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PREFACE

The U.S. Geological Survey’s Toxic Substances
Hydrology Program provides earth-science
information needed to understand the movement
and fate of hazardous substances in the Nation’s
ground and surface waters. To do this, the
program: (1) conducts laboratory and field
research on the physical, chemical, and biological
processes controlling contaminant transport and
transformation; (2) develops new analytical
methods and sampling techniques; and (3)
investigates the relationships among various
human activities, environmental characteristics,
and regional patterns of water quality.

Much new information has become available as
the result of studies conducted by the Toxic
Substances Hydrology Program. In order to
facilitate exchange of information among the
many scientists working on relevant research, a
series of technical meetings have been held in
Tucson, Arizona (1984), Cape Cod,
Massachusetts (1985), Denver, Colorado (1987),
and Pensacola, Florida (1987). These meetings
provided an opportunity to present research
results and to plan new field efforts. This report
documents the results of research presented at a
technical meeting held in Phoenix, Ariz., in
September 1988. The Phoenix meeting is the first
to include both ground- and surface-water
contamination studies and to have a major session
on nonpoint source contamination.

The report is organized into 10 chapters that
focus on field-site investigations, nonpoint source
research, or methods research. The 11th chapter
contains abstracts and short papers on a variety of
subjects presented as posters during the meeting,
Chapters A through F and I and J present results
of research, still in progress, on the occurrence
and movement of hazardous substances within
specific hydrologic systems. These intensive
interdisciplinary investigations represent a key
element of the research approach taken by the
Toxic Substances Hydrology Program. The sites,
selected to study a variety of contaminants,
provide a focus for both process-oriented and
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methods-development research. Each chapter
presents the results of research on specific types
of contaminants in specific environments.
Ground-water quality problems currently under
investigation include contamination by crude oil,
creosote, sewage, trace metals, and chlorinated
organic solvents. The river systems being studied
have been affected by mine wastes containing high
concentrations of arsenic, industrial effluent
containing a variety of organic chemicals, and
water from mine drains and abandoned tailings
that contains high concentrations of metals. The
first paper in most of these chapters provides an
overview of the hydrologic setting and describes
the nature and history of the contamination
problem. Subsequent papers report the results of
a specific research problem.

Chapter G describes results of nonpoint source
ground-water contamination research. The focus
in these studies is more statistical and less
deterministic than the intensive field studies
because of the large number of natural and
anthropogenic factors being studied and their
spatial and temporal variation. Existing data on
aquifer characteristics, ground-water flow
patterns, ground- water quality, and land use have
been assembled and where necessary, pertinent
new data have been collected to augment existing
data bases. The ultimate goal of the regional
studies is to develop procedures that can be used
to associate ground-water quality with land-use
practices for representative hydrogeologic and
climatic settings.

Chapter H describes research methods and
techniques used to study toxic substances
transport and fate. Papers in this chapter include
both field and laboratory methods from the
disciplines of chemistry, biology, biochemistry,
geology, and physical hydrology. This diversity of
topics is a good measure of the range of
techniques and approaches required for
understanding the transport and fate of hazardous
substances in ground and surface waters.



The information in this report should help to
expand the scientific basis for management
decisions to prevent or mitigate contamination of
the Nation’s waters. The papers describing
results of work at the field sites demonstrate the
degree of understanding that can be gained from
intensive, interdisciplinary research. This
understanding should be transferable to studies of
similar types of contaminants. Research on

nonpoint sources of contamination has helped to
better define the effects of human activities on
ground-water quality and can be applied to efforts
to predict regional patterns of contamination.
The analytical and sampling methods reported in
this volume will be useful to scientists involved in
studies of natural water quality as well as those
studying contaminated waters.

Jarmd Gl

Gail E. Mallard

Stephen E. Ragone K

Coordinators, Toxic Substances Hydrology Program
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SUBSURFACE CONTAMINATION AT THE BEMIDJI, MINNESOTA,
RESEARCH SITE

By Marc F. Hult'

ABSTRACT

In August 1979, the subsurface was
contaminated near Bemidji, Minnesota, when a
pipeline burst, spilling crude oil on a glacial-
outwash aquifer. After cleanup efforts were com-
pleted, approximately 400,000 liters of crude oil
remained in the aquifer. In 1983, the U.S. Geologi-
cal Survey began research on the mobilization,
transport, and fate of petroleum derivatives at the
site. In the 9 years since the spill, petroleum has
moved about 30 meters downgradient as a separate
fluid phase, constituents dissolved in ground water
have moved 200 meters, and vapors through the
unsaturated zone have moved 100 meters. Each
Dhase continued to advance during June 1987
through July 1988, although the rate of advance of
the plume of contaminated water was less than the
calculated ground-water velocity. The petroleum

ys. Geological Survey, St. Paul, Minn.

source is becoming increasingly viscous, dense, and
depleted in volatile compounds. The petroleum
derivatives moving with ground water and through
the unsaturated zone are being degraded to water,
carbon dioxide, and methane. The maximum
extent of ground-water contamination eventually
may be controlled by the near-equilibrium condi-
tion between the rate at which the petroleum is
dissolved and transported by ground water and the
rate at which it is degraded by microbes. If this
hypothesis is confirmed by additional long-term
research, it implies that many problems of ground-
water contamination by petroleum derivatives
might be managed successfully without direct
remedial action if the volume of the subsurface
affected at the maxium extent of contamination is
acceptably small.
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SILICA MOBILITY IN A PETROLEUM-CONTAMINATED AQUIFER

By Philip Bennett!

ABSTRACT

Sediments and water from a petroleum-
contaminated aquifer near Bemidji, Minnesota,
were examined to determine the effects of dissolved
organic compounds on silica mobility. The results
of this study indicate that the dissolution of quartz
and aluminosilicate minerals is accelerated in the
zone with the highest concentration of dissolved
organic carbon, as shown by an increase in
dissolved-silica concentration from 18 milligrams
per liter to greater than 20 milligrams per liter,
indicating an apparent increase in the solubility of
quartz. Microscopic evidence of rapid weathering
of quartz can be seen where dissolved silica is
highest. This interaction occurs at neutral pH and
is most apparent where the redox potential is
lowest. Downgradient from the zone of dissolu-
tion, silica rapidly precipitates from solution as
both amorphous silica and authigenic quartz. The
zone of precipitation coincides with an increase in
ground-water redox potential, and is accompanied
by the precipitation of iron.

Laboratory dissolution experiments and
spectroscopic investigations suggest that silica is
being complexed by multifunctional organic acids.
This increases the solubility and rate of dissolution
of quartz and aluminosilicates at neutral pH, con-
ditions in which aluminum complexation is
insignificant. The interaction of silica and organic
acids at the Bemidji site may be analogous to
processes associated with organic-rich
environments of geologic and economic
importance.

INTRODUCTION

When evaluating the consequences of
ground-water contamination by oil, research
commonly focuses on the distribution and
transport of organic compounds released or
generated from the oil. The geochemical effects
of oil contamination, however, are not confined
simply to the introduction of dissolved organic
compounds to water. Changes also occur in the

1Department of Geological Sciences, University of Texas, Austin.

distribution of dissolved inorganic solutes, in the
equilibrium redox chemistry, and in the
equilibrium chemistry of rock-water reactions.
These reactions, if associated with oil in ground
water, may be analogous to processes that occur
in other organic-rich environments and, thus,
offer the researcher a modern analog to geologic
processes.

This paper describes results of a study of the
effects of petroleum and its biodegraded
byproducts on the equilibrium rock-water
chemistry of silicate minerals in ground water at
the Bemidji, Minn., research site. The results of
this study may offer alternative mechanisms for
silica mobility in peat bogs, oil-field formation
waters, and organic-rich sediments.

METHODS

For the purpose of this study, four general
physiochemical zones at the site are defined (fig.
A-1): "background" sample sites, which include
uncontaminated wells both upgradient and
downgradient from any oil contamination; "spray
zone" sample sites, which are in the region
upgradient from the floating pool of oil where the
major contamination is in the unsaturated zone;
"oil-pool zone" sample sites, which are in the
aquifer immediately below the floating pool of
oil; and "downgradient plume” sample sites,
which are in the region affected by the plume of
dissolved contaminants that has extended
downgradient from the original pool.

Ground-water samples were collected during
the summer of 1987 and 1988 from all four zones.
Samples were collected by use of a down-hole
submersible pump from polyvinyl chloride
(PVC) wells screened at the water table and at
selected positions below the water table.
Samples were passed through a 0.2 um
(micrometer) filter in the field and, where
appropriate, acidified with ultrapure
hydrochloric acid. All water samples were
analyzed for cations and silica by Direct Current
Plasma Atomic Emission spectroscopy. The
detection limit for silica by this method is 20 ug/L
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Figure A-1.—Location map, Bemidji research
site, Minnesota. Filled circles are
piezometers, filled triangles are piezometer
nests. Elevations are meters above sea level.
Arrow shows approximate direction of ground-
water flow.

(micrograms per liter) (as Si02). In addition,
several samples also were analyzed for dissolved
monomeric silicic acid by the molybdate blue
method (American Public Health Association,
1975).

Sediment samples were collected from the
water table by split-spoon auger. Samples were
dry-sieved, and the 75 to 200 #m fraction was
cleaned with distilled water, dried, and mounted
for examination by scanning-electron microscope
(SEM). Cleaning procedures were minimized in

order to eliminate the introduction of weathering
artifact, such as etch pitting.

RESULTS

Figure A-2 shows the areal distribution of
dissolved silica at the Bemidji site. Although the
silica concentrations are reported as total SiO2,
supplemental analyses by the molybdate method
show that the silica is entirely as monomeric
silicic acid (H4SiO4).

