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Introduction

L.P. Gough

Although the U.S. Geological Survey is known for
research on mineral resources, its research on the conse-
quences of mineral extraction and use deserve equal at-
tention. Many of the geochemical and geophysical
studies that investigate near-surface geological processes
have direct application to the research of current envi-
ronmental problems that are of national interest. These
processes involve our mineral, soil, water, air, and vege-
tation resources.

One of the Survey's greatest assets is its long tradi-
tion of excellence in research and in reporting scientific
information; as an agency we have sometimes failed,
however, to adequately communicate both our long his-
tory of contributions to the solution of environmental
problems and our ability to help solve urgent environ-
mental challenges. This forum, therefore, has two main
objectives: (1) to inform individuals, organizations, and
agencies of the types of environmental geoscience stud-
ies being conducted by the Geologic Division, and (2) to
elicit feedback from participants on any new research di-
rections the Division should consider.

The studies in this report were chosen to represent a
general cross section of research being conducted within
the Geologic Division of the USGS. This one-day activ-
ity is meant to initiate a process that will result in a se-
ries of forums with more specialized agendas.

Although geologic hazards research has enjoyed em-
phasis in the past and remains important, new areas of
environmental geoscience studies include rock/water,
soil/water, and even plant/soil investigations. Specific
areas of environmental research reported here include:
acid-mine drainage, wetlands, metal mobility in surficial
environments and uptake by vegetation, remote sensing,
ecosystem dynamics, trace-element kinetics, point and
non-point sources of contamination, geochemical and
geophysical analytical methods development, and labo-
ratory standards research. Many of these studies have
great problem-solving "cross-over"” potential, and the
processes and techniques discussed can be used to tackle
broad-scale problems such as global/climate change and
subsurface contamination.Many of the authors may al-
lude to the "quick-fix" mentality that exists in our soci-
ety toward remedial activities aimed at "solving" a
particular environmental problem. This approach should
be a concern to everyone because decisions and policies
that are made without a firm foundation in research are
costly at best and may even be unhealthy. Daniel E.
Koshland, Jr. (Science, vol. 247, p. 777, 1990) stated
"Part of a more rational approach to confronting envi-
ronmental problems is to rely more on facts and be will-
ing to modify policies as new facts are uncovered.” The
USGS is an agency that specializes in providing facts.



Processes Controlling Trace-metal
Cycling in the Environment

L.S. Balistrieri and T.T. Chao

Physical, biological, and chemical processes are re-
sponsible for the distribution and mobility of elements in
the environment. These processes include mixing and
diffusion, biological uptake and release, sorption by par-
ticulate matter, precipitation, anthropogenic inputs,
fluxes across phase or chemical boundaries, and redox
cycling. The complexity of natural systems usuaily re-
quires determining the relative importance of several
processes for a given metal. This requires adequate geo-
chemical tools. A good geochemical tool set should in-
clude biological, chemical, and physical methods for
determining such entities as bulk composition, element
speciation, solid phase associations, mineral assem-
blages, as well as thermodynamic and kinetic models.
The use of these tools can provide an understanding of
the important processes and thereby the information nec-
essary to predict the response of elements to changing
biochemical conditions and to formulate plans for pre-
ventative and/or remedial action.

This talk will focus on the response of elements to
changing redox conditions. In so doing, all of the above
processes except the input of anthropogenic elements
will be addressed. Trace-metal data from a seasonally
anoxic system will be used to demonstrate the various
responses of elements to changing redox potential and to
illustrate the processes responsible for metal cycling in
the environment.

Applications of Light Stable
Isotopes to Environmental
Problems

G.S. Plumlee

Stable isotope studies of light elements have broad
applications to environmental problems. Stable isotopes
are of greatest use for understanding the operation of
natural geochemical cycles (especially those of oxygen,
hydrogen, sulfur, carbon, and nitrogen) and for tracing
how those cycles have been affected by man. The U.S.
Geological Survey (USGS) has laboratory facilities for
studying a variety of stable isotopes, and scientists with
extensive research experience in the application of sta-
ble isotopes to environmental and other geochemical
problems. This paper presents a brief review of environ-
mental stable isotope studies by USGS and other
researchers. For a detailed review, the reader is referred
to the multi-volume Handbook of Environmental Isotope
Geochemistry (1980-1988, Fritz and Fonts, eds., Else-
vier), or general texts on the subject.

Background. Isotopes of a naturally-occurring ele-
ment have the same number of protons in the nucleus but
different numbers of neutrons. Different elements have
various combinations of stable isotopes (such as Oxy-
gen-16 (*%0) and '*0) and/or radiogenic isotopes (such
as uranium-238 (mU), BSU, and 234U, which undergo
radioactive decay). Individual isotopes of an element
are distributed differentially between chemically react-
ing compounds or coexisting phases due to their subtle
differences in mass; the smaller the atomic weight of the
element, the greater the isotopic fractionation. The iso-
topic composition of a compound is generally measured
by comparing the ratio of the heavy (less abundant) iso-
tope to the lighter (more abundant) isotope in the com-
pound to the same ratio in a standard. Isotopic
compositions are given as parts per thousand or per mil
(%o) variations. For example, the isotopic composition
of sulfur is given as:

8%S%o =1000 x [(*S/78) __ JC*SPS) ) - 11

Although the radiogenic isotopes have extensive ap-
plications in environmental studies, this paper will focus
on the stable isotopes of light elements commonly found
in the environment, including hydrogen, oxygen, carbon,
sulfur, and nitrogen.

Hydrogen and oxygen. Stable isotopes of hydrogen
('H, deuterium [*H or D]) and oxygen (*°0, 180) frac-
tionate extensively during evaporation and precipitation
of water. Evaporation produces isotopically light water
vapor, which is fractionated to even lighter isotopic
compositions by subsequent precipitation; this fractiona-
tion increases at greater distances inland from the



oceans, at higher latitudes, at higher elevations, or in
colder climates or seasons (average ocean water is

0%o 8D and 8'%0; surface waters in coastal Calif.

are near -30%o 8D and -5%o 8'°0; surface waters in

the central Rocky mountains are near -130%e. 8D and
-17.5%0 §'®0; snow in Antarctica can be as light as
-428%. 8D and -56%o 5'°0). Groundwater can retain
the characteristic isotopic compeosition of its source sur-
face water or can undergo isotopic shifts in response to
processes such as reactions with aquifer rocks or mixing
with isotopically distinct waters from a different aquifer.

