Calcium (Ca) 0.44 0.68 - 1.0
Magnesium (Mg) 74 .50 -- 1.0
Sodium (Na) -- .63 0.70 1.0
Potassium (K) -- .62 55 1.0
Phosphorus (P) 47 .50 .43 99
Aluminum (Al) .79 -- 43 1.0
Arsenic* (As) .83 - - 1.0
Barium (Ba) -- .82 -- 1.0
Beryllium (Be) .76 -- -- .69
Cerium (Ce) .68 -- .60 1.0
Chromium (Cr) .90 - -- 1.0
Cobalt (Co) .82 -- -- 1.0
Copper (Cu) 72 -- -- 1.0
Gallium (Ga) .86 -- -- .89
Iron (Fe) .90 - - 1.0
Lanthanum (La) .68 -- .58 1.0
Lead (Pb) .52 40 .45 97
Lithium (Li) 91 - -- 1.0
Manganese (Mn) -- .58 42 1.0
Neodymium (Nd) .67 - .58 1.0
Nickel (Ni) 91 -- -- 1.0
Scandium (Sc) .88 - -- 91
Selenium* (Se) 58 -- - 81
Strontium (Sr) .49 .72 - 1.0
Thorium# (Th) .66 - .61 .99
Titanium (Ti) .69 - .59 1.0
Uranium# (U) 44 -- 77 1.0
Vanadium (V) .88 -- -- 1.0
Ytterbium (Yb) .64 -- .51 .88
Yttrium (Y) .68 -- 57 1.0
Zinc (Zn) .76 (.38) (.38) 1.0
Percent variance 72 7 4
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Table 4. Factor loadings for the first four factors after varimax rotation of the log-transformed outcrop-rock data

[The four factors (RF-1, RF-2, RF-3, and RF-4) explain 79 percent of the total variance in the data set. --, factor loadings less than
0.40, unless the value was quite close, in which case it is enclosed in parentheses (); *, element concentrations determined by hydride

generation-atomic absorption; #, element concentration determined by delayed neutron activation analysis; all other element

concentrations determined by inductively coupled plasma-atomic emission spectrometry]

Element RF— RF-2 RF-3 RF—4 Detection ratio
Calcium (Ca) - 0.93 - -- 1.0
Manganese (Mg) -- .84 - -- 1.0
Sodium (Na) -- .67 -- 0.51 1.0
Potassium (K) 0.50 45 -- .62 1.0
Phosphorus (P) 42 54 -- 42 .85
Aluminum (Al) .63 - - .61 1.0
Arsenic” (As) - - 0.71 - 1.0
Barium (Ba) -- 52 - - 1.0
Cerium (Ce) .82 - -- - 1.0
Chromium (Cr) .69 - 47 -- 99
Cobalt (Co) 42 42 .61 -- 1.0
Copper (Cu) -- - - 55 .93
Iron (Fe) 42 -- 75 -- 1.0
Lanthanum (La) 77 .50 -- - 1.0
Lead (Pb) -- -- .59 .58 78
Lithium (Li) 75 -- - .48 1.0
Manganese (Mn) - a1 A7 - 1.0
Neodymium (Nd) .78 45 - -- .99
Nickel (Ni) .70 - .41 .40 .99
Scandium (Sc) .68 44 - -- 73
Strontium (Sr) .40 .65 -- - 1.0
Thorium* (Th) 81 - - - 97
Titanium (Ti) .83 - - .43 1.0
Uranium* (U) 63 - - - 1.0
Vanadium (V) .46 -- .58 41 1.0
Yttrium (Y) .58 .68 -- - 1.0
Zinc (Zn) - -- - .78 .98
Percent variance 59 9 5 6
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Table 5. Factor loadings for the first four factors after varimax rotation of the log-transformed drill-core rock data

[The four factors (DF-1, DF-2, DF-3, and DF-4) explain 83 percent of the total variance in the data set. --, factor loadings less than 0.40,
unless the value was quite close, in which case it is enclosed in parentheses (); *, element concentrations determined by hydride generation-
atomic absorption; #, element concentrations determined by delayed neutron activation analysis; all other element concentrations determined
by inductively coupled plasma-atomic emission spectrometry]

Element DF-1 DF-2 DF3 DF4 Detection ratio
Calcium (Ca) -- 0.94 - - 1.0
Manganese (Mg) -- .88 -- -- 1.0
Sodium (Na) 0.57 (.39) - -- 1.0
Potassium (K) .94 -- -- - 1.0
Phosphorus (P) .69 -- - - 95
Aluminum (Al) .96 - - - 1.0
Arsenic* (As) .44 -- -- 0.71 1.0
Barium (Ba) 44 - -- -- 1.0
Cerium (Ce) .88 - -- -- 1.0
Chromium (Cr) 92 -- - -- 1.0
Cobalt (Co) .48 -- - .60 1.0
Copper (Cu) .66 - - 41 1.0
Gallium (Ga) .90 - - -- .86
Iron (Fe) .67 -- -- .62 1.0
Lanthanum (La) .86 - - - 1.0
Lead (Pb) -- - - 12 .87
Lithium (Li) 95 -- - - 1.0
Manganese (Mn) - 91 -- -- 1.0
Neodymium (Nd) 76 - - - 1.0
Nickel (Ni) 94 - - -- .99
Scandium (Sc) .89 - - - 91
Selenium* (Se) -~ - 0.86 - .63
Strontium (Sr) 79 -- - - 1.0
Thorium# (Th) 91 - - - 97
Titanium (Ti) 95 - -- - 1.0
Uranium# (U) 54 - 74 -- 1.0
Vanadium (V) .59 - .64 -- 1.0
Ytterbium (Yb) a7 - -- -- .86
Yttrium (Y) .61 58 -- -- 1.0
Zinc (Zn) .86 - - - .99
Percent variance 63 10 5 5
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Table 6. Average values for soil samples with sample-factor scores greater than or equal to 1.0 for factors
SF-1, SF-2, and SF-3 of a three-factor varimax factor-analysis model and for soils developed over rocks of
the Hennessey Group

Element SF-1 SF-2 SF-3 Hennessey Group
(Concentration values are in weight percent)
Calcium (Ca) 0.47 1.5 0.29 0.93
Manganese (Mg) 73 1.0 .39 .90
Sodium (Na) 22 53 57 .65
Potassium (K) 10 1.5 13 1.6
Phosphorus (P) .022 .026 .021 .029
Aluminum (Al) 6.8 53 4.6 58
Iron (Fe) 3.7 2.5 1.9 2.7
Titanium (Ti) 27 .23 25 .26
{Concentration values are in parts per million)
Arsenic (As) 8.9 6.7 4.6 7.1
Barium (Ba) 370 840 400 590
Beryllium (Be) 20 1.5 1.0 1.6
Cerium (Ce) 69 59 66 67
Chromium (Cr) 81 55 45 61
Cobalt (Co) 15 11 8.3 11
Copper (Cu) 18 15 13 18
Gallium (Ga) 16 12 10 14
Lanthanum (La) 35 31 34 35
Lead (Pb) 15 15 14 17
Lithium (Li) 53 37 27 39
Manganese (Mn) 310 530 390 500
Neodymium (Nd) 31 28 30 31
Nickel (Ni) 38 25 17 26
Scandium (Sc¢) 11 8.0 6.3 8.9
Selenium (Se) .59 25 31 33
Strontium (Sr) 92 115 74 99
Thorium (Th) 10.7 8.88 10.9 10.7
Uranium (U) 2.58 233 3.40 2.83
Vanadium (V) 91 61 54 68
Ytterbium (Yb) 23 1.9 2.1 22
Yttrium (Y) 18 17 17 18
Zinc (Zn) 45 40 32 49
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greater cation-exchange capacity than the soils with
SF-1 scores greater than or equal to 1.0. These soils
also contain higher concentrations of manganese (Mn)
and barium (Ba) and slightly higher concentrations of
strontium (Sr) and U than the soils with SF-1 scores
greater than or equal to 1.0.

As a group, the geochemistry of the Hennessey
Group soils best fits factor SF-2 (table 3). Factor SF-2
is a lithologic factor that has moderate to high factor
loadings for Ca, K, Mg, Na, phosphorous (P), Mn, Ba,
and Sr and accounts for 7 percent of the total variance.
None of the four trace elements (As, Cr, Se, and U) had
high factor loadings on the SF-2 factor. The areal dis-
tribution of samples with SF-2 scores greater than or
equal to 1.0, shown in figure 5, indicates that many of
the Hennessey Group soils, particularly those farther
north, are strongly associated with the SF-2 factor. On
the other hand, most of the samples coilected from
southern Hennessey Group soils have a SF-2 score of
less than 1.0, possibly because the Hennessey Group
becomes more sandy to the south, and therefore, the
soils have a higher sand content. Not all samples with
SF-2 scores greater than or equal to 1.0 were collected
from an area where the soil had a natric B horizon.
Some sampies, such as those collected north of the
Cimarron River, were quite sandy and contained very
little illuvial clay. Samples lacking illuvial clay that
have strong SF-2 factor loadings have a high Ba con-
tent. Ba has a high loading on the SF-2 factor (0.82)
and is not always associated with the suite of aikaii
metals. The large Ba contents may be a result of dis-
seminated barite mineralization known to be present
throughout the study unit.

Factor SF-3 (table 3) is also a lithologic factor with
a fairly high Na loading (0.70) and moderate Al, K, P,
titanium (Ti), and Mn loadings. The rare-earth ele-
ments also have moderate loadings on the SF-3 factor,
and U has a strong association with this factor. Only
4 percent of the total variance is explained by the SF-3
factor. The areal distribution of samples with SF-3
scores greater than or equal to 1.0 shows a clustering of
samples south of the Canadian River in the south-cen-
tral part of the study unit (fig. 6). The few samples
from the Central Oklahoma aquifer part of the study
unit with high SF-3 scores (greater than or equal to 1.0)
are limited to the peripheral area of the aquifer. B-hori-
zon soil samples with SF-3 scores greater than or equai
to 1.0 have a brown to dark-brown or dark reddish-
brown coloration, have a high to very high clay con-
tent, and often have a blocky texture. The geochemical

signature for soil samples with SF-3 scores greater
than or equal to 1.0 is shown in table 6. Compared to
the whole B-horizon soil-sample data set (table 2), the
SF-3 samples have above-average Na and K concen-
trations, near-average Al and Fe concentrations, and
below-average Ca and Mg concentrations.

Summarizing the B-horizon soil geochemistry,
three clay-enriched soil types having distinct geochem-
ical properties are identified, and these may have a
causal relation to the distribution of trace elements. All
three soil types have enhanced chroma and vary
slightly in their texture. The first soil type, referred to
as the SF-1 soils, is enriched in Al and Fe oxides and
has a below-average Na concentration. The SF-1 soils
have average Ca and K concentrations but an
above-average Mg concentration. Many of the trace
elements, including As, Cr, and Se, are more abundant
in the SF-1 soils. U, however, is only slightly enriched
in the SF-1 soils. Soil type SF-2, referred to as the
Hennessey Group soils, are enriched in the alkali met-
als (Ca, Mg, Na, and K). Although the Hennessey
Group soils have above-average Al and Fe concentra-
tions, they are not as enriched in these elements as the
SF-1 soils. Of the trace elements, only Mn, Ba, and Sr
have a strong association with the Hennessey Group
soils. Compared to the whole B-horizon soil-sample
data set (table 2), the Hennessey Group soils are
slightly enriched in As and Cer, although these elements
did not have strong loadings on factor SF-2. The third
soil type, referred to as the SF-3 soils, differs from the
other two in that they have above-average Na and K
concentrations but low Ca and Mg concentrations.
These soils have average Al and Fe concentrations. U
is above average in these soils, whereas As, Cr, and Se
approximate average concentrations obtained for these
elements in the whole soil-sample data set.

The geochemistry of the soils in central Oklahoma
is undoubtedly much more complicated than is pre-
sented here. A more comprehensive understanding of
the physical and chemical processes in the soils of cen-
tral Oklahoma would require studies beyond the scope
of this investigation. Nevertheless, the current investi-
gation shows that small amounts of major and trace ele-
ments leach from clay-enriched soils, particularly SF-1
and SF-3 soils, and contribute to the chemistry of the
underlying ground-water system.
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Outcrop Rocks

The four-factor model used to examine the out-
crop-rock data accounts for 79 percent of the total vari-
ance of the data (table 4). The average concentration
for the 27 elements used in the outcrop factor-analysis
model for samples with sample-factor scores greater
than or equal to 1.0 in each of the four factors (RF-1 to
RF-4) is given in table 7. The areal distribution of out-
crop samples with scores greater than or equal to 1.0
for each of the four factors are shown in figures 7, 8, 9,
and 10. Outcrop samples with high scores are more
randomly distributed than were observed for the soil
samples with high scores.

Eighteen of the 27 elements used in this model
have moderate to high loadings on the RF-1 factor and
account for 59 percent of the total data variance. Cr
and U have factor loadings on the RF-1 factor of 0.69
and 0.63, respectively (table 4). Samples with RF-1
scores greater than or equal to 1.0 have average con-
centrations of 51 ppm Cr and 2.24 ppm U (table 7),
which are greater than the total data set (table 2). High
scores for factor RF-1 are in high-clay-content samples
associated with mudstone rocks of the Hennessey
Group in the area northwest of Oklahoma City and at
scattered localities in the central and east-central
regions (fig. 7). The scattered samples from the latter
region generally were collected because of an unusual
lithologic or diagenetic attribute, such as a clay, mud-
stone, or siltstone layer within a more typical friable
red sandstone outcrop or a distinct color variation
within a more typical red sandstone. Other than the
Hennessey Group samples from the northwest region,
there appears to be no correlation between samples
with high scores for the RF-1 factor and geologic for-
mation. Factor RF-2, which accounts for 9 percent of
the total variance, has high loadings for Ca, Mg, Mn,
Na, yttrium (Y), and Sr and moderate loadings for K, P,
Ba, cobalt (Co), lanthanum (La), neodymium (Nd), and
scandium (Sc). Samples with high RF-2 scores have
high concentrations for elements associated with car-
bonates and average Al and Fe concentrations (table 7).
None of the four trace elements (As, Cr, Se, and U)
have high factor loadings on the RF-2 factor. The
average concentrations of 4.0 ppm As, 24 ppm Cr, and
1.66 ppm U in samples with RF-2 scores greater than
or equal to 1.0 (table 7) approximate average values of
3.3 ppm As, 26 ppm Cr, and 1.47 ppm U reported for
the total sample set (table 2). Only 34 percent of the
outcrop samples have detectable Se (0.1 to 1.1 ppm).
Therefore, near-surface rocks probably are not

contributing to high ground-water Se concentrations.
The areal distribution of samples with RF-2 scores
greater than or equal to 1.0 (fig. 8) shows that these
samples generally are associated with outcrops periph-
eral to the study unit.

Factor RF-3 (table 4) is interpreted to reflect Fe
oxides and accounts for 5 percent of the total data vari-
ance. In addition to Fe, the RF-3 factor has strong
loadings for As and Co and moderate loadings for Mn,
Cr, nickel (Ni), lead (Pb), and vanadium (V) (table 4).
Average concentrations of the elements associated with
the RF-3 factor for outcrop samples with sample
scores greater than or equal to 1.0 (table 7) are approx-
imately twice as high as average concentrations for the
total outcrop-sample set (table 2). Figure 9 shows the
areal distribution of the outcrop samples with RF-3
scores greater than or equal to 1.0. The majority of the
samples (35 out of 48) with high RF-3 scores are scat-
tered throughout the central part of the study unit
within the Garber Sandstone and Wellington Forma-
tion. Many of these samples were collected from a
smaller layer within a typical porous, friable, red, sand-
stone outcrop. This layer was selected because its color
indicated Fe enrichment.

Eleven elements have factor loadings greater than
0.4 on factor RF—4. However, As, Cr, Se, and U do not
have high factor loadings on RF-4 (table 4). Some ele-
ments (Al, K, P, Ti, lithium (Li), Ni, and V) that have
moderate to high loadings on factor RF-1 also have
moderate to high loadings on factor RF-4. Factor
RF-4 differs from factor RF-1 in that factor RF-4 has
higher Na and K loadings than factor RF-1. Factor
RF-4 also has moderate loadings for copper (Cu), Pb,
and zinc (Zn), which are three of the few elements that
have low loadings on factor RF-1. Samples withRF—4
scores greater than or equal to 1.0 are clustered in the
area where the Hennessey Group crops out northwest
of Oklahoma City and in the vicinity of the southeast
corner of the sampling area (fig. 10). Samples from
these two general areas have different lithologic char-
acteristics. The Hennessey Group samples are platy or
blocky red mudstones that are fairly uniform in their
geochemical composition and, because of their gener-
ally higher clay content, have higher concentrations of
many of the trace elements. However, samples from
the southeast corner of the sampling area are light-tan
to pale-green sandstone, some containing carbonate
cement and, although not noticeably clay rich, contain-
ing elevated Na and K concentrations. Many of the
samples from the southeast corner have anomalous
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Table 7. Average values for outcrop-rock samples with sample-factor scores greater than or equal to 1.0 for a
four-factor varimax factor-analysis model

Element RF-1 RF-2 RF-3 RF—4
(Concentration values are in weight percent)
Calcium (Ca) 2.0 7.8 3.2 29
Manganese (Mg) 1.4 3.5 1.8 1.6
Sodium (Na) 48 .58 18 1.0
Potassium (K) 1.0 .76 .55 1.4
Phosphorus (P) 025 023 .023 032
Aluminum (Al) 45 2.7 2.6 5.0
Iron (Fe) 2.1 1.2 2.6 2.0
Titanium (Ti) 26 13 15 23
(Concentration values are in parts per million)
Arsenic (As) 44 4.0 7.4 50
Barium (Ba) 250 520 430 400
Cerium (Ce) 65 47 46 48
Chromium (Cr) 51 24 36 43
Cobalt (Co) 11 9.0 13 11
Copper (Cu) 16 13 19 67
Lanthanum (La) 32 28 22 26
Lead (Pb) 12 12 33 39
Lithium (Li) 34 17 19 34
Manganese (Mn) 490 2,220 1,920 690
Neodymium (Nd) 30 28 23 23
Nickel (Ni) 24 11 16 23
Scandium (Sc) 7.6 4.8 49 7.0
Strontium (Sr) 91 130 71 130
Thorium (Th) 9.38 5.74 5.18 752
Uranium (U) 2.24 1.66 1.63 2.19
Vanadium (V) 56 38 64 56
Yttrium (Y) 18 24 17 15
Zinc (Zn) 31 16 32 56

concentrations of Cu, Pb, or Zn that may reflect
mineralization.