Dissolved-silica concentrations in background
waters are about 18 mg/L (milligrams per liter)
Si02. Concentrations of silica in the spray-zone
water table wells are slightly higher and average
about 22 mg/L. Other cations, however, includ-
ing calcium and magnesium, are present in
highest concentrations in the spray zone. In addi-
tion, pH is lowest in this zone, decreasing from a
background value of 7.6 to as low as 6.6 (Siegel,
1987). Total dissolved iron also is slightly elevated
in the spray zone (fig. A-3).

The highest concentration of silica is found in
the oil-pool zone, where the concentration of dis-
solved SiO2 exceeds 70 mg/L. Concentrations of
dissolved organic carbon (DOC) are highest in
this zone, where a significant fraction of the DOC
consists of complex organic acids (Aiken and
others, 1987). Total dissolved iron also is highest
in this zone (fig. A-3), reflecting the very low Eh
and complete absence of dissolved oxygen
(Baedecker and others, 1987). Dissolved-iron
concentration increases from 0.1 mg/L in the
spray zone to greater than 55 mg/L in the oil-pool
zone. The high concentration of dissolved silica
and iron remains elevated in the proximal region
of the contaminant plume zone where
dissolved-oxygen concentration is still very low.

Concentrations of potassium and sodium rise
sharply with increasing concentrations of dis-
solved silica. Concentration of total dissolved
aluminum does not increase with the concentra-
tion of dissolved silica and does not exceed
10 ug/L at any sampled location. Concentrations
of other dissolved inorganic constitutents, such as
magnesium and alkalinity, decline between the
spray zone and oil-pool zone as pH increases
(fig. A-3).

A short distance downgradient from the
trailing edge of the oil pool, the concentration of
S102 decreases sharply. Concentrations of dis-
solved iron also decrease at this location, suggest-
ing an increasing redox potential.
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Figure A-2.— Areal distribution of silica.
Concentration of dissolved silica as
milligrams per liter SiO2.

Concentrations of alkaline and alkaline earth
cations continue to decrease, although more

slowly than concentrations of silica and iron (fig.
A-3).

Sediments examined from the oil-pool zone
show that both quartz and aluminosilicate
minerals are being chemically weathered at an
accelerated rate (Bennett and Siegel, 1987).
Quartz grains have etch pits and solution
channels characteristic of chemical etching (fig.
A-4A). Feldspar grains have deep solution chan-
nels and accretion of secondary minerals
(fig. A-4B). Amphiboles have deep, lenticular
etch pits resembling amphibole grains found in
rapidly weathering soil zones. Where sand grains
are physically covered with oil, no dissolution
features were present.

Quartz grains from the water table
downgradient from the oil-pool edge have silica
accretions and quartz overgrowths, but little
evidence of etching (fig. A-4C). Evidence of iron
precipitation is also suggested. Very minor etch
features are present on the calcic feldspar grains.
Farther than 50 meters downgradient from the
oil-pool edge, no chemical etching is found on
any grain surface.

DISCUSSION

Dissolution of quartz and silicate minerals is
occurring immediately under the oil at near-
neutral pH where the concentration of dissolved
silica is about 15 times the equilibrium solubility
of quartz at 10 °C (degrees Celsius). The con-
centration of silica strongly correlates with con-
centrations of dissolved organic carbon. These
findings suggest that silica is coniplexed by the
dissolved organic compounds, increasing the
solubility as well as the rate of dissolution of
quartz and aluminosilicates (Bennett and Siegel,
1987).

The dissolved organic compounds at the
Bemidji site consist primarily of various complex
organic acids. Organic acids are strong
complexing agents previously shown to
accelerate the dissolution of aluminosilicates
(Huang and Keller, 1970). However, the
mechanisms that cause the enhanced weathering
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Figure A-3.— Log concentration of dissolved
solutes along the contaminant plume axis.
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absence of significant aluminum complexation is
supported by the very low concentrations of
dissolved aluminum in the contaminated zones
and by the apparent conservation of aluminum in
secondary solid phases on weathered silicate
grains. In addition, neither of these mechanisms
is likely to influence the dissolution of quartz.

In the absence of significant complexation of
aluminum, the data support the concept that the
organic acids are accelerating the dissolution of
both quartz and aluminosilicate minerals by com-
plexation of silica. Laboratory experiments using
simple batch reactors have shown that some
organic acids, such as citric and oxalic acids,
accelerate the dissolution of quartz and increase
its solubility (fig. A-5)(Bennett and others, 1988).
Additional experiments using UV-VIS, Raman,
and FTIR spectroscopy show that some organic
acids react with silica in solution at neutral pH
and room temperature (Bennett and others,
1988; N.A. Marley, P. Bennett, D.R. Janecky, and
J.S. Gaffney, written commun., 1988). These
experiments show that only certain multifunc-
tional organic acids will react with silica, initially
with a charge-transfer type of reaction. Further-
more, the complexation reaction was shown to be
pH dependent; the silica— organic-acid complex
was able to form only at a pH above the pKj of
the organic acid. A possible reaction for silica
complexation, therefore, would be:

2R(COO0 )2 + HsSiOs~»
R(COO™)2:HsSiO4:R(COO ™ )2;
or, for a reaction at the quartz grain surface:
2R(CO0O™ )2 + 2H20 + SiO2 (s) =
R(COO™)2:H4Si04:R(COO " )2.

For the aluminum silicate minerals, if
aluminum complexation is eliminated, the
reaction might be:

2KAISi30g + 9H20 + 2H* + 2R(COO ™)~
ALSRO3(OH)4 + 2K* +
R(COO7)2:HsSi04:R(COO ).

The rapid loss of both iron and silica
immediately downgradient from the oil pool
probably is caused by the precipitation of a solid
phase. This hypothesis is supported by the
observed silica accretions on silicate grains and
by the presence of iron coatings. The coin-
cidence of mobility of silica and iron can be inter-

preted in several ways. One possibility is that
iron is reacting with silica and that the mobility of
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Figure A-5.—Mass transfer of silica as SiO2
from quartz over time in sodium citrate
solutions at pH = 7.

silica is controlled by the concentration of iron.
However, iron-silica complexation occurs only
with ferric iron, and then only at very low pH
(2-3) (Reardon, 1979). Complexation does not
apparently occur with ferrous iron at neutral pH.
Another possibility might be that the complexa-
tion of silica is sensitive to a redox potential
similar to that for iron. This hypothesis is not
supported by the experimental evidence, how-
ever, where complexation clearly occurs in
aerobic systems.

The current hypothesis is that the difference in
speciation of organic-carbon compounds
between the aerobic and anaerobic zones affects
the mobility of silica. The types of compounds
that are stable in the anaerobic zone might
degrade rapidly in even slightly aerobic environ-
ments, disrupting any complexes that might be
present. The sensitivity of the organic com-
pounds to the concentration of dissolved oxygen
may be similar to that of iron, causing a coin-
cidental correlation of mobility. This hypothesis
is supported somewhat by experimental
evidence: dilute solutions of freshly prepared
pyruvic acid and silica show evidence of silica
complexation in spectroscopic experiments, but
the complex degrades in a matter of hours to days



as the pyruvic acid oxidizes (Bennett and others,
1988).

The identification of the precipitating mineral
phases is not yet clear. SEM examination of the
mineral grains clearly shows both amorphous
silica and authigenic quartz overgrowths on detri-
tal quartz grains. Iron precipitates are not as
clearly defined. A ground water with very high
concentrations of silica and ferrous iron, under
reducing conditions, and low concentrations of
aluminum might, for example, precipitate
authigenic nontronite (Bodine, 1987).

CONCLUSIONS

The presence of dissolved organic compounds
in a shallow sand and gravel aquifer clearly is
changing the equilibrium rock-water chemistry of
the system. In particular, the solubility and rate
of dissolution of quartz and aluminosilicates are
greatly increased where concentrations of
organic acids are elevated. Aluminum is not
mobilized with the silica and apparently is con-
served in secondary-mineral phases. Silica is
mobilized, not where pH is lowest, but rather
where dissolved organic-carbon concentration is
highest and the redox potential is lowest.
Laboratory experiments support the hypothesis
that a silica— organic-acid complex is responsible
for the mobilization of silica. Complexes are
measurable under aerobic conditions but seem to
be most effective in dissolving silicate minerals
under the reducing conditions encountered
under the floating oil pool. When the ground-
water redox potential increases slightly, the silica
precipitates, forming authigenic quartz
overgrowths on detrital quartz grains.

The mechanisms of silica complexation
proposed here might be applicable to other
organic-rich aqueous environments. One
example might be oil-field brines in sandstones,
where concentrations of organic acids are
extremely high (Surdam and others, 1984).
Sandstones in these environments commonly
have high secondary porosity and evidence of
chemical etching of the silicate sand grains.
Another possibility is that silica— organic-acid
complexes are related to the formation of the
clays that underlie many coal beds. Commonly,
these clays are found to be anomalously quartz-
poor in the few centimeters closest to the coal
where interstitial organic-carbon content is very
high. Several of these ideas are being pursued,
and preliminary results are encouraging.
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THE FATE AND EFFECTS OF CRUDE OIL IN A SHALLOW AQUIFER

I. THE DISTRIBUTION OF CHEMICAL SPECIES AND
GEOCHEMICAL FACIES

By Mary Jo Baedecker!, Donald I. Siegelz, Philip Bennett?, and Isabelle M. Cozzarelli!