Hydrogen and oxygen isotopes have been used exten-
sively in hydrology applications. The isotopic composi-
tion of ground water is very useful for identifying source
areas where an aquifer is recharged: ground water de-
rived from local precipitation would have a different iso-
topic signature than that derived from a distant source at
higher elevations. "Old" ground waters recharged under
different climatic conditions are isotopically distinct
from those recharged more recently. Seasonal isotopic
variations in an aquifer suggest rapid recharge rates from
nearby sources. The extent of aquifer recharge by sur-
face waters can be elucidated by measurement of iso-
topic variations in ground water away from rivers or
lakes. Relative discharges of tributary rivers can be esti-
mated indirectly from isotopic measurements of water in
the tributaries and water downstream from the conflu-
ence.

The hydrogen and oxygen isotopic compositions of
minerals and vegetation are also very useful for deter-
mining past variations in climate conditions, such as
temperature and precipitation, because they record
changes in the isotopic composition of ground and sur-
face waters over time. For example, the hydrogen iso-
topic composition of tree rings and the oxygen isotopic
composition of carbonate minerals in ancient soil hori-
zons have both been used extensively in paleoclimatic
and global-warming studies.

Sulfur. Sulfur in the environment originates from a
wide variety of sources via a complex array of inorganic,
biological, and anthropogenic processes. Many of these
sources and processes are marked by characteristic sul-

fur isotope (328 and 3“S) signatures that allow the dis-
crimination of sulfur originating from different sources
and/or processes. Most sulfide sulfur of deep-seated ori-
gin (i.e., that in igneous rocks, igneous-related ore de-
posits, volcanic gases, etc.) is near 0%eo. In contrast,
present-day oceanic sulfate is isotopically heavy (near
20%o 8*S), as are marine evaporites (> +10%o §*s)
formed in the past. Bacterially mediated reduction of
marine sulfate can lead to extreme sulfur isotope frac-
tionations; these fractionations are reflected in the iso-
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topically variable composition of suifides in sedimentary
rocks (from < -40%o t0 > +40%o0), sulfides in coal
(-30%o to +30%o), and sulfur in petroieum (-10 to
+20%o).

Sulfur isotopes are helpful for sorting out the various
sources and sinks for sulfur in individual ecosystems.
These include entrained sea spray, organic sulfur com-
pounds (released from microorganisms and plants), sul-
fur from volcanic emissions, anthropogenic pollutant
sulfur, sulfate in rainfall, and sulfate in continental dust.

Sulfate formed through kinetically-controlled oxida-
tion of sulfide generally inherits the isotopic signature of
the parental sulfide, and is thus very useful for tracing
the source of aqueous sulfate in the environment. For
example, sulfur isotope studies can be used to discrimi-
nate sulfate formed through oxidative weathering of ig-
neous sulfides (near 0%o), sulfate formed from oxidation
of volcanic gases (near 0%o), sulfate derived from ma-
rine evaporites (> +10%a0), and sulfate formed through
oxidation of sedimentary sulfides (isotopically light or
heavy).

The sulfur isotopic composition of coals, oils, or sul-
fide ores is generally maintained during combustion or
roasting. The isotopic compositions of atmospheric sul-
fur dioxide and resultant sulfate in acid rain have been
used successfully to fingerprint specific oil/coal-fired
power plants or smelters that produced the sulfur diox-
ide.

The oxygen isotopic composition of sulfate provides
further constraints on the sources of the sulfate and the
mechanisms by which it formed. For example, sulfate
formed in the presence of abundant atmospheric oxygen
(i.e., on a weathering mine dump or in a mine with rapid
flowthrough of oxygenated surface water) has isotopi-
cally heavy oxygen, whereas sulfate formed in the sub-
surface (i.e., in a mine filled with standing water) has
isotopically light oxygen derived from the ground wa-
ters.

Carbon. Carbon isotopes (IZC, 3C) can be used to

differentiate potential sources for carbon and the
chemical processes which affect carbon in the environ-

ment. Marine carbonate is defined to be 0%o §'°C.
Reduced carbon (such as methane or carbon in organic
matter) is strongly enriched in the light isotope (-10 to
-80%o §'°C), methane derived by bacterially mediated
reduction is generally lighter than -50%o., and atmo-
spheric CO2 is moderately enriched in the light isotope
(-7%0 8C). CO2in magmas formed by melting of av-
erage mantle materials is near -5%o 8'C. Processes
leading to isotopic fractionation of carbon include inor-

ganic redox processes and a variety of biological pro-
cesses.



The isotopic composition of aqueous carbonate can
give clues as to whether it originated by oxidation of or-
ganic matter (from -10 to -50%o), by bacterial action
(methane with -50 to -80%o), by input from the atmo-
sphere (near -7%o), by addition of volcanic CO2 (near
-5%o, or by dissolution of marine carbonate rocks (near
0%o0). Carbon isotopes can be used to evaluate the ex-
tent of degradation of organic contaminants in ground
waters via bacterial action or reaction with aquifer
rocks. Carbon isotopes have also been used to establish
the relative proportions of methane in the atmosphere
from various sources (including termite emissions, de-
caying organic matter, etc.). Carbon isotopic studies of
volcanic lakes in Africa by USGS scientists have shown
that extremely high CO2 concentrations in the lake wa-
ters are due to input of CO2 from deep magmatic sources
rather than organic sources; catastrophic degassing of
the lake waters has led to significant loss of human and
animal life in the areas surrounding the lakes.

Nitrogen. The concentrations and isotopic composi-

tions of nitrogen (“N, 1SN) in the environment are
largely controlled by biological activity and by nitrogen
fixation through lightning discharges. Atmospheric N2
is defined to be 0%o, and terrestrial plants have isotopic
compositions between -10 to +10%eo. In general, atmo-
spheric ammonia, reduced and oxidized soil gases, soil
organic matter, animals, and petroleum are enriched in

the heavy isotope (up to +20%o 5UN). Nitrogen in natu-
ral gas, sedimentary nitrate, and atmospheric nitrate are
generally enriched in the light isotope (typically from

0 to -20%o 815N); however, natural gas can show posi-
tive enrichments as well.