Drill-Core Rocks

A four-factor model accounting for 83 percent of
the total variance in the data set was used to interpret
the drill-core rock data. The factor loadings (DF-1 to
DF-4) are given in table 5. Element associations are
much more clearly defined by factor analysis of the
drill-core rock data than was observed for the soil and
outcrop-rock data. The average values for the 30

elements used in the drill-core factor analysis model
for samples with scores greater than or equal to 1.0 in
each of the four factors are given in table 8.
Sixty-three percent of the total variance is con-
tained in the first factor (DF-1 in table 5). Twenty-five
elements have factor loadings greater than 0.4 in factor
DF-1. Only Ca, Mg, Mn, Pb, and Se have loadings less
than 0.4. Of the 79 samples with DF-1 scores greater
than or equal to 1.0, 69 were mudstone; the rest were
either siltstone or clay-enriched sandstone. Approxi-
mately 24 percent of the rocks cored for this study were
mudstone. Although some white or pale-green
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Figure 9. Distribution of outcrop RF-3 sample-factor scores in the Central Oklahoma aquifer study unit.
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Table 8. Average values for drill-core rock samples with sample-factor scores greater than or equal to 1.0 for a

four-factor varimax factor-analysis model

Element DF- DF-2 DF-3 DF-4
(Concentration values are in weight percent)
Calcium (Ca) 0.84 6.6 23 29
Manganese (Mg) 1.5 4.0 1.7 1.9
Sodium (Na) .49 .38 44 21
Potassium (K) 1.6 .79 .87 77
Phosphorus (P) .040 .026 .032 .029
Aluminum (Al) 8.5 3.6 43 3.8
Iron (Fe) 45 2.5 2.8 44
Titanium (Ti) .38 17 22 20
(Concentration values are in parts per million)
Arsenic (As) 9.7 7.3 8.0 15
Barium (Ba) 340 590 490 290
Cerium (Ce) 85 57 66 63
Chromium (Cr) 95 43 54 50
Cobalt (Co) 21 14 16 22
Copper (Cu) 25 14 15 15
Gallium (Ga) 22 11 11 11
Lanthanum (La) 45 33 35 34
Lead (Pb) 11 17 25 32
Lithium (Li) 79 32 39 36
Manganese (Mn) 410 2,500 1,000 1,400
Neodymium (Nd) 40 36 34 35
Nickel (Ni) 50 19 24 25
Scandium (Sc) 15 7.4 8.1 8.0
Selenium (Se) .17 .76 5.8 i
Strontium (Sr) 190 140 140 120
Thorium (Th) 13.8 7.05 8.79 7.44
Uranium (U) 4.07 2.75 12.1 2.78
Vanadium (V) 120 69 340 100
Ytterbium (Yb) 2.9 2.5 2.3 2.2
Yittrium (Y) 22 27 21 22
Zinc (Zn) 71 27 40 38

mudstone layers were intercepted, the majority of the
mudstones are reddish brown because of hematite and
goethite. Sample scores greater than or equal to 1.0 for
factor DF-1 are almost exclusively in these Fe-rich
mudstone samples. When compared to average con-
centrations for the total drill-core sample set (table 2),
samples with DF-1 scores greater than or equal to 1.0
have elevated average concentrations for all the ele-

ments that are associated with factor DF-1 (table 8). It
is assumed that the trace elements with strong loadings
on factor DF-1 (mudstone) are adsorbed either on clay
particles or on Fe oxides, such as goethite, that are
associated with the mudstone. Of the four trace ele-
ments (As, Cr, Se, and U), only Se is not associated
with the factor DF-1 suite of elements. Selenium has
an average concentration of 0.17 ppm for the samples
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with DF-1 scores greater than or equal to 1.0 compared
to an average concentration of 0.90 ppm in the total
drill-core sample set. Samples with DF-1 scores
greater than or equal to 1.0 have average concentra-
tions of 9.7 ppm As, 95 ppm Cr, and 4.07 ppm U (table
8) compared to average concentrations of 7.3 ppm As,
56 ppm Cr, and 3.64 ppm U in the total drill-core sam-
ple set (table 2).

The distribution of rock cored in each of the eight
test holes with sample-factor scores greater than or
equal to 1.0 for each of the four drill-core factors is
shown in table 9. Mudstone comprises 24 percent of
the total core from the eight test holes (table 1), and
samples with DF-1 scores greater than or equal to 1.0
comprise 17 percent of the cores (table 9). Drill cores
from test holes 2, 3, and 5 have the most mudstone.
Drill cores from test holes 1A and 4 have intermediate
mudstone contents of 19 percent and 24.5 percent,
respectively, and samples with DF-1 scores greater
than or equal to 1.0 comprise 16 percent of the core
from test hole 1A and 12 percent of the core from test
hole 4.

Factor DF-2, which accounts for 10 percent of the
total variance in the drill-core data, has strong factor
loadings for Ca (0.94), Mg (0.88), and Mn (0.91)
(table 5) and is considered a carbonate factor. Yttrium,
the only other element with a strong factor loading on
factor DF-2, has a factor loading of 0.58. Carbonate is
present as cement in the rocks or as concretions and is
most prevalent in conglomerates and in the siltstone
and sandstone of the Hennessey Group. Test hole 7
was drilled in the Hennessey Group, and test hole 7
core samples with DF-2 scores greater than or equal to
1.0 make up 36.4 percent of the core (table 9). Of the
41 conglomerate samples coliected from the eight
cores, 29 had DF-2 sample scores greater than or equal
to 1.0. The 89 samples with DF-2 scores greater than
or equal to 1.0 comprise 10.8 percent of the total core.
It is interesting to note that the core from test hole 4,
from the area of good ground water, contained no sam-
ples with high DF-2 scores (table 9) and that carbon-
ate-pebble conglomerates were not present in the test
hole 4 core (table 1).

Table 9. Distribution of rock cored in the eight test holes with sample-factor scores

greater than or equal to 1.0

[Values are in feet, and values in parentheses () are in percent]

Test hole (fig. 1) DF-1 DF-2 DF-3 DF4
1A 40.8 16.7 23.0 21.2
(16.2) (6.6) 9.2) (8.4)
2 119.8 10.7 233 0
(45.7) 4.1 8.9) )
3 41.7 22.1 1.5 0.8
(23.3) (12.3) (0.8) 0.9
4 31.4 0 0 70.1
(11.6) (0) 0) (26.0)
5 68.4 20.5 7.7 44
(30.7) 9.2) 3.5 (2.0)
6 29.8 84.8 69.3 87.5
(5.8) (16.5) (13.5) (17.0)
7 13.1 56.2 18.9 0
8.9) (36.4) (12.2) 0
TA 35.4 26.0 15.7 10.5
(10.3) (7.6) (4.6) 3.1
Total 380.4 237.0 159.4 194.5
(17.3) (10.8) (7.3) (8.9)
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Only Se (0.86), U (0.74), and V (0.64) have strong
loadings on factor DF-3 (table 5). Factor DF-3 is
related to mineral suites (for example, clausthalite
[PbSe], native Se, tynyamunite [Ca(UQ,),(VO,),-5-
8H,0], higgite [V,0,(OH),]; Breit and others, 1990b)
and accounts for 5 percent of the total variance in the
data. The 67 samples with DF-3 scores greater than or
equal to 1.0 have average concentrations of 5.8 ppm Se
and 12.1 ppm U (table 8) compared to 0.90 ppm Se and
3.64 ppm U in the total drill-core sample set (table 2).
Most often, high scores for factor DF-3 are in samples
that have reduction spots, in samples that have visible
green mineralization, or in samples that are white to
pale green. Of the 67 samples with DF-3 scores greater
than or equal to 1.0, 42 are associated with the above
diagenetic attributes. Many of the samples with DF-3
scores greater than or equal to 1.0 were collected sub-
jectively because of their distinct color or because of
visible green mineralization and represent only 0.1 to 1
ft of core. Samples with DF-3 scores greater than or
equal to 1.0 comprise 7.3 percent of the total rock
cored. With the exception of the core from test hole 4,
all the cores contained samples with DF-3 scores
greater than or equal to 1.0 (table 9). All lithologic
classifications, but mostly sandstone, contain samples
with DF-3 scores greater than or equal to 1.0. The core
from test hole 6 contains 69.3 linear ft of rock with
DF-3 scores greater than or equal to 1.0 (table 9).
Although green rocks were encountered and green
mineralization was observed, the samples from the
core of test hole 6 with DF-3 scores greater than or
equal to 1.0 were mostly red sandstones and
conglomerates.

Factor DF-4, which accounts for 5.0 percent of the
total variance in the drill-core data, has strong loadings
for Fe, Co, Cu, Pb, and As (table 5) and is interpreted
to reflect Fe oxides and adsorbed elements. Of partic-
ular interest to this study is the relationship between Fe
and As. The 64 samples with DF-4 scores greater than
or equal to 1.0 have average concentrations of 4.4 per-
cent Fe and 15 ppm As (table 8) compared to 2.6 per-
cent Fe and 7.3 ppm As in the total drill-core sample set
(table 2). Factor DF-1 also has a high loading for Fe
and a moderate loading for As, yet only 5 of the
549 samples had sample-factor scores greater than or
equal to 1.0 for both DF-1 and DF-4 factors (4 mud-
stone samples from the core of test hole 4 and a mud-
stone sample from the core of test hole 5). High
loadings for factor DF-4 are often in samples with dis-
tinct deep-red, purplish-red, dark-purple, or yellow-

brown color due to abundant Fe oxides. Samples with
DF-4 scores greater than or equal to 1.0 represent
8.9 percent of the total core. Drill cores from test
holes 2 and 7 do not contain samples with DF-4 scores
greater than or equal to 1.0, the core from test hole 3
contained only one sample, and the core from test hole
5 contained just two samples with DF-4 scores greater
than or equal to 1.0. Most of the samples with DF-4
scores greater than or equal to 1.0 were obtained from
the cores of test holes 1A, 4, 6, and 7A, (table 9). The
samples from the cores of test holes 1A, 6, and 7A with
high DF—4 scores are primarily sandstones and con-
glomerates, whereas the samples from the core of test
hole 4 with high DF—4 scores are mostly mudstones or
claystones. Independent of lithology, the core from test
hole 4 differs from the rest of the cores in that the core
from test hole 4 contains far less Ca, Mg, and Na. Sam-
ples from the core of test hole 4 contain average con-
centrations of 0.22 percent Ca, 0.40 percent Mg, and
0.04 percent Na (Mosier and others, 1990b) compared
to 1.9 percent Ca, 1.5 percent Mg, and 0.36 percent Na
in the total drill-core sample set (table 2). In general,
the samples with DF—4 scores greater than or equal to

1.0 are sandstones and conglomerates that are enriched
with Fe oxides, and the samples with DF-1 scores
greater than or equal to 1.0 are mudstone similarly
enriched in Fe oxides. In both groups of samples the
association between Fe and As is probably due to As
adsorption onto Fe oxides, such as goethite.

In summary, the subsurface distribution of the As,

Cr, Se, and U is associated with lithologic and diage-
netic attributes that are independent of the geologic for-
mation. Arsenic is primarily associated with two types
of subsurface rocks. In general, the highest concentra-
tions of As are in Fe-enriched sandstones and conglom-
erates. Such rocks are most prevalent in the part of the
aquifer consisting of the unconfined Garber Sandstone.
Although mudstone has a lower average As content
than sandstone, a larger volume of subsurface rocks
with an As association are Fe-enriched mudstones.
These mudstones most commonly are in the undiffer-
entiated Chase, Council Grove, and Admire Groups but
are found in all the geologic formations. Samples with
high Cr content are also high in Al. Mudstones have
the highest Cr and Al content, and sandstones have the
lowest, indicating that clay is the main residence of Cr.
The highest concentrations of Se and U are found in
green rocks that often are present in isolated or local-
ized sites within a larger volume of rock. However,
there appears to be no direct relation between the two
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elements. High Se and U concentrations are found in
all lithologies and geologic formations but comprise a
very small percentage of the rock mass. However, the
core from test hole 4, from the area of good water qual-
ity, did not contain this type of Se or U occurrence. Se
was not detected in amounts greater than 0.1 ppm in the
core from test hole 4. U also has a weak association
with high clay-content mudstone, claystone, and silt-
stone, and higher concentration of Se often are found in
red sandstone and conglomerates.

PARTIAL DISSOLUTION STUDIES

The above discussion concerning the abundance
and distribution of As, Cr, Se, and U deals with total
element concentration. Use of total concentration to
assess the potential for these elements to contaminate
the ground-water system indicates that ali forms of a
given element have an equal effect on the environment,
which is not the case. The mobility and transport of
elements is dependent on factors such as mode of
occurrence, changes in the pH and Eh (redox poten-
tial), formation of organic or inorganic complexes, bio-
logical interactions, and the presence of highly sorptive
materials such as organic matter, Fe oxides, Mn oxides,
and clay minerals. Two partial dissolution techniques
were used to study partitioning of the trace elements
among discrete geochemical phases likely to be
affected by environmental conditions. One technique,
a two-step sequential procedure, was designed to
mimic naturally present high pH-high bicarbonate
water and the high oxidizing potential of some water in
the Central Oklahoma aquifer (Mosier and others,
1991b). In step 1, the samples were extracted at room
temperature for 30 minutes with a bicarbonate solution
(0.3 mol of sodium carbonate, Na,CO;, and 0.7 mol of
sodium bicarbonate, NaHCO,, per liter of water,
pH=9). In step 2, the washed residues from step 1 were
extracted for 1 hour in a boiling water bath with a
sodium hypochlorite/bicarbonate solution (0.3 mol of
Na,CO; and 0.7 mol of NaHCO; per liter of 0.7M
sodium hypochlorite, NaOCl, pH=9).

The second procedure, developed by Chao and
Sanzolone (1989), sequentially extracts elements into
five fractions:

Step 1. Soluble. The sediment was extracted at room
temperature by continuous agitation for 30 minutes
with 0.25M potassium chloride solution. Potassium
chloride (0.25M KCI) will dissolve water-soluble ele-

ments. Nonspecifically adsorbed anions are replaced
by the chloride ion through anion exchange, and cat-
ions are exchanged for the potassium ion.

Step 2. Ligand Exchangeable. Residues from step 1
were extracted at room temperature for 30 minutes by
continuous agitation with 0.1M potassium dihydrogen
phosphate solution. Potassium dihydrogen phosphate
(0.1M KH,PO,) is effective in exchanging anions spe-
cificaily adsorbed on clay minerals and hydrated oxides
of iron and manganese through ligand-exchange reac-
tion and anion competition.

Step 3. Acid Extractable. Residues from step 2 were
extracted for 45 minutes with hot 4M hydrochloric
acid. Hydrochloric acid (4M HCI) will dissolve to
varying degrees a variety of rock constituents including
Fe, Mn, and Al oxides, amorphous materials, carbon-
ates, and mono sulfides.

Step 4. Oxidative Acid Decomposable. Residues
from step 3 were extracted at room temperature for
45 minutes with potassium chlorate and concentrated
hydrochloric acid. A combination of potassium chlor-
ate (KClO;) and concentrated hydrochioric acid (HCI)
makes a strong oxidizing reagent capable of dissolving
sulfide minerals and oxidizing and dissolving reduced
elemental and residual organic material.

Step 5. Mixed-Acid Digestible. Residues from step 4
were digested with a hot mixed-acid solution until near
dryness. A mixed-acid solution of hydrofluoric acid
(HF), nitric acid (HNO,), and perchloric acid (HC1O,)
is the strongest liquid chemical reagent used in the
sequential procedure. It is capable of destroying the
silicate lattice and solubilizing elements imbedded
within the silicate structure. These matrix-bonded ele-
ments are considered to be highly resistant to changes
in environmental conditions.

The KCl, KH,PO,, and NaHCO, treatments are
mild chemical action procedures. Elements that are
dissolved from the samples by KCL, KH,PO,, and
NaHCO, treatments are considered to be readily
extractable. These elements are held in relatively labile
forms associated with various reaction sites. These
labile-reaction sites are loci of chemical or physico-
chemical reaction where elements released during
weathering are held in place through mechanisms such
as adsorption, precipitation, surface complex forma-
tion, and ion exchange (Chao, 1984). Readily soluble
elements will be mobilized without significant changes
in geochemical conditions within the aquifer.

The HCl, HCI+KCl10;, and NaHCO; + NaOCl
treatments dissolve elements that are conditionally sol-
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uble. Conditionally soluble elements are bound in min-
erals and require a more drastic chemical action
dissolution. Sites that contain conditionally soluble
elements include structural sites or inclusions within
iron oxides, carbonate minerals, weakly soluble clay
minerals, and minerals that require oxidation prior to or
simultaneous with dissolution. The host or armoring
mineral must dissolve or be oxidized before the condi-
tionally soluble element can be released.

Residual nonextractable elements generally reside
in the mineral lattice. A severe chemical action such as
the HF+HNO;+HCIO, treatment that breaks down a
silicate lattice is required to release residual elements.