ABSTRACT

Crude oil floating at the surface of a shallow
aquifer of glacial outwash, near Bemidji,
Minnesota, is altered by geochemical processes.
Hydrocarbons from the oil are attenuated by
several reactions that include aerobic and
anaerobic microbial degradation. These degrada-
tion reactions result in the development of
geochemical facies in the shallow ground-water
system. Ground water most affected by the
presence of organic compounds is anoxic, and con-
centrations of methane, dissolved organic carbon,
andtotal inorganic carbon are high--0.76 millimole
per liter, 2.9 millimoles per liter, and 12.3 mil-
limoles per liter, respectively. The concentrations of
chemical species and si3c isotope values indicate
that the plume near the oil lens has become
progressively more reducing. Over a 4-year period
(1984 through 1987), the concentrations of
methane and iron have increased by a factor of
greater than 25. The data suggest that sequential
degradation occurs, as predicted by thermo-
dynamics: manganese is reduced before iron is
reduced, which occurs before methanogenesis.
These data provide field evidence that reduction of
iron and manganese is an important mechanism of
decomposition of organic matter in aquifers.

The 8'3C values of inorganic carbon of the
native ground water range from -12 parts per
thousand to -15 parts per thousand as a result of
mixing of soil carbon dioxide with carbon dioxide
from the dissolution of carbonates. Non-
methanogenic biodegradation of oil constituents
adds isotopically light carbon dtoxzde to the ground
water because the otl has a 83C value of -28 parts
perthousand. The 8B3C values of inorganic carbon
in the reducing zone have become progressively
heavier from 1985 through 1987. The maximum

us. Geological Survey, Reston, Va.

2Dt:partment of Geology, Syracuse University, Syracuse, N.Y.

change occurs 15 metem downgradient from the oil
lens, where the 813C values increased from -21.6
parts per thousand to -5.35 parts per thousand.
This change indicates that the plume has become
more reducing and methanogenic over time.

INTRODUCTION

Geochemical reactions in a shallow aquifer
contaminated with crude oil, near Bemidji,
Minn., are controlled by the dissolution, degrada-
tion and transport of organic compounds. It is
well documented that the presence of organic
material in aquifers causes changes in the abun-
dance of aqueous species due to oxidation and
reduction reactions. Localized regions of shallow
aquifers that are affected by human activities
have markedly different distributions of chemical
species (Golwer and others, 1975; Baedecker and
Back, 1979; Nicholson and others, 1983; Siegel
and others, 1986; Smith and others, 1987;
Baedecker and others, 1988).

At the Bemidji site, a pipeline ruptured in
1979, and crude oil moved vertically to the water
table where the oil formed a lens, about 2 to 4
meters thick. A plume containing dissolved con-
stituents from oil and byproducts from biochemi-
cal reactions, developed downgradient from the
oil lens in the saturated zone, 5 to 7 meters below
land surface (fig. A-6). Crude oil from the
pipeline break was also sprayed upgradient on
the land surface and has slowly moved through
the unsaturated zone to the saturated zone, how-
ever, no separate oil body has formed in this area.
The ground water flow rate is about 0.3 to 1.2 m/d
(meters per day). The aquifer, in glacial outwash,
is a well-sorted, medium, quartz sand containing
about 6 percent carbonate minerals, 30 percent
feldspars, less than 5 percent clay minerals, and
less than 0.2 percent organic carbon.

3Dcpartmcnt of Geological Sciences, University of Texas, Austin.
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Figure A-6.— Schematic cross section of a shallow aquifer near Bemidji, Minnesota, with an oil lens,
showing zones (1 through 5) of differing water chemistry. Sampling points are represented by dots.

The two types of oil contamination, overland
spray, and the subsurface oil lens, affect the
ground-water chemistry and alter the geochemi-
cal processes in a localized part of the aquifer.
This paper shows how the distribution of unstable
constituents that are reactants in or products of
reactions with organic compounds delineate
zones in the aquifer where differing geochemical
processes occur. The methods used for sampling
and analyses are presented in Baedecker and
others (1984) and Baedecker and Lindsay (1986).

The authors acknowledge the helpful
discussions with Robert Eganhouse, Southern-
California Coastal Water Research Authority.

RESULTS AND DISCUSSION

The oil is a light crude and consists
predominantly of aliphatic and volatile aromatic
hydrocarbons (Baedecker and others, 1984). Ali-
phatic hydrocarbons are found in ground water
near the source but, because of their low
solubilities, are not found in ground water farther
than 10 meters downgradient from the source.
Aliphatic hydrocarbons are found on aquifer
solids in low concentrations (100 ng/g
(nanograms per gram) dry-weight sediment)
65 meters from the source. This suggests that the
oil moves as a film on the water surface or as
stringers through the sediment. The aqueous
concentrations of the more-soluble, volatile aro-
matic hydrocarbons are about 4.2 mg/L (milli-
grams per liter) near the source and 0,0006 mg/L
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180 meters downgradient (Eganhouse and
others, 1987; Cozzarelli and others, 1989, this
Proceedings). This large loss of hydrocarbons,
which is far greater than can be accounted for by
processes such as sorption or ground-water
mixing and dispersion, primarily is the result of
degradative processes.

The distributions of pH, oxygen, bicarbonate,
or total dissolved inorganic carbon (TIC), total
dissolved organic carbon (TDQOC), methane, sul-
fate, hydrogen sulfide, nitrate, ammonia, iron,
manganese, and 8'3C values are used to describe
zones where ground-water chemistry is
controlled by different geochemical processes
(table A-1 and fig. A-6). In this study TDOC
refers to volatile and nonvolatile dissolved
organic carbon (DOC) with the exception of
gases such as methane and DOC refers to non-
volatile dissolved organic carbon. The native
ground water (zone 1) has a median pH of 7.60
and is oxygenated. The average concentrations of
other chemical species are: less than 0.04 mmol/L
(millimoles per liter) sulfate, less than
0.02 mmol/L nitrate, near detection limits for
iron, manganese, and methane, 0.18 mmol/L
TDOC, and 3.8 mmol/L TIC. These levels of TIC
result from the dissolution of carbonates in the
aquifer and solution of soil gas. The chemical
composition of the native ground water is con-
trolled by carbonate equilibrium, and to a lesser
extent by dissolution of quartz, feldspar, and clay
minerals and the degradation of naturally-
occurring organic material.



Table A-1.—Mean concentration with standard deviation of aqueous species in ground water'

| Millimoles per liter
Type of ground water’ Zone’ Number of pH3 Oxygen Tct TDOC®  Methane Iron Manganese
sampling points (+2) (+2)
Native ground water 1 4 760 024+003° 38+020 0.18+006 <0.0005 <00005  <0.0005
Oxygenated spray 2 4 712 20% .06 103%£37 15 x .82 .005+£.003 .003+.004 .002+.002
area-upgradient
Oxygenated- 3 4 730 .10+ 05 6.8%2.1 46+ 30 .02 £02 .001 .0005
downgradient
Oxygenated restricted 4 8 703 .03+.03 84+16 92 42 .16 +£13 .002+.002 .06 *.05
downgradient
Anoxic 5 9 693 <.0005 123x17 29 x 97 .76 29 .30 £37 .12 .05
'Data from 1987
Refers to fig. A-6
*Median pH

“Total inorganic carbon

STotal dissolved organic carbon (includes volatile organic carbon, except gases)

$Standard deviation

In contrast, ground water most affected by the
presence of organic compounds has a median pH
of 6.93 and is anoxic (zone 5). In this zone,
average concentrations of the aqueous species
are low or near detection limits for sulfate and
nitrate, 0.30 munol/L iron, 0.12 mmol/L man-
ganese, 0.76 minol/L. methane, 12.3 minol/L TIC,
and 2.9 mmol/L TDOC. Iron and manganese are
solubilized and methane is generated
downgradient of the oil where dissolved organic
compounds are oxidized. Water in the anoxic
plume (zone 5) is buffered by the degradation of
organic material in addition to carbonate and
silicate mineral equilibria reactions.

The concentrations of constituents in the
other zones (table A-1 and fig. A-6) are inter-
mediate between those in zones 1 and 5. Ground
water from the oxygenated spray area (zone 2),
has TDOC and TIC concentrations that are un-
usually high, but has only trace levels of identifi-
able hydrocarbons (less than 10 micrograms per
liter). Hydrocarbons that were transported in the
unsaturated zone were altered and the organic
material that reached the water table is different
from that found in zone 1. The predominant
hydrocarbons are the more refractory high
molecular-weight hydrocarbons in the Cap to C3o
range rather than soluble aromatic components.
The low molecular-weight hydrocarbons were
selectively removed by dissolution, or more likely,
lost by oxidative degradation. In oxygenated
ground water downgradient from the plume
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(zone 3), concentrations of most constituents are
greater than background concentrations (table
A-1), and trace levels of hydrocarbons are
present.

The water in zone 4, a transition area with low
concentrations of dissolved oxygen
(0.03 mmol/L), has manganese concentrations
greater than those of iron. Thermodynamics
predicts that in an oxygen restricted environment
manganese should dissolve before iron. In the
presence of oxygen, manganese (+2) will
precipitate at a higher Eh than iron (+2). Thus,
the dissolved manganese in this zone may
originate from dissolution reactions that
occurred upgradient and remaimed in solution
after the iron precipitated. Dissolved organic
species are rapidly attenuated by aerobic
degradative processes in zone 4. As a result the
TDOC consists of more refractory, nonidentifi-
able organic compounds (Aiken, 1989, this

Proceedings).

The concentrations of some chemical
constituents in ground water at the downgradient
edge of the oil lens varied markedly over a 4-year
period (fig. A-7). The concentrations of bicar-
bonate and DOC were nearly constant from 1984
through 1987, whereas concentrations of iron and
methane increased by more than 25 times. These
results indicate that iron reduction and
methanogenesis are important mechanisms of
organic degradation. Concentrations of man-
ganese decreased at the oil edge, possibly
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because leaching of manganese from the aquifer
sohds occurred after the oil spill but before the
beginning of this study (1984). Manganese reduc-
tion appears to be an important geochemical
process farther downgradient, 30 meters from the
edge of the oil lens, where the concentration of
manganese increased from 1984 through 1987.
The temporal increases in concentrations of
reduced species over the 4-year period suggest
that the anoxic plume has become increasingly
reducing with time.