Nitrogen isotope fractionations have been used with
varying degrees of success to identify nitrate and ammo-
nia from natural sources versus fertilizer sources in
ground and surface waters. Nitrogen isotopes have also
been used to distinguish sources of nitrogen in ocean
systems from nitrogen in sewage. Because nitrogen
plays an important role in nutrient cycling in the oceans,
nitrogen isotopes are important tools in studies of cli-
mate change. Further research into environmental appli-
cations of nitrogen isotopes are likely to be highly
productive.
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Selenium--An Example of a Trace
Element Greatly Affected by
Human Activities

J.R. Herring

The bioessential elements participate actively in a
multitude of natural inorganic and biochemical pro-
cesses on Earth, and this participation is now altered by
human activities. Current interest in the geochemical
cycle of selenium has occurred because of the element's
critical nutritional requirement in animals. It is, how-
ever, a mixed blessing due to both toxic effects, if assim-
ilated in excess, and equally severe consequences when
nutritionally deficient.

The natural, overall selenium geochemical cycle in-
volves mainly crustal rock sources and oceanic sediment
sinks. The crustal cycle is strongly influenced by bio-
chemical reactions that mobilize or fix selenium in or-
ganic compounds. Four principal inorganic species
exist: selenide (-2), elemental selenium, selenite (+4),
and selenate (+6). Partitioning among these species in a
particular environment depends largely on the pH and
Eh conditions and to lesser extent on the availability of
other ligand- and complex-forming species. Common
oxidizing crustal conditions favor the presence of selen-
ite and selenate. Selenate is the most soluble and also
commands the most societal attention and concern be-
cause of its mobility and toxicity, as well as its ease of
uptake in plants and animals. In contrast, anoxic or
dysaerobic conditions favor the occurrence of selenide.
The reduced species also occurs in organoselenium com-
pounds, although the original metabolic uptake could in-
clude oxidized or reduced species.

Selenium behaves like sulfur more than like any
other element; however, there is an important differ-
ence: selenium is more readily reduced than suifur, or,
conversely, sulfur is more readily oxidized than sele-
nium. This allows divergence of their geochemical be-
haviors, particularly under strongly oxidizing conditions.
For example, the ocean waters concentrate suifate rela-
tive to selenate; oxidized, gaseous sulfur can form at
high temperatures and disperse more readily than oxi-
dized selenium.

Humans considerably modify this natural geochemi-
cal cycle by adding sources of selenium to the environ-
ment; these are principally coal combustion, sulfide ore
processing, and waste processing from the industrial use
of selenium. The recent discovery that certain irrigation
practices in the western U.S. mobilize naturally occur-
ring selenium and concentrate it in anoxic sediments has
had a profound influence on the planning and construc-
tion of new water diversion projects. These man-in-
duced selenium releases rival the natural releases and



exemplify major human involvement in an element's
geochemical cycle. The effect of the human perturba-
tion on the selenium geochemical cycle, is to force natu-
ral, steady-state pathways and reservoirs towards new
equilibria.

Adsorption of Toxic Substances onto
Clays as Detected by Mid-infrared and
Complex Resistivity Measurements

T.V.V. King and G.R. Othoeft

One of the most difficult tasks at a hazardous waste
site is the mapping of organic contamination. The geo-
physical technique, complex resistivity, sometimes maps
organics through their reactions with clay minerals. In-
frared spectroscopic evidence indicates that toluene
(methylbenzene) in contact with montmorillonite is
physically adsorbed onto the surface of the clay and co-
ordinates with the exchangeable cations on the clay sur-
face. In this process, the coordinated toluene loses a
proton to become a cation radical. Mid-infrared and
complex resistivity measurements suggest that the
toluene radicals polymerize in the vicinity of the Lewis
acid surface of the clay. The spectral data indicate that
the polymerization is complete within 1 hour after
preparing the toluene-clay mixture. The electrochemi-
cal evidence indicates that this adsorption and radical
formation occurs rapidly (milliseconds or less). In this
process the polymerization proceeds as oxidative cou-
pling of toluene and is suspected to react to form
methylphenyl-phenylmethane (Soma and others, 1985, J.
Physical Chem., v. 89, p. 738-742), dibenzyi or
polyphenylene. The polymerization process may be ei-
ther diffusion or kinetic limited. Results of this labora-
tory study combined with the field data of Olhoeft
(1986, Proc. NWA/API Conf. on Petrol. Hydrocarbons
and Organic Chemicals in Ground Water, p. 284-305)
demonstrate that complex resistivity measurements can
noninvasively map the presence of toluene (where it is
in contact with clay) via the electrochemical signature of
the montmorillonite-toluene polymerization.
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Geochemical and Biogeochemical
Baselines and Backgrounds in
Environmental Studies

R.C. Severson

Geochemical and biogeochemical backgrounds
should represent natural concentrations, which ideally
exclude man's influence. Geochemical and biogeochem-
ical baselines represent a concentration specific to one
place and time and are typically not true backgrounds.

A background represents an idealized situation and is
typically more difficult to measure than a baseline. True
backgrounds may be obtained, for example, by sampling
and analyzing tree rings, glacial ice cores, and varves
from lake or ocean sediments.

Baselines and backgrounds are generally derived by
the same procedures: (1) define the population to be de-
scribed, (2) collect unbiased samples to represent the
population, (3) analyze the samples for the constituents
of interest, and (4) compute the values for background or
baseline using statistical techniques.

Baselines and backgrounds are necessary in environ-
mental studies to describe the geochemical or biogeo-
chemical nature and variation of an environment, and to
assess the extent, or intensity, of alteration to that envi-
ronment by some external source. Examples of geo-
chemical baselines, using different statistical techniques,
will be given for the San Joaquin Valley, California; the
Kendrick Reclamation Project Area, Wyoming; and the
Kenai National Wildlife Refuge, Alaska.

In addition to environmental studies, baselines and
backgrounds can also be used as a tool in mineral explo-
ration, botanical studies, or geologic studies. In mineral
exploration, the baseline or background can identify lo-
calities within an area that are geochemically or biogeo-
chemically anomalous and thus of possible economic
interest. In botanical or geologic studies, baselines or
backgrounds provide information on the abundance and
distribution of a constituent, which is necessary to un-
derstand local- or global-scale processes.