Eighty-six drill-core samples, representing typical
and enriched concentrations of As, Cr, Se, and U in var-
ious lithologic categories, were selected for the partial
dissolution studies (Mosier and others, 1991b). The
samples were collected from the drill cores of test holes
1A,2,5,6,7,and 7A. Table 10 summarizes the extrac-
tion data for As, Cr, Se, and U and provides compari-
sons among the subsets of data representing the
individual drill cores. Shown in table 10 are the mean
concentrations in parts per million for the 549 sample
set and the mean concentrations and extraction results
(as percentage extracted) for the 86 samples in the
extraction set and for the subsets of data from the indi-
vidual drill cores. Extraction results for Se are limited
to those samples that contained greater than or equal to
0.2 ppm Se. The NaHCO4/NaOCl extraction was not
executed on cores from test holes 7 and 7A. The fol-
lowing text summarizes the extraction results.

Arsenic

The 86 samples used for the extraction studies have
a mean concentration of 11.6 ppm As (total) compared
to 7.3 ppm As (total) in the complete drill-core sample
set. The majority of the As was either conditionally
extracted by the HCI treatment (41 percent) or was in
the residual phase (47 percent). Substantial amounts of
As were mobilized from the rocks by ligand exchange
and possibly by increased pH. This mobile As is most
likely adsorbed on Fe oxides, and its mobility is prob-
ably limited by accessibility of circulating ground
water to mineral surfaces. Under oxidizing conditions
and over a wide pH range, As in the +5 oxidation state
can exist in ground water as monovalent and divalent
anionic species, H,AsO,~ and HAsO,?- (Cherry, Gill-
ham, and Barber, 1984). On the average, approxi-
mately 7 percent of the As was readily extractable by

the KCI and KH,PO, extractions. Treatment with
KH,PO, extracted a greater percentage of As than
treatment with NaHCQ,, 5.1 percent compared to

3.4 percent, indicating that phosphate ligand exchange
is more important than increase in pH and carbonate
ligand exchange for release of As from Fe oxides.
Tests comparing readily extractable As with lithologies
indicated that readily extractable As was similarly
extracted from sandstones (7.2 percent), mudstones
(7.2 percent), and siltstones (6.9 percent), whereas con-
glomerates (4.9 percent) contain the least readily
extractable As. The association of Fe and As, evident
by whole-rock concentrations and factor analysis, is
probably a result of As contained within the structure
of authigenic Fe oxides. This As is largely immobile
and is extracted by the HCI extraction step. However,
the association between the amount of extracted As and
the relative amount of Fe released during the various
extraction steps generally were not well defined.
Regression analysis showing the relation between HCI
extractable As and HCI extractable Fe produced a

12 value of only 0.2 (a value of 1 is optimal). Also, the
amount of As extracted was not predictable by rock
color or lithologic attributes.

Chromium

Significant amounts of Cr were dissolved from the
samples by the HCI (33 percent), but the majority of the
Cr (64 percent) was dissolved from the residual phase.
The analytical procedure used for determining Cr con-
centrations had a relatively high detection limit (6 ppm
for the five-step sequential procedure and 3 ppm for the
bicarbonate procedure). As a result, none of the sam-
ples had detectable Cr extracted by the KCl or KH,PO,
treatments, and only a few of the samples had detect-
able Cr extracted by the bicarbonate treatments.

Cr content closely parallels Al content. Regression
analysis of total extractable Cr against total extractable
Al has a r? = 0.8, indicating a strong correlation. Mud-
stone and siltstone have higher concentrations of Cr
and Al than sandstone and conglomerates, indicating
that clay minerals are the main residence of Cr. How-
ever, this does not preclude the adsorption of small
concentrations of Cr onto Fe-oxide surfaces that may
be released under favorable geochemical conditions.
Under oxidizing conditions, Cr in the +6 oxidation
state is present as monovalent (HCrO,") and divalent
(CrO4¥) anionic species that are relatively soluble and
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Table 10. Summary of sequential extraction results for 86 selected drili-core samples from the Central Oklahoma aquifer

[Mean concentrations for sample set are in parts per million (ppm), and extraction results are in percentage extracted. Blanks indicate that the result was less
than the analytical detection level, and dashes (--) indicate that the analytical procedure was not performed. Number in parentheses () indicates number of
samples in sample set]

Percentage of element extracted

HCI NaHCO
Mean Readily + Mixed 3+
Sample set (ppm) KClI KH,PO, extracted HCI KClO; Acid NaHCO; NaOCI
Arsenic

Total sample set (549) 73

Sequential extraction sample set (86) 11.6 1.7 5.1 6.8 41 5.7 47 34 5.4

Test hole 1A (12) 16.9 .5 3.0 35 38 10.9 48 1.4 42
2(11) 8.7 44 5.5 9.9 40 6.6 44 24 49
53) 1.7 72 7.2 16 71 25 5.0
6 less than 300 feet (2) 15.5 1.8 3.6 54 53 5.7 36 1.9 78
6 greater than 300 feet (26) 12.6 1.3 3.1 4.4 45 6.4 45 2.1 6.0
7(11) 6.8 1.9 7.8 9.7 24 20 64 5.6 -
7A (21) 12.6 4 8.2 8.6 50 43 37 5.6 -

Chromiem

Total sample set (549) 56

Sequential extraction sample set (86) 61 33 29 64

Test hole 1A (12) 53 41 59
2 (11) 69 29 4.6 67
5(1) 27 26 74
6 less than 300 feet (1) 49 37 63
6 greater than 300 feet (25) 43 30 3.0 67
7(11) 78 30 45 66 --
7TA (21) 78 39 3.0 58 --

Selenium

Total sample set (549)! 0.90

Sequential extraction sample set (64) 6.3 4.6 2.1 6.7 8.5 52 33 6.8 59

Test hole 1A (12) 1.3 1.4 1.1 25 14 33 50 5.1 7.0
2(8) 14.7 10.8 6.7 17.5 43 58 20 12.4 10.2
53) 2.6 1.3 1.3 5.8 90 29 11.1
6 less than 300 feet (2) 1.2 42 22 36 32 1.8
6 greater than 300 feet (25) 8.8 7 5 1.2 7.6 58 34 49 42
7 (6) 1.2 12.0 58 17.8 33 42 37 10.2 --
7A (8) 28 13.6 2.4 16.0 2.5 58 23 9.5 --

Uranivm

Total sample set (549) 3.64

Sequential extraction sample set (86) 9.2 2 4.7 49 47 33 45 11.3 85

Test hole 1A (12) 38 7.4 7.4 44 49 44 6.1 6.5
2(11) 9.4 39 3.9 53 4.6 40 11.4 11.3
53 6.0 5.9 5.9 66 42 24 142 20.6
6 less than 300 ft. (2) 25 59 5.9 27 67 23
6 greater than 300 ft. (26) 10.7 85 8.5 47 2.6 42 11.4 8.2
7(11) 25.1 1.7 1.7 52 5.1 41 19.0 --
7A (21) 29 8 .8 42 1.8 55 10.3 --

10f the 549 samples, 346 samples had detectable selenium greater than or equal to 0.1 ppm. The mean for the 346 values was 1.4 ppm (Mosier and others,
1990b).
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undergo little retardation by adsorption (Cherry, Gill-
ham, and Barber, 1984).

Selenium

Se was detected at concentrations greater than or
equal to 0.1 ppm in 346 of the drill-core samples. The
mean concentration for the 346 samples with detect-
able Se was 1.4 ppm (total) (Mosier and others, 1990b)
compared to a mean concentration of 6.3 ppm (total)
(table 10) for the 64 samples used in the partial disso-
lution study that contained greater than or equal to 0.2
ppm Se. A large portion of the Se (52 percent) in all
analyzed rocks was solubilized during oxidative disso-
lution (HCI + KC10O;). This conditionally extractable
Se is present in red as well as green rocks and may be
native Se and clausthalite (PbSe), which were detected
in the aquifer (Breit and others 1990b). Reduction
spots and small localized lenses of green rocks have the
highest concentrations of Se. Approximately 90 per-
cent of Se in these rocks was solubilized by the oxida-
tive dissolution step, indicating that the Se was
primarily in a reduced form. However, a large amount
of Se that was extracted by the oxidative dissolution
step is contained in volumetrically much larger bodies
of rock and is not lithologically or color dependent.

Samples containing readily extractable Se were
irregularly distributed. Of the 28 samples that con-
tained Se extractable by the KCl or the KH,PO, treat-
ments, 19 were comprised of green or white rock or
were a mixture of green and red or white and red rock.
No other common parameter was characteristic of the
rocks with mobile Se. The percentage of readily
extractable values (KCl + KH,PO,) and the percentage
extraction value for NaHCO; were compared and were
not consistent; however, the average amount of Se
released by both groups are similar, 6.7 versus 6.8 per-
cent. An oxidizing treatment (NaHCO,/NaOCl)
released additional Se subsequent to the NaHCO,
extraction but perhaps not to the extent expected, con-
sidering the amount mobilized by the HCVKCIOQ; treat-
ment. The adsorption edge for Se (VI) onto Fe
oxyhydroxide is near pH 7 (Balistrieri and Chao,
1990), which is lower than most of the ground water in
the aquifer. Therefore, adsorption on Fe oxides is not a
factor for Se mobility, and in fact, goethitic rocks
(those that are yellow-brown or reddish brown) typi-
cally have low Se content. Factor analysis studies indi-
cate an association between Se and U (table 5).
However, empirical tests using scatter diagrams and

regression analysis suggest that Se and U behave inde-
pendently. Regression analysis showing the relation-
ship between total extractable Se and total extractable
U using the 64 sample Se greater than or equal to 0.2
ppm data set has a 2 of 0.11.

Uranium

The 86 extraction sample set has a mean concentra-
tion of 9.2 ppm U (total), and the total drill-core sample
set has a mean concentration of 3.64 ppm U (total).
Approximately equal proportions of U were solubi-
lized by the HC] extraction step (47 percent) and the
residual dissolution step (45 percent). For most sam-
ples, the KCl treatment was ineffective at leaching U.
The NaHCO, extraction was far more effective at
mobilizing U than the KH,PQO, extraction, 11.3 percent
compared to 4.7 percent of contained U. At typical
ligand concentrations in ground water, the most impor-
tant uranyl complexes are formed with fluoride, phos-
phate, and carbonate under acid, near-neutral, and
alkaline conditions, respectively (Langmuir, 1978). In
the presence of phosphates and carbonates and at neu-
tral to alkaline pH's and intermediate Eh's, oxidation
and leaching of uraninites, UO, to U;Og, and coffinite,
USiO,, are greatly enhanced to form uranyl complexes
(Langmuir, 1978). Lithology was not a major control
on uranium content. All lithologic classifications had
at least a few samples with enriched U, although con-
glomerates tend to have the least enrichment. The
highest concentrations of U are in green rocks or in
rocks with visible green mineralization. Higher U con-
centrations tend to increase the amount of HCl extract-
able and readily extractable U, particularly NaHCO,
extractable. Uranyl carbonate complexes greatly
increase the mobility of U. Water samples collected
from the test holes had pH values ranging from 7.3 to
9.6 and bicarbonate concentrations ranging from 242 to
566 ppm (Schlottmann and Funkhouser, 1991). Where
oxidized ground water with high pHs and high bicar-
bonate concentrations is present in the Central Okla-
homa aquifer, uranyl di- and tri-carbonate complexes
probably dominate.

TRACE-ELEMENT MOBILIZATION

The solid phases involved in soil-rock/water inter-
actions in a natural system consist of heterogenic mix-
tures of various minerals and organic debris with a
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wide range of inherent chemical properties. Weather-
ing processes, primarily chemical and biological, in the
surficial environment of central Oklahoma together
with the mechanical processes by which the products
of weathering are eroded, transported, and redeposited
elsewhere are controlling factors in ground-water
chemistry. Perhaps the most important processes in
rock/water interactions are adsorption-desorption and
cation-exchange reactions at mineral surfaces. The
concentrations of many trace elements are believed to
be controlled by adsorption-desorption reactions at
mineral surfaces, with the equilibrium strongly
affected by pH.

In the temperate climate of central Oklahoma,
plant respiration and decay cause increases in the par-
tial pressure of carbon dioxide in the soil gas
(Parkhurst, Christenson, and Breit, 1993). This gas
combines with moisture in the surficial environment to
form carbonic acid, which contributes to chemical
weathering of surficial materials. The geometric
means for many elemental constituents in outcrop and
soil samples, particularly Ca and Mg, are considerably
lower than the geometric means in subsurface rock
samples, indicating chemical weathering of the surfi-
cial materials. Some of these constituents are entering
the ground-water system during recharge of the aquifer
causing changes in the ground-water chemistry. The
depletion of Ca and Mg in surficial material probably is
due to dissolution of dolomite by carbonic acid, which
results in the near-neutral Ca plus Mg bicarbonate
water that is predominant in the shallow zone of the
Garber Sandstone and Wellington Formation part of
the aquifer (Parkhurst, Christenson, and Schlottmann,
1989). In the clay-rich confined and unconfined parts
of the aquifer, the sediment contains high concentra-
tions of Na. At these locations, Ca and Mg exchange
for Na on the clay minerals, resulting in the develop-
ment of a Na-bicarbonate water that is undersaturated
with respect to dolomite causing additional dolomite
dissolution. The dissolution of dolomite in the absence
of carbon dioxide gas causes a rise in pH from near
neutral to the 8.5 to 9.1 range.

Oxygen is not entirely depleted from recharge
water by the poorly saturated soils that overly the aqui-
fer, so that much of the water in the aquifer contains
measurable oxygen (Parkhurst, Christenson, and Breit,
1993). Because of the oxic environment of the aquifer,
it is assumed that the labile species of As, Cr, Se, and
U are in their highest oxidation states ( Schlottmann
and Funkhouser, 1991; Parkhurst, Christenson, and

Breit, 1993). Cherry, Gillham, and Barber (1984) show
that under oxidizing conditions and normal pH condi-
tions, As and Cr exist as monovalent and divalent
anionic species (H,AsO,4 at pH 3 to 7; HAsO,> at pH
7 to 12; HCrO, atpH 1 to 6; CrO> at pH 6 to 12). Se
also exists as monovalent and divalent anionic species
but has no solubility constraints under oxidizing condi-
tions. In ground water that has an oxidizing redox con-
dition and has appreciable carbonate alkalinity, U in the
+6 oxidation state is present predominantly as anionic
complexes such as UO,(CO;),>~ and UO,(CO;)5*+
(Langmuir, 1978; Cherry, Gillham, and Barber, 1984).

SUMMARY

Geochemical investigations were conducted in the
area of the Central Oklahoma aquifer. One of the pur-
poses of these investigations was characterizing the
solid-phase materials in the aquifer. As, Cr, Se, and U
are present in water in the aquifer at concentrations that
in some instances exceed public drinking-water stan-
dards. The sites and mechanisms for the mobilization
of environmentally important, naturally present trace
elements into the ground water are among key ques-
tions concerning the water quality of the aquifer. To
address these questions, surficial and subsurface
solid-phase materials were collected from the Central
Oklahoma aquifer to determine the abundance and dis-
tribution of their chemical constituents. The surficial
materials sampled included B-horizon soils and out-
crop rocks from the Central Oklahoma aquifer study
unit. Subsurface rock samples were collected from
eight drill cores obtained from test holes drilled at var-
ious locations in the aquifer. Seven of the test holes
were placed at locations with known water-quality
problems, and one test hole was located in an area in
which ground water is known to have low concentra-
tions of As, Cr, Se, and U. The solid-phase samples
were analyzed for their chemical constituents by an
inductively coupled plasma-atomic emission spectro-
metric technique for 40 elements, by hydride genera-
tion-atomic absorption spectroscopy for As and Se, and
by delayed neutron activation analysis for U and Th.

The surficial materials from the area of the Central
Oklahoma aquifer show typical abundances for both
major and trace elements. R-mode factor analysis was
used to identify geochemical associations in the surfi-
cial-sample data sets. Although neither major nor trace
elements were abnormally enriched in the surficial
materials from the Central Oklahoma aquifer, areal dis-
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tribution plots of samples with high factor-analysis
sample scores show clustering of samples that have
similar chemical characteristics and identify areas of
local enrichment of the environmentally important
elements.

R-mode factor analysis applied to the drill-core
data set identified element associations directly related
to residence sites of the environmentally important ele-
ments and variations in the composition of the rocks
that relate to water-quality problems. The subsurface
rocks have median concentrations of 6.2 ppm As,

55 ppm Cr, 0.1 ppm Se, and 2.59 ppm U. Abundances
as great as 62 ppm As, 170 ppm Cr, 110 ppm Se, and
123 ppm U were detected; however, all elements are
not necessarily enriched in any one sample. The
enriched samples were mostly isolated limonitic sand-
stone lenses and small grayish-green reduction spots.

The mobility of the elements in both typical and
enriched subsurface rocks was assessed using a
NaHCO; partial extraction technique and a five-step
sequential extraction procedure. The NaHCO, extrac-
tion technique was used to mimic water in the aquifer
and was effective in extracting small amounts of As,
Se, and U. Sequential extractions provide information
about the mode of occurrence, availability, mobiliza-
tion, and transport of trace elements. The sequential
extraction procedure includes steps for dissolving ele-
ments contained in soluble (KCl), ligand-exchangeable
(KH,PO,), acid-soluble (HCI), oxidizable
(HCI-KCIO,), and residual (HF-HNO,;-HCIO,)
phases on or in solid materials. Appreciable amounts
of As, Se, and U were extracted from some samples by
the soluble and ligand-exchangeable extractions, indi-
cating that significant quantities of these elements
reside in phases that are readily available. Cr was not
detected in the soluble or ligand-exchangeable extrac-
tion steps, possibly because of a higher analytical
detection level for Cr than for the other elements.