Downgradient of the oil lens, sulfide and
ammonia were absent or present in only trace
amounts during the 4-year study. Sulfate and
nitrate reduction are not major processes
because of the low levels of these species in solu-
tion. Some sulfate reduction has occurred
because the concentrations of sulfate decreased
from 0.02 to 0.003 mmol/L, however, sulfide was
found in concentrations of less than
0.0015 mmol/L. Because the concentrations of
bicarbonate and iron are high, small amounts of
sulfide may have been removed from solution as
siderite or pyrite. This has been observed in
another shallow aquifer with an anaerobic zone
(Cozzarelli and others, 1987). The low concentra-
tions of ammonia found in the water are probably
the result of reduction of nitrogen-containing
organic compounds present in the crude oil. The
amount of nitrogen and sulfide in the crude oil is
0.28 and 0.56 percent, respectively. Similarly,
sulfur-containing organic compounds would be
expected to yield sulfide in concentrations above
background levels. However, it is possible that
the organosulfur compounds are not in a
degradable form, or as discussed above, the sul-
fide that formed was removed from solution by
precipitation.

Water upgradient from the oil lens (zone 2)
contained some nitrate and sulfate after 1987,
The source of these ions is fertilizer that was
applied during replanting of forest trees. Farther
downgradient the aqueous concentrations of
reduced and oxidized sulfur-and nitrogen-
containing species are near detection limits, and
therefore the geochemistry in zones 3, 4, and 5
has not been affected by the fertilizer application.

The distribution of unstable constituents and
813C values of inorganic carbon along the axis of
the plume indicate that most geochemical reac-
tions occur upgradient in the spray zone and in
the first 100 meters downgradient from the oil
lens. In the downgradient plume (fig. A-8), the
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concentrations of bicarbonate gradually decrease
along the flow path, whereas the other con-
stituents decrease more rapidly. The distribution
of iron reflects its sensitivity to oxygen; in water
where oxygen is detected, iron concentrations are
near detection limits. The concentrations of man-
ganese and methane remain high in the anoxic
zone within 80 meters from the source and
decrease rapidly downgradient. Data for 1986 and
1987 are surprisingly similar for bicarbonate and
TDOC (fig. A-8). The consistency in the 1986 and
1987 data suggests that reactions occur in
microenvironments. For example, the small
increase in TDOC, from 46 to 76 meters
downgradient from the oil lens, in both 1986 and
1987 may reflect a slight difference in lithology,
such as the presence of a silty layer that sorbs
more organic material.

The distribution of carbon isotopes in ground
water near the water table is controlled by the
mixing of inorganic carbon from (1) soil gas,
(2) aerobic and anacrobic degradation of com-
pounds from the oil, and (3) drssolutlon of car-
bonate minerals (fig. A-8). The 813C values of
TIC (relative to the PDB standard) of the native
water is in the range of -12 parts per thousand to
-15 parts per thousand because of the mixing of
soil TIC, with a 813C value of -21 parts per
thousand, and TIC from the dissolution of car-
bonates, with a 61°C value assumed to be
0+2 parts per thousand. Nonmethanogenic
degradation of oil constituents adds isotopically
hght TIC to the ground water because the oil has
a813C value of -28.5 parts per thousand. Isotopic
values of aqueous TIC that are lighter than the
native ground water are the result of reactions
such as aerobic degradation and iron and man-
ganese reduction that mmerahze organic com-
pounds to TIC. The lightest 8BCvalue in ground
water (-21.9 parts per thousand) was found at the
edge of the oil lens in 1985. Thus, in 1985, and to a
lesser extent in 1986 (fig. A-8), processes that
oxidize organic material were dominant in the
plume. This does not mean that the plume near
the oil was aerobic, but that molecular oxygen
and other electron acceptors, such as iron and
manganese were available in recharge and
upgradient water to oxidize organic material to
TIC. The 813C values of TIC have become
progressively heavier from 1985 through 1987.
Methanogenesis fractionates carbon isotopes
and results in isotopically light methane and
heavy carbon dioxide. The isotope results
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indicate that the plume has become more
reducing and methanogenic. Further evidence for
this is that the field Eh measurements near the
edge of the oil lens decreased from +20 mV
(mxlleOlts in 1984 to -145 mV in 1987. The
heaviest 31°C value of -5.35 parts per thousand is
15 meters downgradient from the edge of the oil
lens, which also is where the highest concentra-
tion of methane is found. Thus, the zone of
highest methanogenic activity is not at the oil-
lens/water interface but a few meters
downgradient. The high concentrations of dis-
solved hydrocarbons may inhibit bacterial activity
at the edge of the oil lens. More than 100 meters
downgradient of the oil lens, the 813C values for
the 3-year period gradually become heavier and
reach background levels 180 meters
downgradient from the lens. The 813C values
appear to be conservative in this region and may
provide information on the amount of vertical
recharge and mixing that occurs.

CONCLUSIONS

Crude oil in contact with ground water is
altered by several processes that have resulted in
small zones of differing water chemistry. These
geochemical facies are the result of aerobic
degradation of organic compounds followed by
the depletion of oxygen and the formation of an
anaerobic environment. The distributions of
chemical species and carbon isotopes indicate
that competing oxidation-reduction reactions
occur within a zone 80 meters downgradient from
the oil lens. The major reactions are
methanogenesis and reduction of iron and man-
ganese. These data suggest that reduction of iron
and manganese are important mechanisms of
decomposition of organic material in aquifers. In
the anaerobic zone, the identifiable organic com-
pounds are a major part of the DOC. Farther
downgradient, aerobic processes are dominant,
the concentrations of constituents decrease
rapidly, and the DOC is composed of more
refractory, nonidentifiable organic compounds.

Although the concentrations of major
chemical parameters such as TIC and TDOC are
relatively constant over a 3- to 4-year period, the
concentrations of some constituents have varied
significantly. The distributions of iron, man-
ganese, and methane and the carbon-isotopic
data indicate that part of the plume has become
increasingly reducmg over time. In the anaerobic
zone, the 813C values of TIC are lighter by as
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much as 15 parts per thousand and methane
concentrations have increased by a factor of 100.
The data indicate that the processes attenuating
organic material in the aquifer are dynamic and
the system is not at equilibrium.
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THE FATE AND EFFECTS OF CRUDE OIL IN A SHALLOW AQUIFER
II. EVIDENCE OF ANAEROBIC DEGRADATION OF
MONOAROMATIC HYDROCARBONS

By Isabelle M. Cozzarelli!, Robert P. Eganhousez, and Mary Jo Baedecker

ABSTRACT

The presence and fate of dissolved
monoaromatic hydrocarbons and low-molecular
weight organic acids were investigated in ground
water downgradient from a subsurface crude-oil
spill in Bemidji, Minnesota. Degradation of soluble
crude-oil components has resulted in the formation
of a reducing geochemical environment charac-
terized by increased concentrations of dissolved
organic carbon, carbon dioxide, and methane, and
the absence of oxygen. Benzene, C1- to Cs- alkyl-
benzenes, and aliphatic, aromatic, and alicyclic
organic acids were identified in anaerobic ground
water downgradient from the oil. Concentrations of
the monoaromatic hydrocarbons and organic acids
decrease rapidly, relative to the bulk of the dis-
solved organic carbon, with distance downgradient.
Benzene and alkylbenzenes decrease from 8.5 per-
cent to 4 percent of the dissolved organic carbon in
30 meters from the edge of the oil lens, whereas low
molecular weight organic acids decrease from 6.5
percent to less than 1 percent. Concentrations of
some alkylbenzenes approach detection limits
within the anaerobic plume. Individual
monoaromatic hydrocarbons differ in the rates at
which they are removed from the aquifer. The
Dpreferential removal of specific alkylbenzenes may
reflect structure-dependent degradation rates. The
highest concentrations of organic acids, CHs, and
CO:z are in the anaerobic zone. The organic acids
represent microbial intermediates that can be
related to proposed methanogenic-degradation
pathyways. The presence of organic acids and
Phenols, and the generation of gases in the
anaerobic ground water support the conclusion
that anaerobic degradation of aromatic
hydrocarbons is an important geochemical
process.

lus. Geological Survey, Reston, Va.

INTRODUCTION

Crude oil is a complex mixture of
hydrocarbons that have a wide range of physical
characteristics and considerable diversity in their
geochemical behavior in the environment. The
aqueous solubilities of the different types of
hydrocarbons differ significantly. When crude oil
comes in contact with ground water, the more
soluble components are preferentially leached
into the water. Benzene, with a solubility in pure
water of 1,780 mg/L (milligrams per liter), is one
of the most soluble hydrocarbons. In addition,
mononuclear aromatic hydrocarbons do not sig-
nificantly sorb onto aquifer solids with low
organic content and therefore they can be rapidly
transported (Schwarzenbach and Westall, 1981).
There has been considerable interest in under-
standing the behavior of benzene and alkylben-
zenes in the subsurface because of their high
mobility and toxicity. The ultimate fate of these
hydrocarbons is, in large part, a function of their
biodegradability in the geochemical
environment.

In ground water, anaerobic conditions may
develop when the amount of molecular oxygen
available for aerobic degradation is limited.
Under these conditions, anaerobic degradation
of dissolved organics may become important. The
anaerobic degradation of substituted aromatics
such as benzoic acid, phenols, and catechols
(Ferry and Wolfe, 1976; Evans, 1977; Shlomi and
others, 1978; Healy and Young, 1979) is well
established. However, anaerobic degradation of
nonoxygenated aromatic hydrocarbons, such as
benzene, toluene, and xylenes, has traditionally
been regarded as insignificant.