Examples and Modeling of Trace Metal
Water/Sediment Partitioning in Colorado
Streams Affected by Acid Mine Drainage

K.S. Smith, W.H. Ficklin, and
J.F. Ranville

Basic understanding of mechanisms that govern trace
metal partitioning and mobility in streams is essential to
the determination and predictive modeling of environ-
mental pathways. It has long been recognized that ad-
sorption/desorption reactions control trace metal
concentrations in many natural water/sediment systems.
Adsorption of trace elements by hydrous iron oxides pre-
sent in streams receiving acid-mine drainage may influ-
ence aqueous concentrations of these elements.
Adsorption of cations and anions by oxide substrates is
strongly pH-dependent. As pH increases, more cations
and fewer anions are adsorbed onto oxide substrates.
There is a narrow pH region, known as the adsorption
edge, in which transition from essentially no adsorption
to essentially complete adsorption takes place. This pH
region is characteristic for the adsorbing ion as well as
species concentrations and the solid substrates present.
Adsorption reactions are included in several water equi-
librium computer models. These models can be applied
to the prediction of partitioning of trace metals in
streams that receive acid-mine drainage.

Partitioning of trace metals between stream water
and stream sediment has been examined both in St.
Kevin Gulch, near Leadville, CO, and in Clear Creek
downstream of Idaho Springs, CQ. For water and bed
sediment collected from St. Kevin Gulch, copper and
zinc partitioning due to pH-dependent adsorption reac-
tions have been accurately modeled using the MINTE-
QA2 computer model coupled with the MIT diffuse-
layer adsorption model. For Clear Creek water samples
collected in June, 1986, copper, manganese, and zinc ex-
hibit pH-dependent partitioning between "dissolved” and
suspended phases with a higher proportion of the "dis-
solved" phase at lower pH values.
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Some Effects of Acid Mine Drainage on
a Subalpine Wetland, Tennessee Park,
Colorado

K. Walton-Day and B.M. Erickson

St. Kevin Gulich, a first-order stream impacted by
acid-mine drainage, flows through a wetland before en-
tering Tennessee Creek, a tributary to the Arkansas
River. The wetland covers a 30 ha area and is primarily
a sedge meadow. Two major ecosystems were identi-
fied: (1) sedges growing on top of hummocks (Carex
canescens L.); and (2) sedges growing between or off
hummocks (Carex utriculata Boott.). Using an unbal-
anced statistical sampling design, samples of peat and of
both plant types were collected at 96 sites in the wet-
land. Chemical analyses showed the following mean
concentrations of elements in peat samples (reported in
ppm on a dry weight, whole-sample basis): aluminum,
47,000; calcium, 4,400; cadmium, 21; cobalt, 6; copper,
145; iron, 21,000; potassium, 11,000; magnesium, 3,200;
manganese, 230; sodium, 2,400; nickel, 16; lead, 530;
and zinc, 1,400. Mean concentrations of all elements
are similar in both plant types and, except for potassium
and manganese, are up to 3 orders of magnitude less
than mean concentrations in peat samples. Mean con-
centrations of potassium and manganese are greater in
plants than in the peat samples suggesting that the plants
play a more important role than the substrate in remov-
ing manganese from the mine drainage. Plant and peat
samples containing elevated concentrations of metals
generally cluster: (1) where the stream channel loses its
form and the water from St. Kevin Gulch spills onto the
wetland; (2) where St. Kevin Guich appears to have pre-
viously flowed onto the wetland through now-abandoned
channels; and (3) at the lower end (mouth) of the wet-
land. In these areas, high metal concentrations are
caused by metal loading from the acid-mine drainage. A
zone of elevated metal concentrations in plant and peat
samples located upstream of the St. Kevin Guich input
to the wetland may be caused by runoff from lands dis-
turbed by previous mining activity or by upwelling
ground water that has been in contact with mineralized
rock.



The Geochemistry of Arsenic in the
Cheyenne River System, South Dakota
and the Clark Fork River, Montana

W.H. Ficklin

Arsenic sulfide minerals -arsenopyrite, orpiment,
enargite and others- are oxidized to arsenite ((As(II))
and eventually to arsenate ((As(V)) on exposure to air
and water. These arsenic entities are in turn adsorbed by
iron oxyhydroxide, a common constituent of river sedi-
ment. When this sediment is deposited in a lake or reser-
voir, a series of bacterially mediated reactions dissolves
iron oxyhydroxide releasing arsenate to interstitial
water. Chemical conditions in the sediment column are
such that arsenate is converted to arsenite which in turn
may precipitate as an arsenic sulfide mineral.

Arsenic sulfide minerals are included with copper
deposits at Butte, Montana and the Homestake gold
mine at Lead, South Dakota. Because arsenic was not an
economic mining product, it became part of the waste
material. Enormous quantities of arsenic-bearing tailings
were deposited in the headwaters of the Clark Fork
River, Montana (400 million metric tons) and in White-
wood Creek, South Dakota (100 million metric tons).
Whitewood Creek discharges into the Belle Fourche
River which in turn discharges into the Cheyenne River,
a tributary of the Missouri River. Dissolved arsenic con-
centrations of 40 ug/L were found in the water of the
Clark Fork River in the summer of 1987. In Whitewood
Creek the dissolved arsenic concentration varies from
about 20 ug/L during high flow to about 120 ug/L during
low flow. Samples of tailings collected near Butte, Mon-
tana contain up to 5000 mg/kg arsenic and tailings from
overbank deposits on Whitewood Creek contain up to
4000 mg/kg arsenic. The sediment of each river contains
arsenic also. Concentrations near 1000 mg/kg arsenic are
found in samples of sediment from Milltown Reservoir.
Arsenic concentrations in samples from Whitewood
Creek are as great as 1100 mg/kg. In the Belle Fourche
River arsenic concentrations in the sediment reach 250
mg/kg and in the Cheyenne River the concentration has
diminished to about 30 mg/kg. Natural concentration of
arsenic in uncontaminated streams ranges from about 5

to 10 mg/kg.
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Milltown Reservoir is a small lake formed by a hydro-
electric dam at the confluence of the Blackfoot and the
Clark Fork Rivers. The Cheyenne River enters Lake
Oabhe, near Pierre, S.D. and forms a narrow bay about 40
miles long. Thus each river has a sediment trap. Evi-
dence for the cycle of arsenic from sulfide minerals to
soluble arsenic entities and back to sulfide minerals is
found in geochemical studies of the sediment of Mill-
town Reservoir and the Cheyenne River Embayment.
Concentrations of As(III), as great as 8000 ug/L and
1600 ug/L, were found in the interstitial water of Mill-
town Reservoir and the Cheyenne River Embayment, re-
spectively. Arsenic-III is the most toxic form of
inorganic arsenic and it is an important intermediate
product in the cycle of arsenic reactions. The geochemi-
cal conditions in the sediment columns of the reservoirs
provide a pathway for ground water contamination with
arsenic whenever the reservoir loses water through
ground-water flow.