As water moves through the aquifer, its chemical
composition changes, mainly owing to dissolution of
carbonate cements and to ion exchange with clay min-
erals. These changes and the presence of dissolved
oxygen cause As, Cr, Se, and U to be oxidized to more
soluble forms. The high pH of some aquifer water (pH
greater than or equal to 8.5) augment desorption of the
elements; thus, this process facilitates mobilization of
the elements in the ground water.
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Summary of Geochemical and Geohydrologic
Investigations of the Central Oklahoma Aquifer

By Scott Christenson, David L. Parkhurst, and George N. Breit

Abstract

Petrographic evidence and mass-balance
geochemical modeling were used to determine the
predominant geochemical reactions in the Central
Oklahoma aquifer, and flow modeling, in combi-
nation with tritium and carbon-14 dating of water,
was used to determine the rates and directions of
ground-water flow. Calcium, magnesium, and
bicarbonate are the dominant ions in water from
the unconfined parts of the Garber Sandstone and
Wellington Formation. This water chemistry is the
result of uptake of carbon dioxide from the unsat-
urated zone (about 2.0 to 4.0 millimoles per liter;
dissolution of dolomite (about 0.3 to
1.0 millimoles per liter) and, to lesser extents, dis-
solution of biotite, chlorite, plagioclase, and potas-
sium feldspar, and precipitation of kaolinite.
Sodium and bicarbonate are the dominant ions in
water in the Hennessey Group, the confined part of
the Garber Sandstone and Wellington Formation,
and in the Chase, Council Grove, and Admire
Groups. The sodium bicarbonate water is derived
from the calcium, magnesium, and bicarbonate
water by cation exchange of calcium and magne-
sium with sodium in clay minerals (approximately
2.0 millimoles per liter or more). Carbon-14-deter-
mined ages of water in the unconfined part of the
aquifer generally are less than 10,000 years. Car-
bon-14 ages of water in the confined part of the
aquifer range from about 10,000 to 30,000 years or
older. Both confined and unconfined parts of the
Central Oklahoma aquifer have an oxic or
post-oxic oxidation-reduction environment as
indicated by the large dissolved concentrations of
oxygen, nitrate, arsenic (V), chromium (VI), sele-
nium (VI), vanadium, and uranium.

Median values were estimated for the fol-
lowing aquifer properties: transmissivity of the
Garber Sandstone and Wellington Formation, 24

to 42 meters squared per day; horizontal hydraulic
conductivity of sandstone in the study unit,

1.4 meters per day; ratio of horizontal to vertical

hydraulic conductivity, 10,000; porosity of sand-

stone, 0.22; storage coefficient, 0.0002; recharge

rate, 41 millimeters per year.

A finite-difference ground-water flow
model was used in conjunction with a parti-
cle-tracking model to simulate flow of ground
water in the Central Oklahoma aquifer. Results of
these models combined with the results of the
geochemical investigation show that flow in the
Central Oklahoma aquifer has three major compo-
nents: (1) a shallow, local flow system in the
unconfined part of the aquifer with transit times of
tens to hundreds of years, (2) a deep, regional flow
system in the unconfined part of the aquifer with
transit times as much as 5,000 years or greater, and
(3) a deep, regional flow system in the confined
part of the aquifer, with transit times ranging from
thousands to tens of thousands of years. Hydro-
geochemical processes have occurred to different
extents within these three flow systems in the aqui-
fer. In the shallow, local flow system, the rapid flux
of water has been sufficient to remove most of the
dolomite, calcite, and exchangeable sodium. In the
deep, regional flow system of the unconfined part
of the Garber Sandstone and Wellington Forma-
tion, the flux of water has been sufficient to
remove most of the exchangeable sodium, but suf-
ficient carbonate minerals remain to maintain
dolomite and calcite equilibrium. In the confined
part of the Garber Sandstone and Wellington For-
mation and in the less transmissive parts of the
unconfined aquifer, including the Chase, Council
Grove, and Admire Groups, ground-water flow is
slowest, and the flux of water and extent of reac-
tions have been insufficient to remove either the
carbonate minerals or the exchangeable sodium on
clay minerals.
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INTRODUCTION

One of the stated goals of the National Water-Qual-
ity Assessment (NAWQA) Program is to “identify,
describe, and explain, as possible, the major factors
that affect the observed water-quality conditions and
trends” in the NAWQA study units (Hirsch, Alley, and
Wilber, 1988). The existing state of knowledge con-
cerning the geochemistry and geohydrology of the
Central Oklahoma aquifer was recognized early in the
planning phase of the study to be insufficient to meet
this goal of the NAWQA Program (Christenson and
Parkhurst, 1987, p. 19-20). To provide this basic
knowledge, geochemical and geohydrologic investiga-
tions of the Central Oklahoma aquifer were initiated.

Purpose and Scope

This report summarizes results of the geochemical
and geohydrologic investigations of Permian geologic
units of the Central Oklahoma aquifer that were
described in detail in Parkhurst, Christenson, and Breit
(1993). In the geochemical investigation, core material
was examined and chemical and isotopic analyses of
ground water were made to identify the major
geochemical reactions in the aquifer and to develop
mass-balance models that quantify the extent to which
these reactions occur. In addition, the mass-balance
models were used with measurements of tritium and
carbon-14 to estimate ground-water ages. In the geohy-
drologic investigation, geologic and hydrologic data
were examined to define the geometry, stratigraphy,
lithology, and hydraulic properties of the aquifer, the
distribution of hydraulic head, and the rates of recharge
and discharge. These aquifer properties were used to
develop a conceptual model, which was the basis of
numerical flow and particle-tracking models; these
models then were used to quantify the rates and direc-
tions of ground-water flow. The results of the two
investigations were combined to provide a consistent
explanation of the long-term hydrogeochemical pro-
cesses that are occurring in the aquifer.

Definition and Extent of the Central
Oklahoma Aquifer

A comprehensive description of the Central Okla-
homa aquifer and the area studied by the Central Okla-
homa NAWQA are provided in this volume by

Christenson (1997). Brief definitions of the aquifer, the
“study area,” and the “study unit” are provided here.

The Central Oklahoma aquifer is defined by the
limits of freshwater flow in the geologic units of central
Oklahoma (fig. 1). Most of the freshwater within the
aquifer is in the Permian Garber Sandstone and the
Wellington Formation. Substantial quantities of fresh-
water also are present in the Permian Chase, Council
Grove, and Admire Groups, which are stratigraphically
below the Garber Sandstone and Wellington Forma-
tion, and in Quaternary alluvium and terrace deposits,
which are associated with the major streams in the
study area. To the north and south of the study unit, the
transmissivities of the Garber Sandstone, Wellington
Formation, and Chase, Council Grove, and Admire
Groups decrease to the extent that these geologic units
no longer yield large quantities of water to wells. The
Cimarron and Canadian Rivers define the northern and
southern extent of the aquifer because transmissivity
decreases at the approximate location of these rivers
and because available data indicate no ground-water
underflow beneath these rivers. The eastern boundary
of the aquifer is the eastern edge of the outcrop of the
Chase, Council Grove, and Admire Groups. The pres-
ence of brine in the western part of the study unit and
below the aquifer indicates the extent of the freshwater
flow system in these directions. The aquifer is uncon-
fined in the eastern two-thirds of its areal extent and
confined in the western one-third by the Hennessey
Group.

Two terms are used in this report to describe the
limit of the study in relation to the Central Oklahoma
aquifer—"“study area” and “study unit.” The term
“study area” is used to describe the area bounded by
34°45’ and 36°00’ north latitude, and 96°45" and 97°45’
west longitude. The term “study unit” is used to define
the volume of earth between land surface and the base
of fresh ground water, bounded by the extent of the
Central Oklahoma aquifer. Data were collected beyond
the boundaries of the Central Oklahoma aquifer to
determine the effects of adjacent geologic units on the
geochemistry and geohydrology of the aquifer. Thus,
the study area is larger than the area overlying the study
unit. The study unit contains a large volume of the Hen-
nessey Group, which is not part of the Central Okla-
homa aquifer. However, water in the Hennessey Group
affects water quality in parts of the Central Oklahoma
aquifer.
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Figure 2. Major-element chemistry in the shallow part (depths less than 30 meters) of the study area.
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Large concentrations of nitrate and chloride in some
recharge samples indicate recent contamination.

The reactants and products in the mass-balance
models for the recharge samples are consistent with the
results of petrographic studies of aquifer material and
saturation indices. The mass-balance models also are
consistent with the carbon-isotope data. The models
imply reasonable isotopic compositions for carbon
dioxide gas in the unsaturated zone (—16.0 to —25.0 per
mil, 813¢c [carbon-13] relative to the Peedee belemnite
standard). The assumption of equilibrium isotopic frac-
tionation between the aqueous phase and unsatur-
ated-zone carbon dioxide gas fits the data better than
the assumption of no isotopic fractionation.

The uptake of carbon dioxide and dissolution of
dolomite results in recharge water in which bicarbonate
is the dominant anion and equimolar calcium and mag-
nesium are the dominant cations. About half of the
recharge water is undersaturated with dolomite and cal-
cite. Recharge water that is undersaturated with car-
bonate minerals has pH values that range from 6.0 to
7.3, and, in the absence of cation exchange, recharge
water that is in equilibrium with carbonate minerals has
pH values that are about 7.5. By the time recharge
water enters the deeper parts of the flow system, it is
saturated or supersaturated with dolomite and calcite.

Mass-balance modeling of carbonate-saturated
samples, which include all of the samples from wells
more than 91 m deep, indicates that, following carbon-
ate-mineral equilibration, cation exchange of calcium
and magnesium for sodium is the dominant geochemi-
cal reaction. However, cation exchange occurs to a sub-
stantial extent only in parts of the aquifer. Mass
transfers by cation exchange tend to be less than
2.0 mmol/L in the unconfined part of the Garber Sand-
stone and Wellington Formation; mass transfers of
more than 2.0 mmol/L cation exchange occur in the
confined part of the Garber Sandstone and Wellington
Formation and in less transmissive parts of the aquifer,
including the Chase, Council Grove, and Admire
Groups. Other reactions derived from mass-balance
modeling of the carbonate-saturated samples include
dissolution of small quantities of dolomite, calcite,
biotite, chlorite, plagioclase, and potassium feldspar
and precipitation of kaolinite and a silica phase. Gyp-
sum dissolution or leakage of sulfate-rich water from
the Hennessey Group can account for sulfate concen-
trations, and sodium chloride brine can account for
chloride concentrations. The mass-balance models for
the carbonate-saturated samples are consistent with the

petrographic data and, except for some models for one
sample, all of the models are consistent with the avail-
able §'3C data.

The cation-exchange reaction accounts for the
transition from calcium magnesium bicarbonate to
sodium bicarbonate water compositions. The decrease
in calcium and magnesium concentrations leads to the
dissolution of carbonate minerals, which, in combina-
tion with dissolution of aluminosilicate minerals, tends
to increase the pH of ground water. Ground water in the
confined Garber Sandstone and Wellington Formation
and parts of the Chase, Council Grove, and Admire
Groups commonly has pH values that range from 8.6 to
9.1.

Carbon-14 ages of water in the unconfined part of
the Central Oklahoma aquifer generally are less than
10,000 years. Carbon-14 ages of water in the confined
part of the aquifer range from about 10,000 to
30,000 years or older. These ages produce a time trend
in 8D (deuterium) values that is qualitatively consistent
with the timing of the transition from the last glacial
maximum to the present interglacial period.

GEOHYDROLOGY

A conceptual model of the flow system in the Cen-
tral Oklahoma aquifer was developed from information
about the lithology and geometry of the geohydrologic
units, the water table, the hydraulic properties of the
aquifer, and recharge and discharge; a summary of this
information is presented in this volume by Christenson
(1998). The conceptual model is based on the hydraulic
properties, primarily transmissivities, of the geologic
units. The most transmissive units are the Permian Gar-
ber Sandstone and Wellington Formation, and Quater-
nary alluvium and terrace deposits; the Permian Chase,
Council Grove, and Admire Groups are less transmis-
sive on the basis of the available specific-capacity data.
The transmissivities of the Permian geologic units
depend largely on the percentage of sandstone in the
units. The percentage of sandstone is greatest in the
central part of the aquifer and decreases outward in all
directions. Because of large mudstone and siltstone
contents, the Permian Hennessey Group and the Penn-
sylvanian Vanoss Formation are assumed to be confin-
ing units above and below the aquifer.

Aquifer properties were evaluated using data col-
lected as part of this study and data from other sources
including Wood and Burton (1968), Gates, Marsh, and
Fryberger (1983), and drillers’ logs. Estimates of trans-
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missivity for the Garber Sandstone and Wellington
Formation ranged from 2.0 to 330 m%d, and median
values (depending on the source of data) ranged from
24 to 42 m?/d. Estimates of the horizontal hydraulic
conductivity of sandstone in the study unit ranged from
0.049 to 37 nvd, and had a median of 1.4 m/d. The
median porosity of sandstone in the Permian geologic
units was determined from point counts of thin sections
to be 0.22. The median storage coefficient calculated
from data from six aquifer tests in the Garber Sand-
stone and Wellington Formation was 0.0002 (Gates,
Marsh, and Fryberger, 1983). The median recharge rate
estimated from measurements of base flow to streams
was 41 mm/yr.

A digital ground-water flow model was used to
simulate the Central Oklahoma aquifer flow system.
The model simulates flow in three dimensions and uses
a block-centered, finite-difference approach. The Cen-
tral Oklahoma aquifer flow model contains 40 col-
umns, 60 rows (fig. 3), and, because vertical flow is
significant, 12 layers. In the x- and y-dimensions, cells
are 2,000 m on a side, and cell spacing is constant
throughout the modeled area. The model layers do not
correspond to individual, dipping geologic units, as in
many flow models. Instead, the layers are horizontal,
and each cell is assigned to represent the geologic unit
that is the thickest in that cell. Every layer is 30 m
thick.

In conjunction with the digital ground-water flow
model, a particle-tracking model was used to calibrate
the flow model, assist in visualizing flowlines in the
ground-water flow system, and integrate the results of
the flow model with the analysis of the geochemistry of
the Central Oklahoma aquifer. The particle-tracking
model generates pathlines, which are the routes of
hypothetical “particles” of water moving through the
flow system simulated by the flow model. In addition to
calculating the position of pathlines, the particle-track-
ing model was used to compute the time of travel of
water along flowlines.

The ground-water flow and particle-tracking mod-
els were calibrated to match observed hydraulic heads
(water levels), sulfate concentrations, and ages of
ground water (based on carbon-14 and tritium concen-
trations). The model calibration proved to be particu-
larly sensitive to the ratio of horizontal to vertical
hydraulic conductivity. The ratio that resulted in the
best calibration was 10,000.

The calibrated models were used to visualize
flowlines in the Central Oklahoma aquifer. Pathlines

were generated by placing particles at selected loca-

tions in the recharge area, which is the unconfined,

eastern two-thirds of the aquifer (fig. 4).

The ground-water flow and particle-tracking
models, in conjunction with the results of the geochem-
ical investigation, show that flow in the Central Okla-
homa aquifer has three major components:

1. A shallow, local flow system in the unconfined part
of the aquifer—In this flow system, ground water
is recharged by infiltration from precipitation and
moves relatively quickly along short flowlines
from the point of recharge to the point of dis-
charge at the nearest stream. Transit times are tens
to hundreds of years. Many water samples from
shallow wells contain large concentrations of tri-
tium, which indicate ground-water ages of less
than 40 years.

2. A deep, regional flow system in the unconfined part
of the aquifer—In this flow system, water takes
more time to move along longer flowlines than in
the shallow, local flow system. Most of the water
in this flow system is recharged along ridges that
correspond to ground-water divides between
drainage basins. Transit times for water recharg-
ing the aquifer along some ridges is greater than
5,000 years. The model simulations also indicate
water in the deep, regional flow system in the
unconfined part of the aquifer flows under some
streams (such as from south to north under the
North Canadian River) to discharge at other
streams at lower elevations.

3. A deep, regional flow system in the confined part of
the aquifer—This flow system in the confined
part of the Garber Sandstone and Wellington For-
mation is recharged from a small part of the out-
crop area of the Garber Sandstone (located at
about 35°23’ north latitude, 97°23’ west longi-
tude). From the recharge area, water flows west
under the confining unit to discharge to streams as
far away as the Cimarron River. Flowpaths are
relatively long, as long as 80 km. The transit times
in this flow system range from thousands to tens
of thousands of years. The modeled pathlines for
water reaching some wells in the confined part of
the aquifer indicate some flow through the Hen-
nessey Group. Large sulfate concentrations in
water samples from these wells are consistent
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Figure 3. Finite-difference grid used to simulate the Central Oklahoma aquifer ground-water flow system.
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Figure 4. Selected pathlines generated by the particle-tracking model by placing a particle in selected cells that

correspond to the unconfined part of the Central Oklahoma aquifer.
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with a small flux of sulfate-rich water from the
Hennessey Group.

CONCLUSIONS

Geochemical and petrographic data, combined
with the results of a numerical flow model, provide a
consistent description of the hydrogeochemical pro-
cesses active in the Central Oklahoma aquifer. In the
shallow, local flow system, ground water recharges the
aquifer and discharges to nearby streams. Flow model
and tritium ages indicate that the rate of flow and the
flux of water are greatest in the local flow system. Con-
tinuous geochemical reactions associated with the
large ground-water flux have been sufficient to deplete
dolomite, calcite, unstable aluminosilicate minerals,
and exchangeable sodium in many parts of the local
flow system. The depletion of the carbonate minerals is
demonstrated by large numbers of samples from shal-
low wells that are undersaturated with dolomite and
calcite and by extensive dissolution textures visible in
these minerals in core material. Petrographic examina-
tion determined that, in addition to carbonate minerals,
chlorite and feldspars have been depleted in parts of the
aquifer that have rapid, local flow systems. The small
mass transfers of cation exchange in mass-balance
models for recharge samples indicate that exchange-
able sodium largely has been removed by exchange of
calcium and magnesium (derived from dissolution of
carbonates) for sodium. Concentrations of exchange-
able sodium in clay minerals tend to be smallest in the
shallow parts of the aquifer, which indicates that
exchangeable sodium has been removed.