Results of recent laboratory and field studies
indicate that the importance of anaerobic
microbial degradation of monoaromatic
hydrocarbons has been underestimated
(Reinhard and others, 1984; Kuhn and others,
1985; Wilson and others, 1986; Grbit-Gali¢ and

2Southern California Coastal Water Research Project, Long Beach, Calif.
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Vogel, 1987; Major and others, 1988). The
degradation of benzene, ethylbenzene, and
orthoxylene in microcosms constructed of
methanogenic aquifer material (Wilson and
others, 1986) and the preferential removal of
xylenes in methanogenic landfill leachate
(Reinhard and others, 1984), are evidence that
anaerobic degradation of benzene and alkylben-
zenes may be important biogeochemical proces-
ses in methanogenic environments. Grbi¢-Gali¢
and Vogel (1987) suggested that anaerobic
microbial pathways result in the complete
mineralization of aromatic hydrocarbons, such as
toluene, under methanogenic conditions. In
laboratory microcosm and column experiments,
Kuhn and others (1985), and Major and others
(1988), showed that benzene, toluene, and
xylenes were degraded under denitrifying
conditions.

The purpose of this study is to gain an
improved understanding of the anaerobic trans-
formation of aromatic hydrocarbons that is
necessary to predict their ultimate fate in the
subsurface environment. In this paper, the dis-
tribution of aromatic hydrocarbons and low-
molecular weight organic acids and their fate in
ground water downgradient from an under-
ground oil spill in Bemidji, Minn., are described.
The apparent disappearance of monoaromatic
hydrocarbons in ground water downgradient of
the oil was previously reported (Eganhouse and
others, 1987). In this paper, the discovery of
several types of oxygenated compounds, includ-
ing aromatic, aliphatic and alicyclic organic acids,
that were identified in reducing ground water,
are presented. The presence of these organic
acids to proposed anaerobic degradation path-
ways are related. The preferential disappearance
of specific alkylbenzenes, coupled with the occur-
rence of structurally related microbial inter-
mediates and end products, represents the most
conclusive field evidence of anaerobic degrada-
tion of monoaromatic hydrocarbons offered to
date.

METHODS

The research site is located near Bemidji,
Minn., where an accidental spill of crude oil
occurred in 1979 when an underground pipeline
broke. The spill has resulted in the formation of a

lens of crude oil at the water table (fig. A-9).
A series of wells were installed at and below the
water table along a transect downgradient from
the oil lens in the direction of ground-water flow.
Wells were 2 inches in diameter, constructed of
polyvinylchloride (PVC), and screened over a
0.5- to 5-foot interval. The S-foot screens used for
water-table wells were centered approximately at
the water table. Ground-water samples were col-
lected annually between 1984 and 1987 Water
samples were collected using a Keck 3 pump for
measurement of temperature, pH, dissolved
oxygen (O2), ammonia (NH3), hydrogen sulfide
(H2S), methane (CHa), dissolved organic carbon
(DOC), dissolved inorganic carbon (DIC), and
inorganic cations and anions. Determination of
these constituents is described in Baedecker and
Lindsay (1986).

Water samples for analysis of hydrocarbons
and organic acids were obtained with a Teflon
bailer. Samples were poisoned with mercuric
chloride and transported, on ice, to the
laboratory. Benzene and C1 to C4 alkylbenzenes
(Ch refers to the number of alkyl carbons on the
benzene ring) were determined by purge-and-
trap gas chromatography with flame-ionization
detection. Structural confirmation of peak iden-
tities was achieved on selected samples by
coinjection and gas chromatography/mass
spectrometry. Water samples for low molecular
weight organic acid analysis were made basic
(pH=10) by addition of potassium hydroxide
(KOH), freeze dried, and then acidifed with
phosphoric acid (H3POgs). Organic acids were
extracted from the acidic solution with diethyl
ether and determined by gas chromatography
with flame-ionization detection. Positive
identification of acid structures was made on
selected samples by coinjection of samples and
authentic standards combined with gas
chromatography/mass spectrometry.

RESULTS AND DISCUSSION

The degradation of dissolved crude oil
constituents has resulted in the formation of a
reducing geochemical environment
downgradient from the oil. Results of unstable
constituent (02, CHy, iron (Fe *)) analyses indi-
cate that anoxic conditions prevail downgradient
of the oil (fig. A-9). Close to the oil, in zone 1,

3Use of brand or trade names in this paper is for identification purposes only and does not constitute endorsement by the

U.S. Geological Survey.
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dissolved organic carbon (DOC) concentrations
are as high as 50 mg/L where the crude oil
contacts the ground water. The relatively soluble
aromatic hydrocarbons (benzene and C1 through
C4 alkylbenzenes) reach concentrations of 4,000
u#g/L (micrograms per liter). Concentrations of
low-molecular weight (molecular weight less than
180) organic acids are as high as 3,100 ug/L. In
this zone, the monoaromatic hydrocarbons and
organic acids represent a significant fraction of
the DOC. Ground water is anoxic (less than
0.1 mg/L. O2) from the water table to a maximum
depth of 4 meters. Dissolved inorganic carbon
(DIC) and methane concentrations reach
190 mg/L. and 22 mg/L, respectively, due to the
production of gases during anaerobic degrada-
tion of hydrocarbons. In addition, iron and man-
ganese are mobilized in the anoxic ground water
(Siegel, 1987).

The anoxic plume extends through zone 2,
80 meters downgradient from the center of the oil
body. Trace amounts of oxygen are present in
zone 3, which can be considered a transition zone
between a reducing and oxidizing environment.
Concentrations of most of the reduced chemical
species such as Fe’* and DIC decrease with dis-
tance from the oil but are still above background

levels in zone 4. The evolution of the reducing
geochemical environment and the important
redox reactions are described in detail by
Baedecker and others (1989, this Proceedings).

There is a rapid attenuation of the
monoaromatic hydrocarbons and organic acids,
relative to the bulk of the DOC, with distance
downgradient from the oil. Concentrations of
benzene and Ci to Cs-alkylbenzenes decrease
from 8.5 percent to 4 percent of the DOC within
zone 1, whereas low molecular weight organic
acids decrease from 6.5 percent to less than
1 percent. This decrease occurs in the anoxic
ground water as the alkylbenzenes and organic
acids are degraded. At 30 meters from the oil, in
zone 2, a larger part of the remaining DOC con-
sists of unidentified, recalcitrant compounds.
This refractory organic material has been charac-
terized by Aiken and Thorn (1989, this Proceed-
ings) as a complex, heterogeneous mixture of
nonvolatile organic acids. These nonvolatile
organic acids may be composed of complex meta-
bolic products from the degradation of oil com-
ponents and, perhaps, microbial cellular
material.

The individual aromatic hydrocarbons found
in ground water at the downgradient edge of the

Table A-2.— Monoaromatic hydrocarbons identified in anaerobic ground water

Benzene
Toluene

C2-benzenes
o-xylene

m and p-xylene
Ethyl benzene

Cs-benzenes
1,3,5-trimethylbenzene
1,2,4-trimethylbenzene
1,2,3-trimethylbenzene
1-methylethylbenzene
n-propylbenzene
1-ethyl-3-mnethylbenzene
1-ethyl-4-nethylbenzene
1-ethyl-2-methylbenzene

Ca-benzenes
1,2,3,5-tetramethylbenzene
1,2,3,4-tetramethylbenzene
1,2-diethylbenzene
1,3-diethylbenzene
1,4-diethylbenzene
2-methylpropylbenzene
1-methylpropylbenzene
1-methyl-2-propylbenzene
1-methyl-3-propylbenzene
1-methyl-4-propylbenzene
1-methyl-2-(1-methylethyl)benzene
1-methyl-3-(1-methylethyl)benzene
1-methyl-4-(1-methylethyl)benzene
n-butylbenzene
1-ethyl-3,5-dimethylbenzene
1-ethyl-2,4-dimethylbenzene
1-ethyl-2,3-dimethylbenzene
2-ethyl-1,3-diemthylbenzene
2-ethyl-1,4-dimethylbenzene
4-ethyl-1,2-diemthylbenzene




floating oil lens are shown in table A-2. Benzene
and all the Cz-, C3-, and Cs-benzene isomers
(except t-butyl benzene) were identified. The
composition of monoaromatic hydrocarbons
changes dramatically with distance from the oil
body. Examination of changes in concentrations
of five major alkylbenzenes over a 10-meter dis-
tance reveals that their rate of loss in anaerobic
ground water decreases in the following order:
toluene > o-xylene > m-, p-xylene > ethyl-
benzene (fig. A-10). If the composition of
aromatics in ground water contacting the oil body
has been constant through time, changes in
hydrocarbon concentration downgradient from
the oil can be regarded as apparent disap-
pearance rates. It is clear, then, that individual
monoaromatics differ in the rates at which they
are removed from the aquifer. This difference
extends to alkylbenzene isomers whose
physicochemical properties are very similar.
Moreover, examination of the homology (a series
of compounds in which each member differs
from the next member by a CH3 group): benzene,
toluene, ethylbenzene, and n-propylbenzene
indicates that apparent disappearance rates are
not systematically related to chain length.
Together, these observations suggest that biologi-
cal, not physical, processes are mainly respon-
sible for changes in alkylbenzene composition
downgradient from the oil lens (Eganhouse and
others, 1987).