Rock/Water Interactions and Ground-
water Contamination in Permian Rocks,
Central Oklahoma Aquifer

G.N. Breit, E.L. Mosier, J.L. Schlottmann, and
C.S.E. Papp

Future development of the Central Oklahoma
aquifer, a major water source in central Oklahoma, may
be limited because locally, water produced from the
aquifer has large concentrations of certain toxic metals.
The origin of these environmentally important concen-
trations is being investigated by a cooperative effort of
the U.S. Geological Survey's Geologic and Water Re-
sources Divisions as part of the National Water-Quality
Assessment (NAWQA) Program. Goals of this multidis-
ciplinary investigation are to understand processes that
release arsenic, chromium, selenium, and uranium from
the rocks into the ground water and to develop criteria
for predicting the location of water with potentially haz-
ardous concentrations. Our studies have focused on one
aspect of this investigation--characterizing solid con-
stituents of the aquifer.

The Central Oklahoma aquifer underlies approxi-
mately 3000 square miles and includes unconsolidated
Quaternary alluvial deposits and Permian rocks com-
posed of interbedded "red bed" sandstones, mudstones,
and siltstones. Seven test wells were cored through the
Permian rocks at different locations, one in an area of
good water quality, and six in areas known to have large
concentrations of arsenic, chromium, selenium, or ura-
nium. Rock samples collected from the cores were ana-
lyzed by ICP-AES to determine the concentrations of 40
elements, selenium and arsenic abundances were deter-
mined by hydride generation, and uranium concentra-
tions were measured by delayed neutron activation. The
mineralogy of whole-rock samples and clay-sized sepa-
rates was determined by X-ray diffraction. Detailed pet-
rographic observations were made using standard optical
techniques and scanning electron microscopy.

The rocks have average concentrations of 7.3 parts
per million (ppm) arsenic, 56 ppm chromium, 1.4 ppm
selenium (calculated for 346 of the 549 samples ana-
lyzed that have selenium contents greater than the 0.1
ppm detection limit) and 3.64 ppm uranium. Abun-
dances as great as 62 ppm arsenic, 170 ppm chromium,
110 ppm selenium, and 123 ppm uranium were detected,
although all metals are not enriched in any single sam-
ple. The enriched samples include isolated limonitic
sandstone lenses and small "reduction spots”.
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Mineral constituents of the aquifer, listed in approxi-
mate order of abundance, are quartz, clay minerals,
feldspars, hematite, dolomite, calcite, and goethite.
Feldspars and carbonate cements have dissolution tex-
tures, which reflect interaction between these solids and
the ground water. Extensive "flushing” of the aquifer in
the area of generally good water quality is suggested by
the relative absence of chlorite, plagioclase, and carbon-
ate cements in these samples. This flushing may explain
the small concentrations of arsenic, chromium, sele-
nium, and uranium in water from this area.

The mobility of metals in both typical and enriched
rocks was assessed using a NaHCO3 partial extraction
technique, a 5-step sequential partial dissolution proce-
dure, and petrographic observations. The NaHCOs3 ex-
traction technique was used to mimic waters in the
aquifer and was effective in extracting small amounts of
arsenic, selenium, and uranium. The sequential extrac-
tion procedure includes steps for dissolving metals con-
tained in soluble (KCl), ligand exchangeable (KH2PQs4),
acid soluble (HCI), oxidizable, (HC1-KCl1Qs4), and resid-
ual (HF-HNOQO3-HC10s4) sites on or in solid phases. On
average, 60 percent of the arsenic, 35 percent of the
chromium, 75 percent of the selenium and 60 percent of
the uranium contained in the rock were extractable (dis-
solved before the residual step). Appreciable amounts of
arsenic, selenium, and uranium (> 10 percent) were dis-
solved in some samples by the soluble and ligand extrac-
tions. Therefore, a significant portion of these metals
are in sites from which they are easily released. Petro-
graphic observations are consistent with the extraction
results and show that most extractable arsenic and
chromium are associated with iron oxides, most ex-
tractable uranium may be bound to iron oxides and in
uranium-vanadium minerals, and extractable selenium is
present as selenium metal.

Our preliminary interpretations suggest that as
recharge (mainly precipitation) moves through the
aquifer its chemical composition changes. These
changes are caused mainly by ion exchange with clay
minerals and by dissolution of carbonate cements. Cou-
pled with these changes, arsenic, chromium, selenium
and uranium disseminated in the rock are oxidized by
the water to more soluble forms. Efforts to better under-
stand the processes responsible for the large concentra-
tions of arsenic, chromium, selenium, and uranium in
water from the Central Oklahoma aquifer are continu-
ing.



Source of Trace Elements in Stream
Sediments from the Upper lllinois River
Basin, lllinois, Indiana, and Wisconsin

S.M. Smith and R.F. Sanzolone

The upper Illinois River basin is one of four areas of
the United States selected to evaluate procedures and
concepts for the surface-water phase of a National Water
Quality Assessment (NAWQA) Program. The four
major rivers in the basin are the Kankakee and the Des
Plaines Rivers, which combine to form the Illinois
River, and the Fox River. The 10,949-square-mile basin
is dominated by agricultural land use (75%) and the
Chicago metropolitan area (13%). Multivariate statisti-
cal techniques were applied in a synoptic study of
stream sediments to describe the occurrence and distri-
bution of major, minor, and trace elements in the basin.

The less-than-63-micrometer portion of stream sedi-
ments was analyzed for 47 constituents. Sediments were
collected at 276 randomly selected sites on first and sec-
ond-order streams to estimate natural occurrence and at
133 main-stem sites to characterize river-reach distribu-
tions and the effects of point sources on sediment con-
tent. R-mode factor analysis was applied to each data
set for reduction into significant element associations or
factors. A five-factor model for the first- and second-
order stream data set and a four-factor model for the
main-stem data set were chosen to help interpret the
data.