Carbon-14 and tritium ages of ground-water sam-
ples and flow-model results indicate that flow is slower
and flowlines are longer in the deep, regional flow sys-
tem of the unconfined Garber Sandstone and Welling-
ton Formation than in the shallow, local flow system. In
this regional flow system, ground water flows under
nearby streams to discharge to streams at lower eleva-
tions. The flux of ground water through this regional
flow system has not been sufficient to remove carbon-
ate minerals. All ground-water samples from the
deeper parts of the unconfined Garber Sandstone and
Wellington Formation are saturated with dolomite,
which indicates that this mineral is present and reac-
tive. However, small mass transfers of cation exchange
in the mass-balance models for samples from the
deeper parts of the unconfined Garber Sandstone and

Wellington Formation indicate exchangeable sodium
largely has been removed.

Carbon-14 ages and flow-model results indicate
that flow is slowest in the confined part of the Garber
Sandstone and Wellington Formation and in the less
transmissive parts of the unconfined flow system,
including parts of the Chase, Council Grove, and
Admire Groups. In the confined part of the aquifer,
ground water recharges from a small area of the uncon-
fined part of the aquifer, transits long flowlines, and
discharges to streams at great distances from the
recharge location. The flux of ground water through the
confined part of the aquifer has not been sufficient to
completely remove carbonate minerals (although pet-
rographic data indicate carbonate minerals are dissolv-
ing) or exchangeable sodium. Mass-balance models for
samples from these parts of the aquifer have large mass
transfers of cation exchange, and the composition of
the ground water generally has sodium as the dominant
cation. Cation-exchange data indicate that exchange-
able sodium is most abundant in mudstone; the large
quantities of cation exchange that occur in the confined
part of the aquifer and the large ratios of horizontal to
vertical conductivity needed to model ground-water
flow in the confined part of the aquifer are consistent
with a substantial amount of flow through mudstone in
the confined part of the aquifer.
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Arsenic, Chromium, Selenium, and Uranium in the

Central Oklahoma Aquifer

By Jamie L. Schlottmann, Elwin L. Mosier, and George N. Breit

Abstract

The Central Oklahoma aquifer is a major
source of drinking water for central Oklahoma.
Concentrations of dissolved arsenic, chromium,
selenium, and uranium in regions of the aquifer
commonly exceed the 1986 Federal drink-
ing-water standards for arsenic, chromium, and
selenium and the 1991 proposed standard for ura-
nium. Historical water analyses and analyses for
water samples collected from 141 wells and from
several depth intervals in 8 test holes were used to
investigate the distribution and cause of the high
concentrations of these elements. Rock core from
the test holes was examined to determine sources
of the elements in water and to define processes
that transferred the elements from the rock to the
water. The high concentrations of dissolved
arsenic, chromium, selenium, and uranium were
found to be a result of natural processes that are
affected by: (1) the distribution of the elements in
the solid phases, (2) the redox conditions, (3) the
distribution of mudstone, and (4) changes in water
chemistry as the water flows through the aquifer.

The Central Oklahoma aquifer is domi-
nantly interbedded red-bed sandstone and mud-
stone of Permian age that gently dip west. Major
and minor minerals in these rocks that affect water
chemistry include mixed-layer illite-smectite,
hematite, goethite, gypsum, and dolomite.
Low-permeability rocks of the Hennessey Group
confine the western third of the aquifer and overlie
the sandstone-rich Garber Sandstone and Welling-
ton Formation. Mudstone-rich rocks of the Chase,
Council Grove, and Admire Groups underlie the
Wellington Formation. Recharge to the aquifer is
from precipitation, most of which enters the
unconfined part of the aquifer and is discharged

Arsenlc, Chromium, Selenium, and Uranium in the Central Oklahoma Aquifer

into nearby streams; a small part of the recharge
enters near the aquifer center and flows along long
regional flowpaths through the confined part of the
aquifer to discharge into streams after thousands
of years.

The base of the aquifer is the contact
between fresh ground water and underlying
sodium chloride brine that once filled the aquifer.
Residual chloride from the brine and sulfate from
dissolution of gypsum remain in mudstone-rich,
poorly flushed regions of the aquifer. On the basis
of spatial variations of water chemistry with depth,
geologic unit, and confined or unconfined condi-
tions, the aquifer is divided into six geohydrologic
zones including: (1) shallow (less than 300 ft
deep) unconfined Garber-Wellington, (2) deep
(greater than or equal to 300 ft deep) unconfined
Garber-Wellington, (3) shallow confined Gar-
ber-Wellington, (4) deep confined Garber-Well-
ington, (5) shallow Chase-Admire, and (6) deep
Chase-Admire.

Concentrations of arsenic, chromium, sele-
nium, and uranium in the ground water generally
increase with depth in the unconfined zones of the
aquifer and are highest in samples collected from
near the base of freshwater. Higher concentrations
are near the aquifer top in confined zones of the
aquifer. Water in the shallow zones of the aquifer
typically has only low arsenic and chromium con-
centrations. Water from all three shallow geohy-
drologic zones contains high selenium and
uranium concentrations. Shallow wells with water
that exceeds the drinking-water standards for
arsenic, chromium, or selenium in unconfined
zones of the aquifer are near major streams where
old ground water that has traveled along long
regional flowpaths discharges, which indicates
that such high concentrations develop along long
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flowpaths. Some shallow wells in unconfined
zones of the aquifer with water that exceeds the
proposed uranium standard are not near regional
discharging streams, which indicates that high ura-
nium concentrations can develop along short, local
flowpaths. High concentrations of all four ele-
ments are common in the deep confined Garber-
Wellington zone with the highest concentrations in
the far western part of the ground-water flow sys-
tem, in distal parts of regional flowpaths, and near
the base of the confining layer.

High concentrations of solid-phase arsenic,
chromium, selenium, and uranium were found in
specific rock types. High arsenic concentrations
are in yellow-brown goethite-cemented sand-
stones, high chromium concentrations are in mud-
stones and chromium-rich clays, and high
selenium and uranium concentrations are in pale
greenish-grey vanadium-rich reduced zones. High
concentrations of all four elements also were asso-
ciated with some red iron-oxide grain coatings in
sandstone. Sequential extraction results indicated
the elements are mobile in oxidizing, high-pH,
bicarbonate type water.

Oxidizing conditions, which are indicated
by concentrations of dissolved oxygen greater
than 1 milligram per liter in most aquifer water,
cause arsenic, chromium, selenium, and uranium
to be in their relatively soluble, highest oxidation
states. Spatial variations in redox conditions are
related to mudstone distribution. Recharge
through poorly drained clay-rich soils derived
from the outcrop of the Chase, Council Grove, and
Admire Groups and parts of the confining Hennes-
sey Group is depleted of dissolved oxygen, which
locally limits the mobility of chromium and
selenium.

Distribution of mudstone in the aquifer also
affects the major-element water chemistry as well
as the abundance of dissolved arsenic, chromium,
selenium, and uranium through decreases in per-
meability and increases in cation-exchange capac-
ity. Low hydraulic conductivity in mudstones
results in less flushing and higher residual concen-
trations of soluble arsenic, chromium, selenium,
and uranium in solid phases and ground water than
in sandstones.

As water flows into and through the Central
Oklahoma aquifer, dolomite and carbon dioxide
gas dissolve, and sodium bound to mixed-layer
clays is exchanged for dissolved calcium and mag-
nesium from dolomite. This results in water types
ranging from calcium magnesium bicarbonate to
sodium bicarbonate. Where the water is isolated
from soil carbon dioxide in the deep and confined
zones of the aquifer, these reactions result in pH
values greater than 8.5 that favor desorption of
oxidized arsenic, chromium, and selenium from
iron oxides. Increased carbonate-ion activity at
high pH favors the mobilization of uranium by car-
bonate complexation. High concentrations of sele-
nium and uranium also are found in water with pH
less than 8.0 in shallow unconfined zones of the
aquifer where abundant mudstone interbeds create
a clay-rich vadose zone. In this clay-rich vadose
zone, cation exchange and dolomite dissolution
occur in the presence of carbon dioxide, resulting
in water with a near-neutral pH, but with a high
alkalinity. The high alkalinity results in relatively
high carbonate-ion activities that favor uranium
mobilization. Oxidized selenium desorbs from
iron-oxide surfaces at near-neutral pH.

High concentrations of arsenic, chromium,
selenium, and uranium are common in specific
regions of the aquifer. Individual sandstone layers
yield water that exceeds the drinking-water stan-
dards for one or more of the elements, whereas
vertically adjacent layers yield water of acceptable
quality. Analysis of water samples collected from
discrete sandstone layers through test wells before
installation of public-supply wells could identify
sandstone layers with high concentrations of the
elements so that these layers can be isolated.
Observation of test-hole drill cuttings and onsite
measurement of sodium concentration, pH, and
alkalinity may indicate which sand layers are
likely to yield water that exceeds a drinking-water
standard.

INTRODUCTION

The Central Oklahoma aquifer is a major source of
drinking water. The aquifer is composed of clastic sed-
imentary rocks and underlies about 3,000 miZ in central
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Oklahoma. Concentrations of dissolved arsenic, chro-
mium, selenium, and uranium in the confined and deep
zones of the aquifer commonly exceed the 1986 Fed-
eral drinking-water standards of 50 pg/L arsenic,

50 pg/L chromium, 10 pg/L selenium, and the 1991
proposed standard of 20 pg/L uranium (U.S. Environ-
mental Protection Agency, 1986, 1991a). Dissolved
selenium and uranium concentrations commonly
exceed 10 pg/L and 20 pg/L in unconfined zones of the
aquifer. These natural water-quality problems were
studied by the U.S. Geological Survey as part of the
National Water-Quality Assessment (NAWQA) Pro-
gram. The study investigated the distribution of the
four elements in water and rock in the aquifer, the water
and rock characteristics associated with high dissolved
concentrations of the elements, and the processes that
transfer the elements from the rock into the water. The
goal of the study was to provide information for area
water managers to use in water exploration to avoid
water that exceeds existing or proposed drinking-water
standards for the four elements.

Arsenic, chromium, selenium, and uranium are
toxic to humans after chronic exposure to high concen-
trations (National Academy of Science, 1977, Gough,
Shacklette, and Case, 1979; U.S. Environmental Pro-
tection Agency, 1986, 1991a, b). The U.S. Environ-
mental Protection Agency (EPA) has included them in
alist of trace elements to be regulated in drinking water
(U.S. Environmental Protection Agency, 1986, 1991a,
b). A drinking-water standard is the maximum allow-
able concentration of an element in public drink-
ing-water supplies. The drinking-water standard is
exceeded when the concentration of the element is
equal to or greater than the standard (U.S. Environmen-
tal Protection Agency, 1986).

Arsenic is thought to be essential for humans, and
a minimum consumption of 25 to 50 mg/d has been
recommended (U.S. Environmental Protection
Agency, 1986). However, arsenic is known to be toxic
to humans at high concentrations [400 to 10,000 pg/L
in drinking water (Gough, Shacklette, and Case, 1979)]
and is carcinogenic (U.S. Environmental Protection
Agency, 1985). The toxicity of inorganic arsenic
depends on its oxidation state. Trivalent arsenic species
[arsenic (-III) and arsenic (III)] are most toxic, pentava-
lent arsenic [arsenic (V)] is less toxic, and native
arsenic [arsenic (0)] is least toxic. In 1986, 50-pg/L
arsenic was established as the primary drinking-water
standard on the basis of studies of toxicity and carcino-
genicity (U.S. Environmental Protection Agency,

1986). This concentration was considered to be safe for
long-term use and would still meet the proposed mini-
mum nutritional requirement.

The physiological effect of chromium on humans
depends on its oxidation state. Trivalent chromium
[chromium (I1I)] is essential for humans for mainte-
nance of proper blood-sugar levels. Hexavalent chro-
mium [chromium (VI)] can be toxic to organisms (U.S.
Environmental Protection Agency, 1975). In 1986,

50 pg/L was established as the primary drinking-water
standard for chromium on the basis of studies of
chronic toxicity and carcinogenicity of chromium (VI)
(U.S. Environmental Protection Agency, 1986). How-
ever, in 1989 a new standard of 100 ug/L was proposed
because of a lack of data to suggest that ingested chro-
mium is carcinogenic (U.S. Environmental Protection
Agency, 1989). In 1991 the standard was increased to
100 pg/L (U.S. Environmental Protection Agency,
1991b). Because this study was conducted before the
100-pg/L standard was adopted, the distribution of
chromium will dominantly be described for concentra-
tions exceeding the previous 1986 standard of 50 ug/L,
with comments concerning the distribution of water
exceeding the 1991 100-pg/L standard.

Though elemental selenium [selenium (0)] is virtu-
ally nontoxic, long-term exposure to tetravalent sele-
nium [selenium (IV)], hexavalent selenium [selenium
(VI)], or organic complexes of selenium have been
shown to be toxic (National Academy of Sciences,
1977, Gough, Shacklette, and Case, 1979; Hammond,
1979). Most historical cases of selenium toxicity
resulted from consuming seleniferous plants or grains
(Trelease and Beath, 1949). Because of indications of
toxicity at an intake of 700 to 7,000 mg/d, a drink-
ing-water standard of 10 pug/L was set by the Safe
Drinking Water Act amendments of 1986 (U.S. Envi-
ronmental Protection Agency, 1986). Selenium is an
essential trace element, and some studies have indi-
cated that selenium also may help to prevent certain
types of cancer. The National Academy of Science has
estimated an adequate and safe level of selenium con-
sumption in water for human adults is 50 to 200 pg/L
on the basis of studies of selenium toxicity and defi-
ciency in China (U.S. Environmental Protection
Agency, 1985). The EPA in 1985 proposed increasing
the drinking-water standard to 45 pug/L, in order to
meet this recommended level of consumption, and in
1989 rounded the proposed value up to 50 pg/L (U.S.
Environmental Protection Agency, 1989). In 1991 the
standard was increased to 50 pg/L (U.S.
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Environmental Protection Agency, 1991b). Because
this study was conducted before the 50-pg/L standard
was adopted, the distribution of selenium dominantly
will be described for concentrations exceeding the
1986 standard of 10 pg/L, with brief comments
describing the 1991 50-pg/L standard.

Unlike the other elements investigated, uranium
has not been shown to be an essential element. Ura-
nium, taken internally, is a kidney toxin (National
Academy of Sciences, 1980; U.S. Environmental Pro-
tection Agency, 1991a). Uranium also is a radionu-
clide, which results in an additional risk of cancer (U.S.
Environmental Protection Agency, 1991a). Although
there is little direct evidence that natural environmental
uranium is carcinogenic, it is known that uranium
deposits in the kidneys and bone over time give off ion-
izing radiation in amounts that can be estimated, know-
ing the decay rate of uranium isotopes. This
radioactivity results in a potential cancer risk at high
uranium activities (greater than 160 pCi/L) (U.S. Envi-
ronmental Protection Agency, 1991a). On the basis of
this knowledge, the EPA has proposed a drinking-water
standard of 20 pg/L or 30 pCi/L uranium (30 pCi/L is
estimated to be the radioactivity resulting from 20 pg/L
uranium in most water) (U.S. Environmental Protec-
tion Agency, 1991a). At this writing (June 1994), the
proposed 20-ug/L standard has not been adopted.

Spatial variation in concentrations of dissolved
arsenic, chromium, selenium, and uranium in the Cen-
tral Oklahoma aquifer is a result of: (1) the distribution
of solid phases enriched with the elements, (2) the
redox conditions, (3) the distribution of mudstone, and
(4) changes in water chemistry as the water flows
through the aquifer, particularly increases in pH and
carbonate-ion activity.

PURPOSE AND SCOPE

This report describes the distribution of arsenic,
chromium, selenium, and uranium in the ground water,
sources of the four elements in the rock, the effects of
redox conditions in the aquifer on the elements’ mobil-
ity, the relation of lithology to the elements’ distribu-
tion in rock and water, geochemical processes that
result in the transfer of the elements from the rock into
the water, and the resulting water chemistry associated
with concentrations of the elements that exceed the
1986 or proposed 1991 drinking-water standards in the
Central Oklahoma aquifer. The report also describes
considerations for ground-water development in the

aquifer on the basis of the known distribution of dis-
solved arsenic, chromium, selenium, and uranium.
Maps show the distribution of sandstone and mudstone
in the aquifer. Maps and contingency tables illustrate
the distribution of the four elements in the aquifer.
Tables summarize the distribution of the four elements
in the aquifer and the redox conditions in wells with
water that exceeds proposed or existing drinking-water
standards. Piper diagrams show the relation of high ele-
ment concentrations to water type, and graphs show the
relation to pH, carbonate-ion activity, water age, and
vanadium and boron concentration.

HYDROGEOLOGY

Geology

The Central Oklahoma aquifer underlies about
3,000 mi? in central Oklahoma. The aquifer is com-
posed of Quaternary alluvium and terrace deposits and
the underlying Permian sandstone and mudstone (see
Christenson, 1998). The alluvium and terrace deposits
were not included in this study because they typically
do not contain water with high concentrations of
arsenic, chromium, selenium, or uranium. Geologic
units of Permian age include the Garber Sandstone, the
Wellington Formation, and undivided rocks of the
Chase, Council Grove, and Admire Groups. These
dominantly red Permian units dip to the west at approx-
imately 50 ft/mi. The western one-third of the aquifer
is confined by the Permian Hennessey Group (fig. 1).

Petrography and Mineralogy

The aquifer is composed primarily of fine- and
very fine-grained quartz-litharenite sandstone, lenticu-
larly interbedded with mudstone. The mudstone is
composed dominantly of mixed-layer illite-smectite.