Examination of the alkylbenzene data reveals
that some of the alkylbenzenes are lost in the
anacrobic part of the plume while others are not.
One of the C4-alkylbenzenes, 1,2,3,4-tetramethyl-
benzene (1,2,3,4 TMB), appears to be the most
persistent of all the aromatic hydrocarbons iden-
tified (fig. A-10). This compound becomes the
most dominant hydrocarbon 90 meters
downgradient from the oil (data not shown). The
nearly conservative behavior of 1,2,3,4 TMB per-
sists in ground-water zones with low oxygen con-
centrations, which suggests that this compound
can be used as a molecular marker in the anoxic
plume. Figure A-11 shows the concentrations of
several alkylbenzenes relative to 1,2,3,4 TMB as a
function of distance downgradient from the oil
lens. Toluene and orthoxylene are completely
degraded within the anoxic plume. Benzene and
ethylbenzene concentrations decrease by about
30 and 35 percent, respectively, relative to 1,2,3,4
TMB, in the anaerobic zones. The rates of disap-
pearance of these compounds increase sig-
nificantly with distance downgradient, in zones
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where the ground water contains detectable
amounts of oxygen. The distributions of
n-propylbenzene and 1-methylethyl benzene,
shown in fig. A-11, suggest conservative behavior
within the anaerobic plume. The concentrations
of these two alkylbenzenes decline dramatically
in zone 3 after exposure to oxygenated water and
an aerobic microbial ecosystem.

Greater persistence of ethylbenzene relative
to the xylenes has also been observed in studies of
methanogenic landfill leachate (Reinhard and
others, 1984). The more rapid disappearance of
orthoxylene over the meta and para isomers
observed in the current study agrees with the
observations of Barker and others (1986) who
studied methanogenic ground water
downgradient of a landfill in North Bay, Ontario.
These results contrast with the laboratory studies
under nitrate reducing conditions (Kuhn and
others, 1985; and Major and others, 1988). These
workers found that o-xylene degraded at a sig-
nificantly slower rate than m- and p-xylenes.
Similar behavior for the xylenes has been
observed in laboratory studies of the oxidation of
dissolved hydrocarbons under aerobic conditions
(van der Linden, 1978). The rapid apparent
degradation of o-xylene at Bemidji indicates that
the traditional belief, that adjacent methyl groups
on an aromatic ring increase the stability of a
compound, may not hold under the
methanogenic and iron-reducing conditions
encountered in the current study.

Organic acids found in ground water at the
downgradient edge of the oil lens are shown in
table A-3. A large number of aromatic, alicyclic,
and aliphatic organic acids were identified.
Although phenolic compounds were not quan-
tified, phenol was detected in the anaerobic
ground-water zone. The oxidized compounds
identified in ground water downgradient from
the oil were not detected in ground water from
background wells outside the plume. Further-
more, analysis of water equilibrated with oil from
the site, revealed that these acids are not original
components of the oil. It appears, therefore, that
the organic acids are produced within the plume
during degradation of dissolved oil constituents.
Organic acids are well known metabolic inter-
mediates representing different pathways in the
microbial degradation of aromatic and alicyclic
hydrocarbons. The organic acids identified in this
study appear in the same ground-water zone



CONCENTRATION OF BENZENE, IN MICROGRAMS PER LITER
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Figure A-10.— Concentrations of benzene and alkylbenzenes in ground water at the edge of the oil lens

and 10 meters downgradient from the edge of the oil (1987 data).

CONCENTRATION OF ALKYLBENZENES, IN MICROGRAMS PER LITER




T T T T T 20
o Zone 1 | Zone 2 Zone 3
E l«———0,=0mg/L —> 1< 0,< 1.0 mg/L >
> . o
E o af % 416 W
é w L& 2w
c & %\ < 2z
o N IR % o N
w 2z s e 2 c 2
Z W [ Y Q R w
H 9 — : ..o \OQ o'...' —12 % 9
z > 3 :. .-. .u'. b w >
w I . ®oee \ o g N I
[ o I ot Y Soeoqeee .o& & o
T2 : B . 2
. o
IE | ot \ N\ B 5 £
w W | %319 \ 5 - z o
s 2r &R vl -1
& CHY : < <
= © : E £
< N H s z o
r ~ H % w v~
= H . O
& 1 s \ * 44 Z=
5 k) Q
% i n - propylbenzene . o
S s\ 1- methylethylbenzene\ Ly
0 o e—— 4 0
20 40 60 80 100 120 140

DISTANCE FROM CENTER OF OIL LENS, IN METERS

Figure A-11.— Concentrations of benzene, ethylbenzene, toluene, orthoxylene, n-propylbenzene, and

1-methylethylbenzene relative to 1,2,3,4-tetramethylbenzene as a function of distance from the
center of the oil lens (1987 data).

27



Table A-3.—Metabolites identified in anaerobic ground water at edge of oil lens

Aliphatics

Formic acid

Acetic acid

Propanoic acid
Methyl-butanoic acid
C2-butanoic acid
Methyl-pentanoic acid
Heptanoic acid

Alicyclics
Cyclohexanecarboxylic acid
C2-cyclohexanecarboxylic acid

Aromatics

Phenol

Benzoic acid

O-toluic acid

m and/or p-toluic acid

Phenylacetic acid

2, 4 and/or 2/5 dimethylbenzoic acid
2,6 dimethylbenzoic acid

3,4 diemthylbenzoic acid

m-methylphenylacetic acid
p-methylphenylacetic acid
2,4,6,trimethylbenzoic acid

where large amounts of aromatic hydrocarbons
apparently are being degraded.

Acetic acid is the major aliphatic acid
observed in ground water near the edge of the oil
(fig. A-12). Its low concentration 10 meters
downgradient from the oil lens likely results from
its conversion to methane and carbon dioxide by
methanogenic bacteria. The organic acids
produced during anaerobic degradation of the
aromatic hydrocarbons have different degrees of
persistence in the ground water. For example,
concentrations of the toluic acids decrease by a
factor of 8 within 10 meters, whereas the con-
centration of a C;- cyclohexanoic acid (specific
structure not determined) decreases only by a
factor of 1.3 (fig. A-12). However, interpretation
of these data as a function of distance
downgradient is complicated by these metabo-
lites being both produced and consumed in the
ground water. In general, the cyclohexanoic acids
appear to persist farther downgradient than the
benzoic acids. The aliphatic acids are in greater
abundance close to the oil edge and then disap-
pear rapidly within the anaerobic zones. No sig-
nificant increase in any of the acids is observed at
the anoxic-oxic boundary (between zones 2 and 3;
fig. A-9) where many of the more persistent alkyl-
benzenes rapidly degrade. It is likely that the
metabolic intermediates produced during
aerobic degradation are subsequently metabo-
lized so quickly in the oxygenated water that they
cannot be detected.

The alkylbenzenes can be divided into two
groups depending on their behavior within the
80 meter anaerobic plume; those that

significantly decrease in concentration relative to
1,2,3,4 TMB and those that appear to be persist-
ent and do not decrease relative to 1,2,3,4 TMB.
For those alkylbenzenes that disappear within the
anaerobic zones, a corresponding organic acid
that is a primary oxidation product was identified
(fig. A-13). Although confirmation that these
hydrocarbons are the precursors to these specific
acids is lacking, each of these hydrocarbons (with
one exception: 1-ethyl-2-methylbenzene), has a
corresponding oxidized analog (fig. A-13). Other
oxidation products may be formed as well. In
contrast, no oxidized analogues of compounds
that showed relatively greater persistence in the
anaerobic ground water (for example:
ethyldimethyl-, n-butyl-, methylpropyl-, and
diethyl-benzenes) were identified. These com-
pounds either were not oxidized or their oxida-
tion products were below the detection limit.
Concentrations of the alkylbenzenes in the latter
group were generally less than 10 ug/L, and
therefore, the concentrations of intermediates
produced as oxidation products would be low.
The results indicate that the presence of phenol
and aromatic organic acids is related to the
biodegradation of benzene and alkylbenzenes.
These oxidized intermediates may be useful
indicators of biodegradability of parent
alkylbenzenes.

Many of the same organic acids reported in
the current field study have been identified by
others in laboratory experiments under
controlled conditions. In methanogenic cultures
grown on toluene and benzene, Grbit-Galit and
Vogel (1987), described several pathways of
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o-xylene o-toluic acld
CHa COOH
-
CH; CHQ
m-xylene m-toluic acid
CHy COOH
@
CHy CHy
p-xylene p-toluic acid
CH,CHa
— ?
CHa
1-ethyl-2-methylbenzene
CHa2CH, CH2CO0H
L
CHy CHa
1-ethyl-3-methylbenzene m-methylphenylacetic acid
CHaCHj CH2COO0H
——
CHa CHa
1-ethyl-4-methylbenzene p-methylphenylacetic acid
CHa CHa CHay COOH
L
CHjy CHy
1,3,5-trimethylbenzene 3,5-dimethylbenzolc acid

Q

CHa COOH CHa COOH COOH
and/or
CHy CHa CHa CHy CHy
CH,

CHy
1,2,4-timethylbenzene 2,4-dimethylbenzolc acid  2,5-dimethylbenzolc acid 3,4-dimethylbenzoic acid
CHj3 CH,
CHj COOH CHj COOH
or - _for
CHa CHj CHj CHj, CHj,
CHa

1.2,3,5-tetramethylbenzene 2,4,6-trimethylbenzoic acid, 2,3,5-trimethylbenzoic acid

Figure A-13 — Schematic showing volatile aromatic hydrocarbons that are partially degraded within the
anaerobic plume and some of their possible oxidation products that have been identified (1986 and
1987 data).



toluene degradation, including oxidation of the
aromatic ring leading to cresol (methylphenol)
formation, oxidation of the methyl side chain
leading to benzoic acid formation, and reduction
of the aromatic ring resulting in formation of
alicyclic acids. Cresol, produced through the
above pathway, may subsequently be degraded to
benzoic acid (Smolenski and Suflita, 1987). In
contrast, toluene degradation under aerobic con-
ditions proceeds through the dihydroxylated
intermediate, catechol (Cerniglia, 1984).