Urban/industrial contamination, geology, and natural
chemical sinks control the concentrations of heavy met-
als present in stream sediments within the basin. A
strong anthropogenic influence was identified by a sin-
gle factor, dominated by heavy metal elements, in each
factor model. Anthropogenic sources and depositional
environments were investigated by comparison of fac-
tors with a geologic base and single-element plots, and
by additional factor analysis of anthropogenic elements
identified in the four-factor model.
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Geological Factors Affecting
Radionuclide Mobility

R.B. Wanty, L.C.S. Gundersen, and
R.R. Schumann

A research program funded by the U.S. Geological
Survey, Department of Energy, and the Environmental
Protection Agency is being conducted to investigate the
geologic factors affecting radionuclide mobility in the
natural environment. The primary focus of the program

is Radon-222 (**’Rn) in soil gas and ground water, and
the contribution of ***Rn in each of these media to in-
door airborne **Rn. When present in indoor air, 22pn
is a suspected carcinogen. Ppnisa daughter in the ura-
nium-238 (***U) radioactive decay series; its immediate
parent radionuclide is Radium-226 (***Ra). Our results
show that an integrated approach, including geologic,
geochemical, and pedologic studies, is the most effective

in understanding 22Rn distribution in the environment.
We hope to gain a reliable means of predicting areas
likely to have problems with high levels of 22Rn by ex-
amining the processes governing the mobility of 2Rnas
well as its radioactive parents.

Studies have been performed in a number of areas
around the United States, including the Reading Prong,
Pennsylvania, the Piedmont and Valley and Ridge of the
Appalachian Mountains, the Atlantic and Gulf Coastal
Plain, the northern Great Plains, and the Rocky Moun-
tains. Our major conclusion is that there is a strong cor-

relation between local geology and the potential for high
22pn in soil gas or ground water.

In the Piedmont and Reading Prong, shear zones (in
particular mylonite zones) produce high *22pn concen-
trations because uranium is redistributed during ductile
deformation from resistate minerals, which have a low
degree of emanation, to more highly emanating sites in
foliations and associated fractures. Uranium commonly
is associated with iron and titanium oxide grain coatings.
The high emanation of 222pn from the rocks to the soil
gas or ground water causes the very high concentrations
of 2Rn found in soils, ground water, and homes associ-
ated with shear zones.

In areas underlain by sedimentary rocks, variable
222pn concentrations have been found in soil gas. For
instance, in the Northern Great Plains, several types of
continental glacial deposits were found to have high
concentrations of ***Rn in soil gas, resulting in a large

proportion of homes with high indoor 222pn levels in
Iowa, North Dakota, and Minnesota. In the Coastal



Plain of the eastern and southern U.S., generally low
concentrations of ***Rn are found in soil gas and homes.

High soil-gas 2Rn occurs in glauconitic sandstones,
phosphatic claystones and sandstones, black shales, and
heavy mineral sand deposits.

Soil and weather characteristics have a marked influ-
ence on radon generation and mobility in soils. Results
of a study at the Denver Federal Center (DFC) showed
that as much as a tenfold difference in soil radon con-
centrations may occur seasonally as a result of moisture
capping effects and formation and destruction of desic-
cation cracks in the soil. Shorter term, two- to threefold
variations in soil radon concentrations can occur in re-
sponse to precipitation, barometric pressure, and other
weather factors. Soil type is important in determining
the magnitude of the soil's response to weather factors.
Smectitic soils such as those found at the DFC site are
most susceptible to the moisture capping effects noted in
the study.

Investigations of 22pnin ground water supplies have

shown that extremely high levels of dissolved 222Rn
occur in some areas. Equally important is the finding
that high levels of uranium and radium also may exist in
these areas. When present in high enough concentra-
tions in drinking water, these elements pose a threat to
human health. Adsorption processes appear to be the
major control on the concentrations of uranium and ra-
dium, but radon concentrations seem to be limited by the
degree of emanation of radon from the rock to the water
as it is produced by radioactive decay of radium.

Future studies of radon in rocks and soils will con-
centrate on radon emanation and the climatic and geo-
chemical parameters that most affect it. A nationwide
study of granites and associated shear zones will attempt
to further evaluate some of the most severe radon prob-
lems in the U.S. Studies of radionuclides in ground
water will be directed toward a more thorough under-
standing of the geology, petrology, geochemistry, and
hydrogeology of the rock-water system, and the chemi-
cal and physical factors influencing 22Rn sources. In
addition, a more reliable method for estimating the con-
tribution of radon in domestic water to indoor air will be
evaluated.
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Electromagentic Methods for Environ-
mental Monitoring and Sensing

D.L. Campbell, G.R. Olhoeft, D.C. Stewart,
R.J. Bisdorf, B.D. Smith, and V.F. Labson

The Branch of Geophysics, USGS, has recently de-
veloped several electromagnetic (EM) techniques and
instruments for use in groundwater and toxic waste stud-
ies. In order of increasing depth of penetration, these
are: interpretative and display capabilities for ground
penetrating radar; a high-frequency EM sounder; and
airborne VLF and 60 Hz conductivity mapping tools.

All EM techniques are sensitive to particular physical
properties of the ground--electrical conductivity, dielec-
tric permittivity, and magnetic susceptibility. The extent
to which each of these properties plays a role depends on
its magnitude and on the frequency of the EM system
being used. Radar systems, typically having frequencies
of 10 MHz and higher, are primarily sensitive to changes
in dielectric permittivity, as at an interface between dry
and wet soils. VLF and lower frequency systems (about
20 kHz and lower) are primarily sensitive to electrical
conductivity. Because most surficial materials are not
highly magnetic, the effect of magnetic susceptibility
can usually be neglected; geologic units that are mag-
netic will typically masquerade as electrically conduc-
tive ones. An expert system program for MS-DOS
computers has been written to choose between different
geophysical methods that can be used to trace a plume of
pollutant after a spill (Olhoeft, 1988, U.S. Geol. Survey
Open-File Rept. 88-399, [MS-DOS floppy disk]).

Ground penetrating radar systems have been com-
mercially available in this country for a decade, but their
outputs have typically been limited to displays that could
only be interpreted qualitatively. Computer programs
have been written by the USGS to do high resolution dis-
plays and quantitative interpretations of such data. A
multifrequency example from Sand Dunes National
Monument, CO, shows detailed stratigraphy to depths of
greater than 40 m with a resolution of 1 cm in the top
4 m decreasing to 10 cm at 40 m depth.