Authigenic minerals that significantly affect water
chemistry are hematite, goethite, gypsum, and dolo-
mite (Breit, 1998). The most notable diagenetic feature
of the aquifer is the pervasive red color that is caused
by abundant grain-coating ferric oxides [dominantly
hematite (Fe,0O3)] and indicates the generally oxidized
nature of the rocks. Locally, yellow-brown goethite
[FeO(OH)] grain coatings color thick sequences of
sandstone. Notable also are reduced zones and spots
that represent local nonoxidized conditions in the rock.
The reduced zones and spots are white or pale greenish
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Figure 18. Generalized relation of arsenic, chromium, selenium, and uranium species to Eh and pH
at 25 degrees Celsius and 1 atmosphere pressure. Activity of arsenic species 0.67 pM (micromolal),
carbon species 6 mM (millimolal), chromium species 1 pM, iron species 1 uM, phosphorus species
0.5 uM, sulfur species 0.5 pM, selenium species 0.63 pM, and uranium species 0.1 pM. Sources of
thermodynamic data used to construct the diagram: arsenic (Wagman and others, 1968; Barton and
Skinner, 1979); chromium (Schmidt, 1984; Rai, Sass, and Moore, 1987); iron (Wagman and others,
1968; Nordstrom and others, 1990); selenium (Wagman and others, 1968; Vaughn and Craig, 1978);

uranium (Langmuir, 1978).

others, 1990) determined that sandstones interbedded
with mudstones in the clay-rich Chase, Council Grove,
and Admire Groups, undivided, in the east, just below
the confining layer, and at depth in the Garber Sand-
stone and Wellington Formation contain more clay
than sandstones in the sand-rich part of the aquifer.
Analyses of cation-exchange capacity of clay-size sep-
arates indicate that mudstones contain 31 to

88 meq/100 g of exchangeable cations, dominantly cal-
cium and magnesium, with 3.5 to 20 percent sodium
(Parkhurst, Christenson, and Breit, 1993). Sodium is
the dominant exchangeable cation on one mudstone
below the base of freshwater. Clay-size separates from
sandstones in the aquifer contain 22 to 40 meq/100 g
exchangeable cations with 0.25 to 10 percent sodium.
The lowest percentages of exchangeable sodium were
found in samples from the sand-rich part of the aquifer.

Arsenic, Chromjum, Selenium, and Uranium in the Central Oklahoma Aquifer

Mixed-layer illite-smectite is the dominant ion
exchanger (Schlottmann and Breit, 1992). In clay-rich
parts of the aquifer in the east and at depth, the
exchange of sodium* bound to mixed-layer clays for
dissolved calcium?* and magnesium?* allows dolomite
to dissolve, although dolomite is at saturation in most
aquifer water (Parkhurst, Christenson, and Breit,
1993). The combined effects of cation exchange and
dolomite dissolution increase pH and alkalinity in the
clay-rich parts.

The overall permeability of rocks in clay-rich parts
of the Central Oklahoma aquifer is lower than in
sand-rich parts. This reduced permeability causes
ground water to flow more slowly in clay-rich than in
sand-rich parts so that a smaller volume of water moves
through the clay-rich parts per unit time, assuming
potentiometric gradients are equal. The reduced flow
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slows the removal of soluble constituents from the
rocks so that potentially soluble constituents such as
exchangeable sodium, dolomite, gypsum, arsenic,
chromium, selenium, or uranium can be retained in the
rock even at shallow depth. In addition, sodium and
chloride from brine that once filled the aquifer are
retained. Conversely, flushing of soluble constituents is
likely in shallow, more permeable, sand-rich parts.
This relation between low permeability and corre-
sponding occurrence of soluble constituents is shown
by the distribution of major ions in the aquifer. Shallow
ground water from less-flushed clay-rich rocks of the
Chase-Admire commonly contains higher chloride and
sulfate concentrations than shallow ground water from
the sand-rich part of the aquifer (Parkhurst, Christen-
son, and Schlottmann, 1989). Clay-rich rocks near the
base of freshwater yield water with chloride and rocks
that receive some recharge through the gypsum-bear-
ing clay-rich Hennessey Group contain increased
sulfate.

Residual soils that developed over mudstone in the
Chase, Council Grove, and Admire Groups and over
parts of the confining layer are poorly drained because
of their high clay content. The resulting reducing envi-
ronment, commonly developed in poorly drained soils
or confining layers (Chapelle, 1993), removes oxygen
from the water as it recharges the Central Oklahoma
aquifer in clay-rich regions. Eleven out of 22 wells
classified as post oxic by Parkhurst, Christenson, and
Breit (1993) were completed in the shallow zone of the
Chase, Council Grove, and Admire Groups. That
represents nearly half of the shallow wells sampled in
these groups, suggesting that post-oxic conditions are
common in the region. Selenium and uranium concen-
trations that exceed the 1986 10-ug/L selenium stan-
dard or the 1991 proposed 20-pug/L uranium standard
are common in water in the shallow Chase-Admire, but
the dissolved selenium concentration is less than
50 pg/L although the uranium concentration is as high
as 220 pug/L. Uranium commonly is present at high
concentrations in water with only low concentrations
of selenium, suggesting that selenium mobility is
restricted in these groups, perhaps because of inade-
quate redox potential. The highest chromium concen-
tration in water from shallow wells in these groups was
7 ng/L, and only two samples contained detectable
chromium concentrations at a reporting level of
5 png/L. The low chromium and selenium concentra-
tions suggest that most water in the groups is not ade-
quately oxidizing to mobilize chromium and selenium.

Arsenic, chromium, and selenium concentrations
that exceed the 1986 drinking-water standards and ura-
nium concentrations that exceed the 1991 proposed
standard have been found just below the base of the
confining layer or just above the base of freshwater.
Selenium also exceeds the standard, and uranium
exceeds the proposed standard in water in the clay-rich
Chase-Admire. All of these are regions where mud-
stone interbeds are abundant relative to the rest of the
aquifer. This association probably is related to a source
of the elements in clay-rich rocks, the reduced amount
of flushing in these regions (as evidenced by residual
concentrations of chloride or sulfate greater than the
aquifer 75th percentile), and a difference in water
chemistry at these locations related to cation-exchange
processes. The lack of dissolved chromium and the
selenium concentrations consistently below 50 pg/L in
the Chase-Admire, although oxidizable and soluble
chromium and selenium are most available in these
groups (Mosier and others, 1991), further indicate that
recharge through clay-rich soils results in shallow
ground water depleted in dissolved oxygen and inade-
quately oxidizing to oxidize chromium and selenium.

CHANGES IN MAJOR-ELEMENT
GROUND-WATER CHEMISTRY ALONG
FLOWPATHS RELATED TO
MOBILIZATION OF ARSENIC, CHROMIUM,
SELENIUM, AND URANIUM

Mass-balance geochemical modeling results
(Parkhurst, Christenson, and Breit, 1993) show that the
major reactions controlling water chemistry in the Cen-
tral Oklahoma aquifer are uptake of carbon dioxide
gas, dolomite dissolution, and cation exchange. The
extent to which these reactions occur in various parts of
the aquifer directly affect the water’s ability to mobi-
lize arsenic, chromium, selenium, and uranium. Water
in the unconfined sand-rich part of the aquifer gener-
ally is calcium magnesium bicarbonate type water with
detectable dissolved oxygen, a pH near neutral, and lit-
tle sodium. When water enters the sand-rich part of the
aquifer, it takes up carbon dioxide gas in the vadose
zone and, as it moves through the aquifer, equilibrates
with dolomite. As water moves into either the confined
or clay-rich part of the aquifer, interaction with
sodium-rich mixed-layer clays results in the exchange
of some of the dissolved calcium and magnesium for
sodium in the clays. The resulting depletion of calcium
and magnesium in the water allows more dolomite to
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dissolve. Deep in the aquifer where the water is iso-
lated from vadose-zone carbon dioxide, dolomite dis-
solution causes an increase in pH from near-neutral to
values as great as 9.6. The amount of pH increase may
be limited by the availability of clay and exchangeable
sodium in the clay. Contingency-table analysis of sam-
ples collected for this study (table 12) indicates high
pH water is common in the deep, confined zone of the
Garber-Wellington and deep zone of the
Chase-Admire. High pH water is less common in the
deep, unconfined zone of the Garber-Wellington and
clay-rich shallow zone of the Chase- Admire and is rare
in the shallow zones of the Garber-Wellington.

Where cation exchange and dolomite dissolution
occur in the vadose zone, carbon dioxide gas is avail-
able, and uptake of carbon dioxide buffers the pH to
near neutral. Without the cation exchange the alkalinity
would be controlled only by dolomite saturation and
the partial pressure of carbon dioxide gas. The extent of
the reactions is controlled by availability of exchange-
able sodium and residence time of the water in the
vadose zone. The abundant clay in the sandstones in
regions of the study unit where mudstone is the domi-
nant lithology provides exchangeable sodium, and the
low transmissivity increases residence time. High
alkalinities [300 to 650 mg/L as calcium carbonate
(CaCO3)] are common in these regions, and pH is near
neutral. This high alkalinity results in a high carbon-

ate-ion (CO52") activity relative to other water with the
same pH. Water type in these regions is generally
sodium calcium magnesium bicarbonate, with approx-
imately equal milliequivalents of each cation. As the
water moves deeper into the Central Oklahoma aquifer,
cation exchange and dolomite dissolution continue in
the absence of carbon dioxide, and pH increases.

Water Chemistry Associated with Arsenic,
Chromium, Selenium, and Uranium

Data collected for this study show general rela-
tions between concentrations of dissolved arsenic,
chromium, selenium, and uranium and sodium water
types, high pH, carbonate-ion activity, water age,
gross-alpha radioactivity, vanadium, and boron. In gen-
eral, high arsenic and chromium concentrations are in
older water with high pH. High chromium concentra-
tions also are in water with detectable dissolved oxy-
gen. High arsenic concentrations are in water with high
vanadium concentrations. High uranium concentra-
tions are in water with high gross-alpha radioactivity
and boron concentrations. High arsenic and selenium
concentrations typically are related to high uranium
concentrations. This section describes the relations and
the processes causing these relations.

Table 12. Contingency table of pH values in the Central Oklahoma aquifer by geohydrologic category

[Data include analyses determined at the sample site for water from wells and test holes sampled for this study. Each analysis represents a well or
a depth interval within a test hole. The four Garber-Wellington categories were defined on the basis of well depth (or sampling depth if available)
and by confined condition: Shallow, less than 300 feet; Deep, greater than or equal to 300 feet; Unconfined, outside confined part of the aquifer;
Confined, within confined part of the aquifer. <, less than; >, greater than or equal to]

Geohydrologic category
H Garber-Wellington
s':ar;- Shallow Deep Chase-Admire
dard Uncon- Uncon- Row
units Statistic fined Confined fined Confined Shallow Deep totals
<85 Number of analyses 47 14 5 45 17 2 130
Expected value 40.7 12.0 4.8 51.8 16.7 4.0
Cell chi square 1.0 3 0 9 0 1.0
=85 Number of analyses 4 1 20 4 3 33
Expected value 10.3 3.0 1.2 13.2 43 1.0
Percent > 8.5 7.8 6.7 17 31 19 60 20
Cell chi square 39 1.4 0 3.6 0 39
Total number of
analyses 51 15 6 65 21 5 163

Overall statistics: chi square 16.0; attained significance level 0.007; smallest expected value 1.0; degrees of freedom 5.

Arsenic, Chromium, Selenium, and Uranium in the Central Oklahoma Aquifer
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Relation of Sodium Water Types to Trace-Element
Concentrations

Piper diagrams (Piper, 1944) were used to illustrate
the relation between water type and arsenic, chromium,
selenium, and uranium concentrations that exceed the
1986 or the 1991 proposed drinking-water standards.
These diagrams show the relative percentages of the
major cations and anions in the triangular plots and the
overall chemical character in the central diamond-
shaped plot. Water type can be interpreted from these
plots. Water in which one cation or anion constitutes
50 percent or more of the total is identified by the dom-
inant cation and anion. Water of intermediate cation or
anion composition is that which contains more than
25 percent of two or three principal cations or anions.
The ions in intermediate water types are listed in order
of decreasing percentage, such as sodium calcium
magnesium bicarbonate.

The variety of water types found in the 141 wells
and the 8 test holes sampled for this study are shown in
figure 19. Water compositions vary from calcium mag-
nesium bicarbonate water type (in the left part of the
central diamond) to sodium bicarbonate (at the bottom
center). Addition of chloride from mixing with residual
brine or sulfate from gypsum dissolution shifts water
types to the upper right of the diamond diagram.

Sodium is the dominant cation in most water that
exceeds a 1986 drinking-water standard or 1991 pro-
posed standard (fig. 20). Dissolved arsenic concentra-
tion exceeded 50 pg/L only in sodium bicarbonate
water. Chromium exceeded 50 pg/L in sodium bicar-
bonate water and one sodium chloride bicarbonate
water. Water that contains greater than or equal to
10 pg/L selenium or 20 pg/L uranium has a wide cat-
ion and anion compositional range, although most is
bicarbonate rich. Sodium percentage exceeds relative
calcium and magnesium percentage in all but two of
the water samples that exceed the selenium standard
and in all but one of the water samples that exceed the
proposed uranium standard. One sample that exceeded
the selenium standard was a calcium magnesium bicar-
bonate water and plots in the left corner of the diamond
diagram. This water was from a shallow well in the
unconfined part of the Garber-Wellington and had a pH
of 7.5. That pH is uncommonly high for shallow cal-
cium magnesium bicarbonate water in the Central
Oklahoma aquifer, suggesting that the water has dis-
solved some dolomite in the absence of carbon dioxide
gas; however, little cation exchange has occurred. Sev-
eral wells with high concentrations of selenium or ura-

nium contain a substantial percentage of chloride or
sulfate.

Water that contained greater than 50 pg/L chro-
mium and in which sodium was less than 85 percent of
the total cations contained an excess of magnesium
over calcium. Most water in the Central Oklahoma
aquifer either contains equal percentages of calcium
and magnesium, or calcium exceeds magnesium. This
reversed calcium-magnesium relation is consistent
with dissolution of magnesium-rich clay and suggests
that the water that contains high dissolved chromium
concentrations may indicate magnesium-rich clay dis-
solution.

The sodium dominance in this water also is seen in
the relation between sodium concentration and arsenic,
chromium, selenium, and uranium (fig. 21). All four
elements generally increase in concentration with
increasing sodium. Concentrations of arsenic exceeded
the 1986 standard only in water with more than
120 mg/L sodium; chromium in water with more than
85 mg/L sodium; and uranium in water with more than
65 mg/L sodium. Selenium commonly exceeded the
1986 standard in water with more than 60 mg/L sodium
but also exceeded the standard in three samples with
lower sodium concentrations, reflecting the wider
range of water types in which selenium is found.
Sodium concentrations in most samples that exceeded
the 1986 standards or 1991 proposed standards were
greater than the median sodium concentration of
49 mg/L.

The relation of arsenic, chromium, selenium, and
uranium concentration to sodium- and bicarbon-
ate-dominant water types supports relations between
dissolved arsenic, chromium, selenium, and uranium
and cation-exchange processes in clay-rich parts of the
Central Oklahoma aquifer. The presence of chloride
and sulfate ions further supports indications that much
of the dissolved arsenic, chromium, selenium, and ura-
nium are from less-flushed, clay-rich parts.

Effect of pH on Trace-Element Concentrations

High arsenic concentrations (50 to 110 pg/L) are
present only in water with a pH greater than or equal to
8.5 (fig. 22). High chromium concentrations (50 to
100 pg/L) are present only in water with a pH greater
than or equal to 8.3. Selenium and uranium exceeded
10 and 20 pg/L, respectively, in some water with pH
values greater than or equal to 7.0, but about two-thirds
of the samples with a pH greater than 8 exceed these
values. The relation to pH is attributed to adsorption
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Figure 19. Piper diagram showing water types for all samples collected for this study of the Central

Oklahoma aquifer, 1987-90.

processes that control mobility of the arsenic (V), chro-
mium (VI), selenium (VI), and uranium (VI) valence
species on the basis of results of the sequential extrac-
tion experiments. The adsorption of these species is
related to the formation of arsenic, selenium, chro-
mium, and uranium oxyions and uranium-carbonate
complexes.

Arsenic (V) forms the oxyanions HyAsO,4 and
HAsO42' in water (fig. 23). Arsenic (V) is generally
soluble, although the mobility is limited at low pH (less
than 7.5) in the presence of iron oxides because of
adsorption on iron-oxide surfaces (Welch, Lico, and
Hughes, 1988). Arsenic (V) oxyanions form an inner
sphere complex with the iron-oxide surface, so water
containing an abundance of phosphate ions or with a

pH from 7.5 to 11 is necessary to mobilize it (Davis and
Kent, 1990). A pH of 8.5 or greater is necessary for
arsenic (V) concentrations to exceed S0 pg/L in the
Central Oklahoma aquifer (fig. 22). Other valence spe-
cies of arsenic oxidize to arsenic (V) at a lower Eh than
the other elements studied (fig. 18).

Chromium (V1) is present as the oxyanions
HCrO4 and Cr042‘ in water (fig. 23). Selenium (VI)
forms the SeO42_ oxyanion in water (fig. 23). These
oxyanions tend to form outer sphere complexes with
iron-oxide surfaces and are only weakly adsorbed.
Increasing pH, increasing ionic strength, or the pres-
ence of competing ions such as sulfate, chloride, or car-
bonate will enhance the desorption of these oxyanions
(Davis and Kent, 1990). Laboratory adsorption
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Figure 20. Piper diagrams showing water types for all samples collected for this study of the Central Oklahoma aquifer
that exceeded a 1996 Federal drinking-water standard for arsenic, chromium, and selenium or the 1991 proposed standard

for uranium.

experiments indicate chromium (VI) tends to desorb
from iron oxyhydroxides at a higher pH (7.0 to 8.5)
than selenium (VI) (pH 5 to 7) (Zachara and others,
1987; Balistrieri and Chao, 1990; Davis and Kent,
1990). This difference can be seen in the plots of the
elements concentrations by pH in the Central Okla-
homa aquifer (fig. 22). Selenium exceeds 10 and even
50 pg/L at a pH near 7, though chromium does not
exceed 50 pg/L until a pH of 8.3. Chromium (III) and

selenium (I'V) require a much higher Eh than arsenic
(III) to be oxidized to chromium (VI) and selenium
(VI), so dissolved concentrations are limited in
post-oxic conditions even where pH is high.