Reactions similar to those described for
toluene might be expected for the degradation of
higher alkylbenzenes, leading to the formation of
the alkylbenzoic acids identified in the anaerobic
plume (table A-3). The Cz-cyclohexanoic acid
may be produced from the degradation of alkyl-
benzenes through a pathway analogous to the
documented anaerobic degradation pathway of
benzoic acid through alicyclic intermediates
(Evans, 1977). The straight-chain aliphatic acids
likely result from several reaction pathways
including ring cleavage of cyclohexanoic acids
while the branched-chain aliphatic acids may
result from ring cleavage of alkylated rings.
Several workers have demonstrated the produc-
tion of short-chain aliphatic acids during the
methanogenic fermentation of benzoic acid
through the ring reduction pathway (Fina and
others, 1978; Keith and others, 1978; Shlomi and
others, 1978). In addition to being intermediates
in the degradation of aromatic hydrocarbons,
these alicyclic and aliphatic acids could be
produced from methyl oxidation of alkylated
cyclohexanes and Ci- to Cy- alkanes that have
been detected in ground water close to the oil
lens.

The organic acids detected in the
oil-contaminated water can clearly be related to
anaerobic pathways of degradation proposed by
other workers and they indicate that once the
system becomes anoxic, anaerobic degradation is
a significant hydrocarbon degradation process.
The considerable amount of ferrous iron
detected in ground water at the edge of the oil
lens indicates that iron reduction is also an
important biogeochemical process. Micro-
organisms capable of reducing iron during the
metabolism of organic matter are numerous.
Complete mineralization of organic matter with
ferric iron reduction is possible in anaerobic
environments (Lovley, 1987). Iron-reducing
bacteria capable of using aromatic hydrocarbons,
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such as benzoic acid, as a sole energy source,
have been isolated, and the pathways of
hydrocarbon oxidation coupled to iron reduction
are being investigated (D.R. Lovley, U.S.
Geological Survey, oral commun., 1988). Current
work utilizing laboratory microcosm experiments
may help to determine the relative importance of
the many different pathways discussed above.

SUMMARY AND CONCLUSIONS

The degradation of dissolved crude-oil
constituents from a subsurface oil spill has
resulted in the formation of a reducing geochemi-
cal environment downgradient from the oil lens.
At the downgradient edge of the oil, concentra-
tions of dissolved alkylbenzenes and low-
molecular weight organic acids reach concentra-
tions of 4,000 ug/L and 3,100 ug/L respectively.
Selected alkylbenzenes and aromatic organic
acids are rapidly attenuated within the anaerobic
plume. The aromatic, alicyclic and aliphatic
organic-acid intermediates can be related to the
methanogenic degradation pathways proposed
by Grbic-Gali¢ and Vogel (1987). The organic
acids identified in the anaerobic ground water
along with high concentrations of CH4 and COg2,
are evidence that anaerobic degradation
pathways are operative.

Some compounds, such as toluene and xylene,
decrease to detection limits within 10 meters of
the source, whereas others, such as #n-propyl ben-
zene, were significantly degraded only after
ground water was reoxygenated downgradient.
Among the more abundant alkylbenzenes, rela-
tive apparent loss rates were as follows:
toluene > o-xylene > m,p-xylene > ethylbenzene.
The 1,2,3,4- tetramethylbenzene appears to be
more persistent in both anoxic and oxygen-
restricted water.

Organic acids, representing oxidized
analogues of most of the alkylbenzenes that
degrade anaerobically, were identified. The
organic acids apparently are produced during
anaerobic degradation of the alkylbenzenes. No
oxidized intermediates were identified in the
oxygenated water farther downgradient from
the oil. Presumably, the acids were rapidly
mineralized under aerobic conditions.

The structural dependence of anaerobic
degradation and behavior of persistent alkylben-
zenes is currently being investigated in laboratory
microcosm experiments. Rates of anaerobic



conversion of some of the more abundant
hydrocarbons to CO2 and CHs also will be
addressed in C!*-labeled microcosm experi-
ments. In addition, the importance of iron reduc-
tion as a degradation pathway will be
investigated. These experiments also may clarify
the origin of specific metabolic intermediates and
the relative importance of ring reduction or ring
or methyl oxidation degradation pathways.
Understanding the degradation of aromatic
hydrocarbons is important, considering the
mobility of these compounds and the frequent
occurrence of hydrocarbon contamination in
subsurface environments.
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VARIABILITY IN THE CHEMISTRY' OF NONVOLATILE ORGANIC ACIDS
DOWNGRADIENT FROM THE OIL BODY AT BEMIDJI, MINNESOTA

By George R. Aiken! and Kevin A. Thorn!

ABSTRACT

The distribution and chemistry of nonvolatile
organic acids were studied in an aquifer con-
taminated with crude oil near Bemidji, Minnesota.
For the six wells sampled during the summer of
1987, dissolved organic carbon concentrations
ranged from a high value of 42 milligrams carbon
per liter for the well closest to the oil body, to a low
value of 2.9 milligrams carbon per liter for the
uncontaminated ground water. Dissolved organic
carbon fractionation analyses indicated that the
majority of the dissolved organic carbon in each
sample was comprised of nonvolatile organic acids
resulting from the microbiological degradation of
the crude oil. A two-column array consisting of
XAD-8 resin and XAD-4 resin was used to isolate
and fractionate the nonvolatile organic acids into a
hydrophobic-acid fraction and a hydrophilic-acid
fraction. Results of elemental analyses and
molecular-weight determinations indicate that the
hydrophobic acids from the contaminated wells
have higher carbon and hydrogen contents and
lower oxygen and nitrogen contents, and much
lower molecular weights (250 daltons) than the
hydrophobic acids from the background well,
reflecting differences in composition of original
source materials for these samples. Analyses of the
structural composition of the molecules comprising
the hydrophobic-acid fractions by carbon-13
nuclear-magnetic resonance spectroscopy and
infrared spectroscopy have demonstrated that the
hydrophobic acid fractions isolated from the
contaminated wells have lesser amounts of
carboxyl carbon and hetero-aliphatic carbon and
greater amounts of aromatic carbon and aliphatic
carbon than the sample from the background well.
Therefore, our results indicate that differences
between the sample obtained from the uncon-
taminated well and those obtained from the con-
taminated wells are significant. In addition, the
solid state carbon-13 nuclear-magnetic resonance
spectra suggest that there is little variation in the

us. Geological Survey, Denver, Colo.
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composition of the hydrophobic acids
downgradient from the oil body and that aromatic
and isoparaffinic components of the crude oil have
been preserved in the form of carboxylic acids.

INTRODUCTION

The microbiological degradation of crude oil
at the water table of a shallow aquifer near
Bemidji, Minn. (fig. A-14) has resulted in an
extensive plume of dissolved organic carbon
(DOC) that is migrating from the oil body. This
DOC is composed of a heterogeneous mixture of
organic compounds, the majority of which are
yellow-colored organic acids that can be
chromatographically fractionated into a
hydrophobic-acid fraction and a hydrophilic-acid
fraction. The nonvolatile organic acids that
comprise these fractions of the DOC at the
Bemidji site are intermediates in the
microbiological degradation of the crude oil.
Knowledge of the composition and distribution
of these acids is important in understanding the
microbiological processes at the site. In addition,
both of these organic-acid fractions are
geochemically and biologically reactive,
influencing, for example, the chemistry and
transport of trace metals and organic compounds
of low aqueous solubility. Therefore, to model
the transport and fate of organic compounds in
the plume, and to improve the understanding of
the geochemical processes at work at the Bemidji
site, it is important to define the composition and
properties of these organic-acid fractions.

During the summer of 1987, samples were
collected from a variety of wells to determine
differences in the chemical composition of the
DOC downgradient of the oil body. In this paper,
the results of DOC and DOC fractionation
analyses of these samples, and the results of
characterization analyses on the hydrophobic
organic-acids isolated from each well sampled
are presented.
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METHODS

Samples were collected from six wells at the
Bemidji site. Water was pumped from the wells by
means of a Keck” pump and the necessary
volumes collected in 10-gallon stainless-steel milk
cans. The methods used for DOC fractionation
analysis have been presented by Leenheer
(1981).

For the isolation of the hydrophobic and
hydrophilic acid fractions, samples were trans-
ferred to glass containers and the pH adjusted to
2 with concentrated hydrochloric acid. Details of
the extraction procedure using XAD resins are
given by Thurman and Malcolm (1981) and
Aiken and others (1987). Elemental analyses
were performed according to the methods
published by Huffman and Stuber (1985), and
molecular weights were determined by vapor-
pressure osmometry according to Aiken and
Malcolm (1987). Details for the carbon-13 (13C)
nuclear magnetic resonance (NMR) analyses are
given by Thorn and Aiken (1989, this
Proceedings).

RESULTS AND DISCUSSION

DOC values of the samples collected along the
axis of the plume (fig. A-15) range from a high
value of 42 mgC/L (milligrams carbon per liter)
for well 522, the well closest to the oil body, to a
low value of 2.9 mgC/L for the uncontaminated
ground water from well 310 upgradient from the
oil body (table A-4). As expected, the amount of
DOC in the contaminated plume decreases
downgradient from the oil body; well 515 has the
lowest DOC concentration of the contaminated
wells (8.1 mgC/L). Although the background
DOC concentration of 2.9 mgC/L at well 310 is
higher than the mean value of 1.25 mgC/L, as
reported by Leenheer and others (1974) for other
shallow sand and gravel aquifers, it is within the
range of values reported by those authors.