Airbome VLF (approximately 20 kHz), 60 Hz, and
commercial EM systems can be used for areal mapping
of ground conductivities at varying effective depths
whcih depend on the operating frequencies. The USGS
VLF and 60 Hz systems were recently flown over Palo
Alto, CA, to map the saltwater-freshwater interface
along the shore of San Francisco Bay. An example from



Brookhaven Qil Field, MS, shows a similar application
where commercial airborne EM was used to help map
brines that have contaminated shallow aquifers.

The high frequency sounder operates in the fre-
quency range 300 kHz to 30 MHz. In this range both
conductivity and dielectric permittivities effect the re-
sults, and for many geologic materials both vary in com-
plex ways. Work is therefore proceeding on several
fronts: measurements in the Petrophysics Laboratory to
build a catalog of electric properties for different geo-
logic materials; computer simulations of results to be ex-
pected when the materials are layered together in
different ways; design and testing of electronic equip-
ment to use in the field; and development of appropriate
computer programs to interpret field data. An example
from Palisades-Kepler State Park, IA, shows layering in-
terpreted along a profile where the Water Resources Di-
vision, USGS, is testing for groundwater pollution by
agricultural chemicals.

The work reported here was funded by the Environ-
mental Protection Agency, the Department of Energy,
the city of Palo Alto, and by Water Resources Division
of USGS.
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USGS/DOI Irrigation Drainage Studies,
Kendrick, Wyoming

J.G. Crock, J.A. Erdman, and R.C. Severson

Selenium in agricultural drainage is an environmen-
tal hazard at many irrigation projects in the western U.S.
Our study seeks to (1) define the sources of selenium
and its distribution in both agricultural and native plants
and soils of the Kendrick Reclamation Project Area
(KRPA) near Casper, Wyoming; and (2) evaluate the in-
fluence of irrigation on the selenium distribution in irri-
gated lands. Samples native soil and sagebrush
(Artemisia tridentata Nutt.) were collected from 14 geo-
logical units in the study area. Samples of soil and al-
falfa (Medicago sativa L.) were collected from 109
sections in the KRPA where >40 acres per section were
under irrigation. Total and water-extractable selenium
in soils and total selenium in plants were determined.
Many samples of sagebrush and alfalfa had high sele-
nium contents. About 15% of the alfalfa samples con-
tained >4 ppm selenium--a level potentially hazardous to
livestock if fed over extended periods of time. About"
20% of the sagebrush samples contained >1.1 ppm sele-
nium--the maximum reported selenium baseline in west-
em U.S. sagebrush. In contrast, native and cultivated
soils contained <0.1-3.3 ppm selenium, which is not un-
usual when compared with the baseline values estab-
lished for soils of the Northern Great Plains. Landscape
patterns for total selenium in alfalfa and water-ex-
tractable selenium in agricultural soils are displaced
from total selenium in soils, due to ground water flow
patterns.



USGS/NPS Air Quality Biomonitoring,
Florida and California

L.L. Jackson and L.P. Gough

An interagency agreement has been in effect since
1983 between the U.S. Geological Survey (USGS) and
the National Park Service (NPS) for the purpose of
studying the influence of atmospheric anthropogenic
trace metal and sulfur emissions on vegetation and soils
in and near several national parks. Studies have focused
on developing elemental baselines for assessing environ-
mental degradation, examination of spatial trends of
plant and soil chemistry with respect to point and non-
point contamination sources, and biogeochemical pro-
cesses that influence our ability to discriminate between
elements of natural and anthropogenic origin.

In 1984, we studied plants and soils from Everglades
and Biscayne National Parks and nearby areas in order
to trace the influence of emissions from the Turkey
Point power plant, the largest oil-fired electrical generat-
ing facility in the US at the time. We collected samples
along traverses progressing away from the power plant
and extending on to park lands. We were unable to sat-
isfactorily discriminate between natural and anthro-
pogenic sources or to define a zone of influence of the
power plant based on the concentrations of about 20
trace elements and sulfur in vegetation. Due to the com-
plexity of micro-ecosystems within a 30-km radius of
the power plant, diverse natural processes occurring
within each ecosystem obscured the influence of the
power plant on element concentrations. Stable sulfur
isotope ratios in plants and soils were more definitive in
helping to elucidate the power plant influence. How-
ever, their interpretation was also confounded by the
complexity of the sulfur cycles occurring in the various
micro-ecosystems. We began additional studies in 1989
in Everglades National Park to study spatial trends in
trace element chemistry in a slash pine community, a
single, more homogeneous ecosystem.

Biogeochemical studies in the Santa Monica Moun-
tains National Recreation Area near Los Angeles, Cali-
fornia, were initiated in 1986. The recreation area is
composed of 150,000 acres of public and private conser-
vation lands that are easily accessible to more than 14
million people. The area is notorious for its photochem-
ical smog, but is not heavily industrialized. The purpose
of our study was to examine the spatial and temporal
variations in trace element chemistry of two species of
shrubs and soils in order to define the influence of non-
point source emissions from the Los Angeles basin and
surrounding metropolitan areas. A major aspect of this
work was defining biogeochemical processes that influ-
ence our ability to discriminate between natural and an-
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thropogenic sources to refine future research studies. In
general, due to the compiex physiographic and geologic
nature of the Santa Monica Mountains, spatial trace-ele-
ment trends are difficult to define. However, lead de-
creases in concentration by factors of 2-5 in both plants
and soils westward away from the most populated areas
along the 80-km range. Whereas it is reasonable to as-
sume that the lead originates from automotive emissions,
additional research is required to verify its source. Tem-
poral trends in plant chemistry were dominated by the
seasonal influence of nutrient cycling. The essential ele-
ments were most dramatically affected by seasonal cy-
cling, but non-essential trace elements, such as lead,
were impacted by this cycling as well. Plant chemistry
may be affected seasonally by anthropogenic emissions
due to climatic conditions; however, even non-essential
elements appear to be influenced more by nutrient cy-
cling in this ecosystem.

Data from these projects can be used to determine el-
emental baselines for comparison with future geochemi-
cal and biogeochemical changes. However, in
ecosystems where anthropogenic emissions do not over-
whelm natural processes, our ability to discriminate be-
tween natural and anthropogenic elemental sources is
handicapped. Pilot projects with the NPS are important
in helping to identify the elements and processes on
which to focus additional research.