Unlike the other elements studied here, uranium
(VI) forms an oxycation, the uranyl ion (U022+), in
water. Uranium is oxidized to uranium (VI) at an Eh
slightly higher than that required to oxidize
arsenic (ITI) to arsenic (V). The oxycation adsorbs on
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Figure 21. Relation of arsenic, chromium, selenium, and uranium concentrations to sodium

concentrations in the Central Oklahoma aquifer.

iron-oxide minerals with increasing pH if no ions are
available to form a complex. Within the pH range of the
Central Oklahoma aquifer, uranium (VI) mobility can
be enhanced by the presence of phosphate or carbonate
ions (Langmuir, 1978; Hsi and Langmuir, 1985). Ura-
nium (VI) forms a neutral or anionic complex with
these ions that does not tend to adsorb on the iron-oxide
surface at high pH (greater than 8.0). In water with a
small phosphate-ion activity relative to carbonate-ion
activity [(PO4>")1/(CO52)y less than 1073, ura-
nyl-carbonate complexes predominate (Sandino and
Bruno, 1992). In the Central Oklahoma aquifer, the
maximum (PO43")1/(CO;2 )y is 102, thus phosphate
complexes are unlikely, and uranyl-carbonate

complexes will dominate (fig. 23). Additionally, in
bicarbonate type water, carbonate-ion activity
increases with pH, which enhances uranium mobility.
This effect is seen in the general increase in uranium
concentration with pH (fig. 22).

Effect of Carbonate-lon Activity on Uranium
Concentration

Eleven samples between pH 7 and 8 contained high
uranium concentrations. These samples are from shal-
low wells (less than 300 ft) completed either in the Gar-
ber Sandstone just below the base of the Hennessey
Group or in the Chase, Council Grove, and Admire
Groups, undivided. All but one sample contained less
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Figure 22. Relation of arsenic, chromium, selenium, and uranium concentrations to pH in the

Central Oklahoma aquifer.

than 0.01 mol/L dissolved inorganic carbon, which
means the ground water does not contain an unusual
carbon concentration for the Central Oklahoma aquifer.
Alkalinity of these samples ranged from 172 to

646 mg/L; however, all but two samples contained less
than 400 mg/L alkalinity. Uranium might be expected
to remain adsorbed on iron-oxide surfaces or be present
at low dissolved concentrations under these conditions
(Hsi and Langmuir, 1985). A plot of pH versus carbon-
ate-ion activity (fig. 24) calculated using PHREEQE
(Parkhurst, Thorstenson, and Plummer, 1980) shows
that the high uranium concentrations (greater than or
equal to 20 pg/L) typically are present in samples that

plot to the right of samples with less uranium. In the pH
range from 7 to 8, high uranium concentrations are to
the right of the median carbonate-ion activity for each
pH. This indicates that for a given pH, increased car-
bonate-ion activity enhances uranium mobilization.
This effect is even apparent at pH values greater than 8,
where high uranium concentrations still tend to lie to
the right of low concentrations on the plot. The ele-
vated relative carbonate-ion activity is thought to be
due to high alkalinities (300 to 650 mg/L as CaCO3)
generated in water recharged through a clay-rich
vadose zone with abundant exchangeable sodium and
dolomite. Two samples with high uranium plot to the
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left of the median carbonate-ion activity at pH 7.0 and
7.5. These samples are from deep wells, and it is sus-
pected that the apparent low relative carbonate-ion
activity results from borehole mixing of high uranium
and high relative carbonate-ion activity water with
water having low uranium concentration, relatively
low pH, and low alkalinity. Water that plots to the right
of the median alkalinity but does not contain high ura-
nium concentrations may have recharged in a region
where uranium was not available in the rock.

When uranium concentration is plotted with pH
and alkalinity (fig. 25), it is apparent that high uranium
concentrations are present in samples with alkalinity
greater than the median alkalinity for a pH less than 8
except in the two deep wells where borehole mixing
may have reduced the apparent alkalinity. Although the
data in this plot scatter widely, the plot may be useful
for determining the potential of a given water to exceed
the 1991 proposed uranium standard. Alkalinity fluctu-
ates as pH increases in the Central Oklahoma aquifer,
so at a given pH an alkalinity of 300 mg/L may be high,
medium, or low relative to other water with the same
pH. If pH and alkalinity measured at the sampling site
plot on or to the right of the median alkalinity curve, the
water is likely to contain more dissolved uranium than
other water (p-value = 0.0004, Mann-Whitney uranium
test; P-STAT, 1989). This relation is consistent with
laboratory studies of adsorption of UO,%* on iron
oxides and iron oxyhydroxides in solutions with vary-
ing dissolved inorganic carbon concentration (Hsi and
Langmuir, 1985). The percentage of uranium adsorbed
at a given pH decreased with increasing carbon.

Water Age

The relation between 8D, which indicates water
age, and concentrations of dissolved arsenic, chro-
mium, selenium, and uranium are shown in figure 26.
Parkhurst, Christenson, and Breit (1993) determined
that 3D decreases with water age in the Central Okla-
homa aquifer. Very old water (more than 20,000 years
old) has low 8D (less than -40 per mil) because it
entered the aquifer when the Earth's atmosphere was
colder as a result of the last ice age. Warming of the
atmosphere since the last ice age resulted in the gradual
increase in 8D of recharge water from -40 to -34 per
mil. Young water, with a 8D of -34 to -27 per mil rela-
tive to standard mean ocean water, generally entered
the aquifer less than 5,000 years ago.

Concentrations of arsenic, chromium, selenium,
and uranium generally increase with water age. Dis-

solved arsenic concentration exceeds the 1986 standard
only in water with a 8D value less than -34 per mil,
indicating it is in moderately old (more than

5,000 years) to very old water (more than 20,000
years). Chromium exceeds the 1986 standard in water
with a 8D value of less than -37 per mil, indicating it is
only in old water. Some very old water contained no
detectable chromium, indicating that not all old water
is enriched with chromium, possibly because the water
is not capable of mobilizing chromium because of low
redox or pH or because soluble chromium was not
present in the rock along the flowpath. Selenium and
uranium are present at high concentrations in most very
old water but also are present in some young water with
a 8D value as great as -31 per mil. This indicates that
abundant selenium and uranium are dissolved soon
after the water enters the ground, whereas arsenic and
chromium require more time to reach high concentra-
tions. Arsenic and chromium may require more time to
reach high concentrations because (1) their sources
have low concentrations and are disseminated through
the aquifer, (2) the source requires more time to oxi-
dize, or (3) the source is limited in accessibility to
ground water as with arsenic and chromium in mud-
stones. The relation between old water and high
arsenic, chromium, selenium, and uranium concentra-
tions in wells near streams receiving regional discharge
indicates that high concentrations of the elements at
these locations are in water from regional flow rather
than from local recharge.

Gross-Alpha Radioactivity

Gross-alpha radioactivity increases with uranium
concentration in samples collected for this study
(r2 = 0.95, linear regression). Alpha radioactivity is
emitted by many radioactive elements, but only a few
occur naturally in ground water—polonium, radium,
radon, thorium, and uranium (isotopes uranium-234,
uranium-235, and uranium-238). Gross-alpha
radioactivity is a measure of alpha radioactivity
emitted by naturally occurring uranium, radium, tho-
rium, and polonium but excludes radon. Radon is
assumed to outgas or decay from the samples by the
time the samples are analyzed.

Gross-alpha radioactivity is not regulated in drink-
ing water. However, a 15-pCi/L drinking-water stan-
dard exists for residual-alpha radioactivity, which is the
gross-alpha radioactivity minus the uranium alpha
radioactivity (U.S. Environmental Protection Agency,
1986). A substantial number of historical analyses in
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Figure 26. Relation of arsenic, chromium, selenium, and uranium concentrations to water
age in the Central Oklahoma aquifer, as represented by Deuterium per mil relative to

Standard Mean Ocean Water.

the Central Oklahoma aquifer exceeded the 1986 resid-
ual-alpha standard (Parkhurst, Christenson, and
Schilottmann, 1989). ‘

Because residual-alpha radioactivity is a
water-quality problem in the Central Oklahoma
aquifer, this study investigated the source of the resid-
ual-alpha radioactivity. Radium-226, thorium-230,
thorium-232, and polonium-210 alpha radioactivities
were measured in samples from seven wells with pre-
viously measured residual-alpha radioactivity greater

than 15 pCi/L. Alpha radioactivity for all of these iso-
topes totaled less than 2.5 pCi/L. All seven samples
contained greater than 50 pg/L uranium. The lack of a
source of the alpha radioactivity other than uranium
and the strong correlation between gross-alpha radio-
activity and dissolved uranium suggest that the resid-
ual-alpha radioactivity measured in samples collected
for this study results from a systematic error in the
gross-alpha measurement in samples with high
uranium concentrations.
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Vanadium and Boron

Most water in the Central Oklahoma aquifer that
exceeds a 1986 drinking-water standard or 1991 pro-
posed standard for arsenic, chromium, selenium, or
uranium contains detectable vanadium and a high
boron concentration. Known geochemical behavior of
vanadium and boron in various water types and redox
conditions can be used to determine why these ele-
ments are present in water with high arsenic, chro-
mium, selenium, or uranium concentrations and is
further evidence of the sources of and processes mobi-
lizing the four elements.

Vanadium concentration ranged from less than 6 to
910 pg/L, with a median value of 10 pg/L, in 172 sam-
ples from the 141 wells and 8 test holes sampled for
this study. The geochemical behavior of vanadium is
similar to that of arsenic. It is oxidized to mobile pen-
tavalent vanadium [vanadium (V)] at an Eh slightly
lower than that required to oxidize arsenic.

Vanadium (V) is strongly adsorbed on iron oxides in
the lower part of the pH range of the aquifer and des-
orbs at high pH. Arsenic concentration shows the stron-
gest relation to vanadium (r?=0.68, linear regression on
log-transformed data) of the four elements because
both arsenic and vanadium desorb from iron oxides at
about the same pH in the aquifer (fig. 27). Uranium
concentration increases with vanadium in most sam-
ples because they are from the same sources (reduced
zones and iron-oxide surfaces) and because carbon-
ate-ion activity increases with pH in bicarbonate type
water. Vanadium is present only at low concentrations
(less than 50 pg/L vanadium) in the low pH (less than
7.8) water that has high selenium or uranium concen-
trations.

Boron concentration ranged from 20 to
8,000 pg/L, with a median value of 225 pg/L, in 172
analyses from the wells and test holes sampled for this
study. Arsenic, chromium, and selenium do not show
strong relations to boron, although they generally
increase with boron concentration and exceed the 1986
standards only in water with a high boron concentra-
tion (fig. 28). Arsenic exceeded 50 pg/L only in water
with more than 1,000 pg/L boron, chromium in water
with more than 400 pg/L boron, and selenium
exceeded 10 pg/L only in water with 140 pug/L or more
boron. Selenium only exceeded the 1991 selenium
standard of 50 pg/L in water with more than 400 pg/L
boron. Uranium showed a strong relation to boron
(r2=0.80, linear regression on log-transformed data).
This relation is thought to be the result of interaction of

fresh dilute water with clay in the aquifer. Boron
adsorbs on clay from saline pore water and tends to
desorb when the clay is subsequently exposed to low
ionic strength water (Keren and O’Connor, 1982;
Goldberg and Glaubig, 1985, 1986; Bloesch, Bell and
Hughes, 1987), which happens when the base of fresh-
water gradually displaces underlying brine. As the
aquifer is flushed, boron desorption tends to occur con-
currently with the cation-exchange processes that
increase alkalinity and enhance uranium mobility. Ura-
nium exceeded the 1991 proposed standard of 20 pg/L
only in water with a boron concentration greater than
400 pg/L. The relation between elevated boron con-
centrations and high concentrations of arsenic, chro-
mium, selenium, and uranium further indicates that the
source of the elements are in less-flushed clay-rich
parts of the aquifer near the base of freshwater, just
below the confining layer, and in the Chase-Admire.

Relations Among Arsenic, Chromium,
Selenium, and Uranium

High concentrations of dissolved arsenic, chro-
mium, selenium, and uranium commonly are present
together in some regions of the Central Oklahoma
aquifer. The combinations of elements that occur
together appear to follow the order in which they are
oxidized in increasingly oxidizing conditions:
arsenic—uranium-selenium—chromium (table 13). In
samples collected for this study, water that exceeded
the 1986 standards for arsenic and chromium also
exceeded the 1991 proposed uranium standard and the
1986 selenium standard (table 13). Water that exceeded
selenium and arsenic standards, but not the chromium
standard, exceeded the proposed uranium standard.
Water that exceeded the proposed uranium standard
and the chromium standard, but not the arsenic stan-
dard, exceeded the selenium standard. The interrelation
of these elements provides clues to the source of the
elements and the processes mobilizing them.

All samples that exceeded the 1986 standard for
arsenic also exceeded the 1991 proposed standard for
uranium (table 13). This is because arsenic and ura-
nium are oxidized in similar redox conditions and
because both are mobile in high-pH sodium bicarbon-
ate type water. That they are present together in the
water implies that sources of both elements are present
in the rock the water has moved through, although rock
investigations indicated that the highest concentrations
of arsenic and uranium are present in different rock
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Figure 27. Relation of arsenic, chromium, selenium, and uranium concentrations to
vanadium concentrations in the Central Oklahoma aquifer.

types. Arsenic is in yellow-brown iron-oxide cemented arsenic (2 pg/L), selenium (less than 1 pg/L), and ura-

rock, and uranium is in reduced zones. nium (8.5 pg/L). This indicates that there may be

Six of seven well or test-hole samples that regions where only chromium is available in the rock.
exceeded the 1986 chromium standard also exceeded Most samples (86 percent) that exceeded the 1991
the 1986 selenium standard, and five exceeded the 50-pg/L standard for selenium also exceeded the 1991
1991 proposed uranium standard (table 13). Chro- proposed standard for uranium. All but two samples
mium, selenium, and uranium all are mobile in that exceeded the 1986 selenium standard of 10 pg/L
high-pH, oxic environments. In most regions where contained more than 3.8 pg/L uranium (the median
chromium is mobile, selenium and uranium are present  uranium concentration for 141 wells sampled for this
and also are mobile. One sample exceeded only the study), and more than 75 percent exceeded the 1991

chromium standard and only had low concentrations of ~ proposed uranium standard. Selenium and uranium
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Figure 28. Relation of arsenic, chromium, selenium, and uranium concentrations to boron

concentrations in the Central Oklahoma aquifer.

both are mobile more than a wide pH range, and mobi-
lization of both is enhanced by increasing activity of
carbonate ion. Additionally, both elements are found
together in reduced zones, so both elements have
sources in the same rock. Eight samples exceeded only
the selenium standard, probably because of the low
1986 10-ug/L drinking-water standard for selenium
relative to higher standards for the other elements.

Selenium concentrations in these eight samples were
less than 20 pg/L.

The reverse of the uranium association with
arsenic, chromium, and selenium concentrations that
exceed 1986 drinking-water standards is not true; sam-
ples that exceeded the 1991 proposed uranium standard
generally did not contain high concentrations of
arsenic, 86 percent did not exceed the chromium stan-
dard, and 24 percent did not exceed the selenium
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Table 13. Summary table of samples collected for the present study of the Central Oklahoma aquifer that
exceeded established or proposed drinking-water standards, sorted by geohydrologic zone

[Shaded areas indicate determinations that exceed established or proposed drinking-water standards; deg, degrees; min, minutes; sec,
seconds; ug/L, micrograms per liter; As, arsenic; U, uranium; Se, selenium; Cr, chromium; <, indicates concentration is less than specified
value; Geohydrologic zones: SUGW,; shallow (less than 300 feet) unconfined Garber-Wellington; DUGW, deep (greater than 300 feet)
unconfined Garber-Wellington; SCGW, shallow confined Garber-Wellington; DCGW, deep confined Garber-Wellington; SCA, shallow
Chase-Admire; DCA, deep Chase-Admire. All samples analyzed by the National Water-Quality Laboratory of the U.S. Geological

Survey unless otherwise noted]

Location pH!, Arsenic, Seienium,
Geohydrologic Latitude Longitude standard (ug/L as Uranium, (ng/L as Chromium,
zone (deg min sec) (deg min sec) units As) (ug/L as U) Se) (ug/L as Cr)
Well samples
SUGW 35 39 47 97 11 15 7.6 1 200 i+ 24 12 20
SUGW 35 18 17 97 15 52 75 <1 04 + 0.1 10 7
SUGW 35 40 08 97 19 09 7.6 2 80 93 B 29
SUGW 35 47 06 97 05 10 9.0 4 23 £ 26 18 7
SUGW 35 47 58 97 29 52 83 9 38 4 42 13 37
SUGW 35 50 49 97 04 14 75 1 41 £+ 45 2 <5
SCGW 35 30 42 97 31 38 7.2 1 62 % .79 28 <5
SCGW 35 30 51 97 32 20 7.6 <1 67 & 87 190 7
SCGW 35 31 31 97 32 54 7.8 1 69 + B89 9 <5
DUGW 35 14 09 97 23 18 83 2 85 + 14 <1 84
DUGW 35 17 29 97 22 13 9.0 28 11 £ 12 31 74
DUGW 35 25 50 97 05 54 7.0 1 31 '+ 33 15 40
DUGW 35 25 19 97 22 25 7.8 8 18 + 22 53 24
DCGW 35 07 56 97 23 20 8.7 51 23 0+ .27 2 <5
DCGW 35 12 19 97 26 23 8.6 14 61 + 71 150 14
DCGW 35 12 36 97 26 28 8.8 42 33 37 73 100
DCGW 35 13 14 97 25 47 8.8 52 57 .75 7 <5
DCGW 35 14 14 97 29 39 8.6 14 94 % 12 <1 <1
DCGW 35 16 27 97 28 51 9.0 44 i + 18 18 29
DCGW 35 19 26 97 29 40 89 19 20 £ 29 63 72
DCGW 35 20 43 97 28 20 9.0 32 27 32 29 59
DCGW 35 25 15 97 37 08 9.1 110 25 + 28 20 34
DCGW 35 25 50 97 05 54 7.0 <1 45 = 06 17 11
DCGW 35 26 05 97 37 57 8.8 75 51 .69 33 45
DCGW 35 30 13 97 37 33 8.7 110 25+ 34 15 36
DCGW 35 32 23 97 32 05 8.6 30 2 + 13 130 9
DCGW 35 34 11 97 37 45 7.5 21 92+ 92 63 48
SCA 35 00 03 97 00 33 83 4 110 -+ 12 <1 <5
SCA 35 14 11 9 59 00 75 <1 31 £+ 04 12 5
SCA 35 23 51 96 54 40 9.1 6 37 % 41 2 <5
SCA 35 33 51 96 57 46 72 1 220 £.25 1 <5
SCA 35 39 38 97 03 11 83 1 69 * 717 <1 <5
SCA 35 41 43 9 56 43 8.0 3 39+ 43 22 <5
DCA 35 46 33 97 03 08 9.1 18 82 %+ .79 26 20
DCA 35 46 37 97 03 08 9.2 22 130+ 14 11 7
DCA 35 46 54 97 03 08 9.0 15 100 + 11 20 12
DCA 35 52 14 96 57 48 79 1 29 % 28 20 10
NOTS test-hole samples
SUGW 35 40 12 97 23 10 89 23 29 32 1 5
SUGW 35 51 18 97 25 00 8.8 53 66 + 10 75 80
SUGW 35 51 18 97 25 00 89 69 110 + 12 250 60
SUGW 35 42 08 97 33 02 8.0 3 18 £ 25 10 30
SUGW 35 42 08 97 33 02 8.0 3 41 % 6 11 20
DUGW 35 42 08 97 33 02 8.6 65 320 £ 35 380 40
DCGW 35 13 15 97 25 43 9.6 33 4 + 41 1 <5
DCGW 35 13 15 97 25 42 9.1 51 35+ 46 93 <5
DCGW 35 13 15 97 25 42 9.3 20 54 £ 11 19 <5
SCA 35 11 42 9 58 01 7.5 1 4 + 48 16 <5
SCA 35 11 42 9% 58 01 7.5 1 42 + 46 18 <5
SCA 35 4 18 97 01 35 9.0 20 40 £ 46 13 <5

'Determined at sample site.
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standard. In some regions the pH is too low to mobilize
arsenic and chromium, and redox conditions are not
adequate to oxidize chromium and selenium to mobile
chromium (VI) and selenium (VI)

CONSIDERATIONS FOR GROUND-WATER
DEVELOPMENT

In addition to information about the distribution of
dissolved arsenic, chromium, selenium, and uranium in
the Central Oklahoma aquifer, several important water
and rock characteristics related to the occurrence of
high arsenic, chromium, selenium, and uranium con-
centrations were determined in this study. This infor-
mation can be used to improve the prospects of
completing wells that yield acceptable drinking water.

Results of this study indicate that high concentra-
tions of dissolved arsenic, chromium, selenium, and
uranium are present in specific regions of the Central
Oklahoma aquifer (figs. 8 through 13, 15 and 16 and
table 10). These elements do not tend to be present in
regions of the aquifer below recharge areas or in the
shaliow unconfined zones of the sand-rich part of the
aquifer. They do tend to be found in “old” water near
the base of the aquifer, in the distal parts of long flow-
paths below the confining layer, and in regions of the
shallow zones within 2 mi of streams that receive dis-
charge from below the confining layer. High concentra-
tions of selenium and uranium also tend to be present
in shallow, clay-rich parts in the Chase-Admire, just
below the base of the confining layer, and north of
Deep Fork.

When developing water resources where high con-
centrations of the toxic elements are known to be
present or data are sparse, careful investigation and
additional testing will be needed prior to well installa-
tion to avoid completion of wells that yield water that
exceeds a drinking-water standard. The first step in
such an investigation would be to review any available
well-completion data, geophysical logs, or water-qual-
ity data for wells nearest the proposed well sites. A
comparison of mudstone distribution in nearby wells,
based on geophysical logs, to water quality for wells
with various completion depths may indicate sandstone
intervals in the area that are likely to yield water with
high concentrations of arsenic, chromium, selenium, or
uranium,

Because few data are available for several regions
in the Central Oklahoma aquifer, additional testing in
these regions is needed before developing a water sup-

ply. These regions dominantly are in the north- and
south-central parts of the study unit and between clus-
ters of data presented on the maps in figures 8 through
13, 15 and 16. Test holes or test wells could be installed
prior to locating a well field in such a region in order to
determine which sandstone layers yield water with
high concentrations of arsenic, chromium, selenium, or
uranium.

Test-hole results showed that concentrations of dis-
solved arsenic, chromium, selenium, and uranium vary
between sandstone layers. This variation results from
differences in the water and rock chemistry. In sand-
stone layers, where the water has a chemical composi-
tion that favors dissolution of the elements and the rock
contains the elements in a form available for solution,
the occurrence of high concentrations of the elements
is likely. Where the water does not have high pH, dis-
solved oxygen, or a high relative carbonate-ion activity
(all of which tend to mobilize the elements), dissolved
arsenic, chromium, selenium, and uranium will not be
present at high concentrations. Likewise, where the
rocks do not contain the elements in a form available
for mobilization, the elements will not be present even
if the water has the necessary characteristics to favor
transfer from rock to water.

Observation of cuttings during the drilling process
is not likely to be a good indicator of the probability of
a well yielding water with high arsenic, chromium,
selenium, or uranium concentrations. Rocks, such as
yellow-brown sandstones, greenish-gray reduced
zones in sandstones, and interbedded mudstones, that
are known to be associated with high concentrations of
the elements do not always contain high concentra-
tions. Water samples collected from isolated sandstone
layers before well completion are a better indication of
whether the elements are in the water.

In regions where high concentrations of dissolved
arsenic, chromium, selenium, and uranium are known
to be present, sampling of water from individual sand-
stone layers prior to well completion also will identify
intervals that yield water that is not of adequate drink-
ing-water quality. Onsite analysis of pH, alkalinity, dis-
solved oxygen, and sodium with well-calibrated meters
can help identify sand layers that may yield water with
high arsenic, chromium, selenium, or uranium concen-
trations; this information is useful for isolating sand-
stone layers from production zones in the well that
yield water with low concentrations of the elements.
However, onsite analyses cannot be used as a substitute
for laboratory analyses of arsenic, chromium,
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selenium, and uranium. Without laboratory analyses,
sandstone layers that contain water with little arsenic,
chromium, selenium, and uranium but with high pH,
high dissolved-oxygen concentration, and high relative
alkalinity could be excluded inadvertently.

SUMMARY

Concentrations of dissolved arsenic, chromium,
selenium, and uranium in confined and deep zones of
the Central Oklahoma aquifer commonly exceed the
1986 Federal drinking-water standards of 50 pg/L
arsenic, 50 pg/L chromium, 10 pg/L selenium, and the
1991 proposed standard of 20 pg/L uranium. Dissolved
selenium and uranium concentrations commonly
exceed 10 pg/L and 20 pg/L in unconfined zones of the
aquifer. The distribution of the four elements in water
and rock in the aquifer, the water and rock characteris-
tics associated with high dissolved concentrations of
the elements, and the processes that transfer the ele-
ments from the rock into the water were investigated.
Historical water analyses, analyses of water samples
collected from 141 wells and from varying depth inter-
vals in 8 test holes along with rock core from the 8 test
holes were used.

The high concentrations of dissolved arsenic, chro-
mium, selenium, and uranium were found to be a func-
tion of: (1) the distribution of the elements in the solid
phases, (2) the redox conditions, (3) the distribution of
mudstone, and (4) changes in water chemistry as the
water flows through the aquifer, primarily increases in
pH and carbonate-ion activity.

Permian geologic units in the Central Oklahoma
aquifer include the Garber Sandstone, the Wellington
Formation, and undivided rocks of the Chase, Council
Grove, and Admire Groups. The western one-third of
the aquifer is confined by the Permian Hennessey
Group. The aquifer is composed primarily of sand-
stone, lenticularly interbedded with mudstone. Authi-
genic minerals that affect water chemistry include
hematite, goethite, gypsum, dolomite, and illite-
smectite.

A flow model developed for the aquifer as part of
an earlier investigation indicates that precipitation
recharges the Central Oklahoma aquifer. Discharge is
mainly into nearby streams within years to thousands
of years. A small percentage of the recharge flows west
into the confined part of the aquifer. The ground water
then flows along long regional flowpaths to the north

and south under the confining layer and discharges into
streams.

Dominant water types in the Central Oklahoma
aquifer vary from calcium magnesium bicarbonate
with pH 6.0 to 7.8 to sodium bicarbonate with pH 8.3
to 9.6. Calcium magnesium bicarbonate water types
are most common in shallow (less than 300 ft) and
sand-rich parts of the aquifer, and sodium bicarbonate
type water is in deep and confined zones of the aquifer.
Dissolved chloride concentration is generally high near
the base of freshwater and in clay-rich regions in the
eastern part of the study unit. High sulfate is present
near the base of the confining layer, near the base of
freshwater, and where gypsum is dissolving in the
southeastern part of the study unit. The Central Okla-
homa aquifer can be divided into six geohydrologic
zones related to major element chemistry on the basis
of depth, geology, and confined or unconfined condi-
tions including: the shallow unconfined Garber-Well-
ington, the deep (greater than or equal to 300 ft deep)
unconfined Garber-Wellington, the shallow confined
Garber-Wellington, the deep confined Garber-Welling-
ton, the shallow Chase-Admire, and the deep
Chase-Admire.

Fewer than 4 percent of the wells sampled for this
study yielded water that exceeded the 1986 arsenic or
chromium standards. The 1986 selenium standard was
exceeded in 19 percent, and the 1991 proposed ura-
nium standard was exceeded in 21 percent. When con-
centrations of all four elements are considered, water
from 26 percent of the wells in this study exceeded at
least one standard or proposed standard.

High dissolved concentrations of arsenic, chro-
mium, selenium, and uranium are in specific regions of
the Central Oklahoma aquifer. Dissolved arsenic and
chromium concentrations typically are low in the shal-
low zones of the aquifer, whereas the 1986 selenium
standard and the 1991 proposed uranium standard com-
monly are exceeded in shallow zones of the aquifer.
The few shallow wells that yield water with arsenic or
chromium concentrations that exceed the respective
1986 standards are completed in regions of the Garber
Sandstone or the Wellington Formation that have water
with high pH. The selenium standard and the
proposed uranium standard are exceeded in shallow
wells in regions where a decrease in freshwater flush-
ing resulting from abundant mudstone interbeds has
slowed the removal of soluble forms of these elements.
Shallow wells in the unconfined part of the aquifer that
yield water that exceeds the arsenic, chromium, or
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selenium standards are close to major streams where
long regional flowpaths discharge. The high concentra-
tions of arsenic, chromium, selenium, and uranium
developed along the long flowpaths. High concentra-
tions of uranium also are found in water from some
shallow wells located on or near potentiometric highs
where most ground water has only recently entered the
aquifer (fig. 15), which indicates that high uranium
concentrations can develop along short flowpaths.

High concentrations of all four of the elements are
common in the deep confined Garber-Wellington geo-
hydrologic zone; high chromium, selenium, and ura-
nium concentrations are common in the deep
unconfined Garber-Wellington; and only selenium and
uranium are present at high concentrations in the deep
Chase-Admire. The 1986 arsenic standard is exceeded
by water in the Garber Sandstone in some sandstone
layers near the base of the confining layer in the west-
ernmost part of the aquifer and locally near the base of
freshwater in the unconfined part of the Garber Sand-
stone. These are regions where sodium bicarbonate
water with pH greater than 8.5 are common. Chromium
concentrations are high near the base of freshwater at
some locations and in both confined and unconfined
zones of the deep Garber-Wellington where both high
pH and oxic conditions are available. Selenium con-
centrations that exceed the 1986 10-ug/L standard are
common in all deep geohydrologic zones. Selenium
concentrations exceed 50 pg/L at depth and near the
base of freshwater in the Garber-Wellington but not in
the deep Chase-Admire. Uranium concentrations also
exceed the 1991 proposed 20-pg/L standard near the
base of freshwater. Ground water with uranium con-
centrations that exceed 20 pg/L is common in all deep
geohydrologic zones but is located only in western,
northern, and eastern regions of the aquifer where mud-
stone abundance increases.

Dissolved concentrations of the elements generally
increase with depth in the unconfined part of the Cen-
tral Oklahoma aquifer. The highest concentrations
were detected in test-hole samples that were collected
near the base of freshwater. In contrast, in the confined
part of the aquifer, high concentrations are near the top
of the aquifer. However, the distribution is hetero-
geneous, some high dissolved concentrations of
arsenic, selenium, and uranium were collected from a
sandstone layer between layers that yielded water with
lower concentrations of the elements. Thus, an individ-
ual sandstone layer can yield water that exceeds drink-
ing-water standards.

Regions of the aquifer with high arsenic, chro-
mium, selenium, or uranium concentrations in ground
water also have high concentrations of these elements
in nearby rock. Results of sequential extraction experi-
ments on rock samples indicate that water characteris-
tics necessary to mobilize the elements are oxidizing
capacity, high pH, and high chloride or carbonate-ion
concentrations.

The abundance of clay-rich mudstone exerts a key
effect on the mobilization of these elements in the Cen-
tral Oklahoma aquifer because it affects cation-
exchange ability, permeability, and redox conditions.
Cation-exchange reactions between water and clay
minerals increase dissolved sodium and decrease dis-
solved calcium and magnesium concentrations. This
causes dolomite to dissolve, which raises pH and alka-
linity. The increased pH and carbonate-ion activity
enhance mobility of oxidized arsenic, chromium, sele-
nium, and uranium. Increased interbedding of mud-
stone near the base of the confining layer, near the base
of the aquifer, and in the Chase, Council Grove, and
Admire Groups results in low transmissivity in those
regions so that they tend to be poorly flushed by fresh-
water. Regions of the aquifer poorly flushed by fresh-
water have higher concentrations of dissolved and
solid-phase arsenic, chromium, selenium, and uranium
than do well-flushed regions. Sodium also remains in
mixed-layer clays for cation exchange because it has
not yet been removed by abundant flushing.

Recharge to most of the Central Oklahoma aquifer
is through sandy soils that do not deplete dissolved
oxygen. This results in oxic conditions in most of the
aquifer in which arsenic, chromium, selenium, and ura-
nium are stable in their greatest valence state and
should be soluble. Recharge through poorly drained
clay-rich soils, where abundant mudstone crops out,
results in depletion of oxygen in recharge at those loca-
tions such as in the Chase, Council Grove, and Admire
Groups and below the confining layer. The resulting
lower redox potential apparently decreases the mobil-
ity of chromium and selenium in those locations.

In shallow zones of the aquifer where abundant
mudstone crops out, cation exchange coupled with
dolomite and carbon dioxide gas dissolution in the
clay-rich vadose zone results in sodium calcium mag-
nesium bicarbonate type shallow ground water with pH
near neutral and a high relative carbonate-ion activity.
Deep in the aquifer, away from available soil carbon
dioxide gas, cation exchange coupled with dolomite
dissolution results in sodium bicarbonate type water
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with a pH as high as 9.6 and slightly increased alkalin-
ity. High pH enhances desorption of oxidized arsenic,
chromium, selenium, and uranjum from iron-oxide sur-
faces, and increased alkalinity enhances uranium solu-
bility. These effects are apparent in the association of
high concentrations of dissolved arsenic, chromium,
selenium, and uranium with sodium water types, high
pH, and relatively high carbonate-ion activity.

High concentrations of dissolved arsenic, chro-
mium, selenium, and uranium commonly occur
together in the same water, partly because their release
from rocks is controlled by oxidation. The order of
increasing redox potential required to oxidize each ele-
ment (arsenic—uranium—selenium~chromium) indi-
cates the order in which the elements occur together,
with adjacent elements present together at high concen-
trations and combinations ranging from all four ele-
ments to a single element present at high
concentrations. However, all samples that exceeded the
1986 arsenic standard also exceeded the 1991 proposed
uranium standard.

High dissolved boron and vanadium concentra-
tions are associated with high concentrations of
arsenic, chromium, selenium, and particularly ura-
nium. The boron is thought to be desorbing from clay
surfaces as they are exposed to fresh ground water. The
relation between boron and arsenic, chromium, sele-
nium, and uranium further indicates that the element
sources are in less flushed clay-rich parts of the aquifer.
Vanadium concentration increases with arsenic con-
centration because the geochemistry of the elements is
similar.

In the regions of the Central Oklahoma aquifer
where high concentrations of dissolved arsenic, chro-
mium, selenium, and uranium are common, abundance
of the dissolved elements varies with depth and
between sandstone layers. When exploring for a drink-
ing-water supply in these regions, sampling of water
from packer-isolated sandstone layers in test holes
prior to well completion may provide locations of
sandstone layers that yield water with high concentra-
tions of the elements. These layers could then be iso-
lated from those that yield water with low concentra-
tions in the completed well, reducing the probability
that the well will yield water that exceeds a drink-
ing-water standard. Observations of test-hole drill cut-
tings and onsite measurement of sodium concentration,
pH, and alkalinity may provide a quick onsite predic-
tion of which sand layers are likely to yield water that
will exceed a drinking-water standard.
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