Selenium Sources in the Diablo Range,
Western Fresno County, California

R.R. Tidball, R.C. Severson,
T.S. Presser, and W.C. Swain

A selenium anomaly occurs in San Joaquin valley
soils in western Fresno County, California. An investi-
gation of the geologic source of this anomaly included
reconnaissance sampling of soils and weathered rock
material in several geologic formations in the vicinity of
Monocline Ridge. The Ridge is a series of steeply dip-
ping sedimentary beds ranging in age from Late Creta-
ceous to Quaternary that border the westside of the
valley. In general, the nonmarine rocks of Pliocene and
younger age tend to be nonseleniferous, and marine
rocks of Oligocene to Upper Cretaceous age are vari-
ously seleniferous. The Tumey Formation of Oligocene
age, the Kreyenhagen Shale of Eocene age, and the
Moreno Shale of Late Cretaceous age contain the high-
est amounts of selenium. The wide range of selenium
found, 2.5 to 12 ppm in the Tumey Formation, 0.8 to 35
ppm in the Moreno Shale, and 0.3 to 45 ppm in the
Kreyenhagen Shale, indicates that the distribution is not
uniform within these formations. Dissolved selenium
appears to be concentrated where sulfate salts are pre-
cipitated either in seeps or in the sediments of ephemeral
streams that receive drain water from these rocks. Dis-
solved selenium transported to the valley floor in muddy
debris flows by ephemeral streams tends not to reach the
ground water because of restricted through-flow poten-
tial. Dissolved selenium transported by intermittent
streams, however, apparently recharges ground water
and moves by artesian flow to the lower end of the allu-
vial fans.
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The following abstracts were given at the 11th
Annual Meeting of the Society for Wetland Scientists in
Breckenridge, Colorado on June 6, 1990. Although
scheduling conflicts did not permit their inclusion in the
Environmental Forum 1990, they are reproduced here
because they complement the papers presented in the
forum session entitled Agency Case Studies.

Origin of Sedimentation and Uranium
in the Boston Peak Fen, North-central
Colorado

J.K. Otton

The Boston Peak fen is located in the upper Laramie
River valley 75 km west of Fort Collins, Colorado. The
depression that hosts the wetland formed shortly after
late Pleistocene glacial ice retreated from the valley
floor. Unstable Tertiary sediments and moraine on the
valley wall stumped onto the valley floor and dammed
part of it. Water ponded in the 10-15 m deep depression
and clay and silt accumulated. About 10,000 years ago,
pond weeds became established, and organic productiv-
ity increased. About 3,000 years ago, downcutting of
the spillway and infilling of the pond created conditions
shallow enough for the establishment of peat-forming
sedges. Up to 3.5 m of peat has accumulated. Recently,
shrubs and willows have invaded the wetland. Initially,
uranium derived from spring and shallow ground waters
was adsorbed from the water by organic matter in the
sediment to form layers ranging in uranium content from
10to 150 ppm. As the wetland developed, ground water
recharge zones (spring pools, marginal seeps) became
point sources of metal input, and as much as 3,300 ppm
uranium accumulated locally in the peat.
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Hydrologic Setting of the
Boston Peak Fen

R.R. Schumann

The Boston Peak fen is a montane lakefill wetland
with ground water hydrology characterized by a con-
fined, locally artesian aquifer overlain by an unconfined
aquifer. Clayey glacial and postglacial lake sediments
act as an aquiclude separating underlying glaciofluvial
sands from overlying peat. Faults and fractures in the
surrounding crystalline rocks act as conduits for urani-
um-rich waters that enter the wetland as seeps and
springs, providing the primary water input to the wet-
land. Concentrations of uranium in the wetland are
largely confined to areas along the margins and base of
the wetland deposits, and along preferred ground water
flow paths. Twenty piezometer stations consisting of 40
wells were used to measure hydraulic conductivity of
wetland deposits, monitor water tables, and characterize
ground water flow within the wetland. Seasonal water
table fluctuations are unequal across the wetland and are
reflected in the distribution of plant types: The area
with the greatest seasonal water table fluctuation is a
willow carr, whereas the area with consistently higher
water tables is a sedge-dominated fen.



Geochemical Controls on the
Distribution of Uranium in Sediments
of the Boston Peak Fen

R.A. Zielinski

Core samples of as much as 3.6 m of reed-sedge peat
and 3 m of underlying organic-rich lake sediments indi-
cate the distribution of uranium (U) as a function of
depth in a U-enriched fen, north-central Colorado.
Cores with generally high concentrations of U (100 to
3000 ppm in most 0.3-m intervals) are located close to
identified point sources of uraniferous ground water.
Depth-related variations of U within each core are
strongly influenced by vertical differences in hydraulic
conductivity, which determine the flux of dissolved U to
a particular interval. Additional controls on U concen-
tration include: (1) the abundance and surface area of
sorbant organic matter, (2) the paucity of dissolved com-
plexing agents (carbonate, phosphate) that would other-
wise stabilize U in solution as uranium-VI species, and
(3) depth-related decreases in Eh that may promote
eventual reduction of some sorbed uranium-VI to rela-
tively insoluble uranium-IV species. Fluctuation of the
water table and bacterially mediated generation of H2S
are two probable causes of Eh variations.
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The Use of Radon-222 as an Indicator of
Ground Water Input and for Flow-rate
Determination at Boston Peak Fen

D.E. Owen

Radon-222 (Rn), a naturally occurring radionuclide
(part of the Uranium-238 decay series), is found in de-
tectable amounts in most ground water. Rn can readily
be separated from water samples in the field and mea-
sured in an alpha scintillation counter. Because Rn hasa
half life of 3.8 days, it makes an excellent indicator of
recent minerotrophic water input. After 15 days, only
6% of the original Rn concentration remains. Therefore,
Rn can be used to determine whether pools present in a
wetland have a strong connection to the ground-water
system or are being fed by waters moving slowly
through the peat. Radon can also be used as a natural
tracer to determine the flow rate of water from point
sources, such as spring pools. The test procedure in-
volves digging small pits at regular intervals away from
the spring pool and leaving them undisturbed for at least
26 days, before measuring their water Rn concentration.
The decay curve of Rn is used in conjunction with the
spring pool (source) Rn concentration, to calculate a
flow rate from the point source. I calculated flow rates
between 4.5 and 5.2 cm/day for water movement from
several spring pools in the Boston Peak fen.