The components of the DOC can be divided
chromatographically into six fractions: hydro-
phobic acids, bases, and neutrals; and
hydrophilic acids, bases and neutrals (Leenheer,
1981). Each of the fractions generated in the
DOC-fractionation analysis is operationally

310
-

I 100 m ]
300 ft

—’
Ground-water
flow

000m Wells

Figure A-15. —Schematic diagram showing approximate location of wells at the Bemidji site
sampled for nonvolatile organic acids.

“The use of brand or trade names in this paper is for identification purposes only and does not constitute endorsement by the

U.S. Geological Survey.
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Table A-4.— Dissolved organic carbon fractionation data for selected wells sampled at Bemidji, Minnesota

[Values are in milligrams of carbon per liter, DOC; numbers in parentheses are the percentage of the
total dissolved organic carbon of that fraction]

Hydrophobics Hydrophilics
Sample DOC Acids Bases Neutrals Acids Bases Neutrals
Well 310 29 1345 0.1(3) 01 (3) 02 (7)) 04149 0.7(24)
Well 603 15 70(47)  0.0(0) 1.0(34) 15(11) 00 (0) 10 (7)
Well522 42 2 (62 10(2) 10 (2) 85(20) 05(1)  50(12)
Well 532 315 17.5(55)  0.0(0) 0.5 (2) 10.533) 05 (2) 3.0(10)
Well 530 21 117(56)  0.6(3) 09 (4) 45(22) 03 (1)  33(16)
Well 515 8.1 44(55) 03(4) 0.8(10) 1.6(200 03 (4) 0.6 (7)

defined on the basis of the affinities of organic
compounds for the resins employed in the frac-
tionation scheme. Long-chain fatty acids with
fewer than one carboxylic acid functional group
per 10 carbon atoms, for example, are classified
as hydrophobic neutrals according to the DOC
fractionation scheme. DOC-fractionation
analyses of the samples collected during the sum-
mer of 1987 (table A-4) provide some insights
into the composition of the DOC at each of the
wells sampled. In each case, nonvolatile organic
acids were found to be the major components of
the DOC. The composition of the DOC at each
of the contaminated wells differed from that of
well 310, the background well, where the
hydrophobic-acid fraction was the major fraction
of DOC (45 percent), and the hydrophilic-acid
fraction was only 7 percent of the DOC. Well 603,
which is in the spray zone upgradient from the oil
body, showed a similar pattern to well 310 with
respect to the concentrations of hydrophobic and
hydrophilic acids; however, water from well 603
bad the highest concentrations of hydrophobic
necutrals of any of the wells sampled, perhaps
reflecting slower degradation of the oil sprayed in
this area relative to the contaminated wells near
the oil body itself. Starting at well 522, which
samples the anoxic waters immediately under the
oil body, and moving downgradient to well 515,
the hydrophobic- and the hydrophilic-acid frac-
tions account for more than 75 percent of the
DOC. The hydrophobic-acid fraction is highest
for well 522 (62 percent), and is relatively con-
stant for the other wells sampled. The
hydrophilic-acid fraction, on the other hand,
increases to a high value at well 532 (33 percent),
and then gradually decreases to a value of 20
percent at well 515. These trends may indicate

that the hydrophobic-acid fraction is more
refractory than the hydrophilic-acid fraction and
consequently more resistant to biodegradation in
the aerobic part of the DOC plume.

In order to characterize these two fractions of
organic acids further, the hydrophobic and
hydrophilic acids from the sampled wells were
isolated by adsorption chromatography on
Amberlite XAD resins. Each water sample was
acidified to pH 2 and passed through a two-
column array consisting of XAD-8 followed by
XAD-4. XAD-8 is an acrylic ester resin routinely
used to isolate aquatic humic substances and
retains the more hydrophobic organic acids in the
sample. XAD-4 is a styrene-divinyl benzene resin
with a greater surface area, and, in general, a
greater capacity for retaining low molecular
weight solutes than XAD-8. In the isolation
scheme employed for the samples from Bemidji,
the more hydrophobic acids were first removed
from the sample on the XAD-8 resin; then, the
hydrophilic acids were subsequently removed on
the XAD-4 resin. Currently (1988), the
hydrophobic-acid fractions have been
characterized by 3C.NMR spectroscopy,
infrared (IR) spectroscopy, elemental analysis
and molecular-weight determination.

The results of the elemental analyses for the
hydrophobic-acid fractions show a large dif-
ference between the background material at well
310 and the contaminated wells. The
hydrophobic-acid fraction from well 310 is com-
posed primarily of the naturally occurring fulvic
acid; this fraction has lower carbon (C), and
hydrogen (H) contents and higher oxygen (O),
and nitrogen (N) contents than do samples from
the contaminated wells. With a mnolecular weight
of 782 daltons, this sample appears to be fairly



similar to other aquatic fulvic acids isolated from
ground waters (Thurman, 1985) and surface
waters (Steelink, 1985). This result is consistent
with the fact that the aquifer is a relatively shal-
low (20 meters deep) sand and gravel aquifer
underlain by low-permeability till (Hult, 1987). In
addition to comparatively high C and H contents
and low O and H contents, the hydrophobic acids
from the contaminated wells have much lower
molecular weights (250 daltons) than does the
background fulvic acid. The differences in
molecular weight and elemental compositions
between the background well and the con-
taminated wells reflect differences in the original
source materials. When the H:C atomic ratios are
plotted against the O:C ratios (van Krevelen
diagram) the hydrophobic acids from the con-
taminated wells plot near fulvic acids from deep
aquifers, and trend away from fulvic acids from
shallow aquifers and surface waters. In addition,
the hydrophobic acid fractions from the con-
taminated wells have O:C atomic ratios that are
similar to those obtained for coal and leonardite
humic substances.

13Cc.NMR spectroscopy is a powerful tool for
studying complex samples of environmental sig-
nificance, providing important information con-
cerning the structural composition of the
molecules in the mixture (Thorn, 1987). Solution
state >C-NMR analyses, including the acquisi-
tion of quantitative spectra and attached-proton
test spectra, have been obtained for selected
samples from the Bemidji site (see Thorn and
Aiken, 1989, this Proceedings). Quantitative
spectra for the hydrophobic organic acids from
the contaminated wells downgradient from the
oil body show that the samples contain almost
identical C distributions: 17 percent carboxyl
and ketone C (160-220 ppm (parts per million));
19 percent aromatic C (90-160 ppm); 7 percent
hetero-aliphatic C (60-90 ppm); and 57 percent
aliphatic C (0-60 ppm). These results indicate
that there is little difference in the composition of
the hydrophobic acids from the contaminated
wells downgradient from the oil body, and this is
consistent with the elemental data for these
samples. APT spectra for these samples also sug-
gest that aromatic and isoparaffinic components
of the crude oil have been selectively preserved in
the form of carboxylic acids. The quantitative
spectrum of the background fulvic-acid sample
indicates that this sample contains greater
amounts of carboxyl C and hetero-aliphatic C,
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and less aromatic C and aliphatic C than do the
hydrophobic acids from the contaminated wells.
In general, the >C-NMR results have been con-
firmed by IR spectroscopy, which also provides
structural information on organic molecules.

SUMMARY

DOC-fractionation analyses of selected
samples from the Bemidji site indicate that non-
volatile organic acids are the major component of
the DOC in the plume downgradient from the oil
body. These organic acids were isolated and frac-
tionated using XAD resins into a hydrophobic-
acid fraction and a hydrophilic-acid fraction. To
date (1988), the results of the characterization
analyses of the hydrophobic-acid fractions in
samples from wells at the Bemidji site indicate
that, as expected, differences between the
samples obtained from the contaminated wells
and the uncontaminated ground water are sig-
nificant. Surprisingly, differences in the chemical
nature of the hydrophobic-acid fraction among
the contaminated wells are relatively few. This
fraction of the DOC results from the
microbiological degradation of the crude oil; the
highest concentration of this material was found
at well 522 in the anoxic waters under the oil
itself. It is a possibility that this fraction is suffi-
ciently refractory to resist further degradation as
it is transported downgradient from the oil body.
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CHARACTERIZATION OF NONVOLATILE ORGANIC ACIDS RESULTING
FROM THE BIODEGRADATION OF CRUDE OIL BY NUCLEAR
MAGNETIC RESONANCE SPECTROMETRY

By Kevin A. Thorn! and George R. Aiken'

ABSTRACT

Three fractions of nonvolatile organic acids
resulting from the biodegradation of crude oil have
been isolated from wells downgradient from the oil
body at the Bemidji, Minnesota, site. The organic
acids and the undegraded whole crude oil have
been characterized by using carbon-13 nuclear
magnetic resonance spectroscopy. Hydrophilic
acids, hydrophobic acids, and the hydrophobic
neutral fraction of organic acids were analyzed
using quantitative and attached proton-test carbon-
13 nuclear magnetic resonance. The crude oil was
analyzed by quantitative and distortionless enhan-
cement by polarization transfer carbon-13 nuclear
magnetic resonance. The hydrophobic acids and
hydrophobic neutral fraction were found to be
enriched in aromatic carbons compared to the
whole crude oil. All three fractions of organic acids
appear to have been derived from the aromatic,
branched chain, and cyclic components of the
original crude oil.

INTRODUCTION

Biodegradation is one of the important
processes by which petroleum is altered in the
shallow subsurface. This project was undertaken
to learn something of the chemical structure of
the nonvolatile organic acids resulting from the
microbial degradation of crude oil at the Bemidji,
Minn., site. Hydrophilic acids (HPI),
hydrophobic acids (HPO), and the "hydrophobic
neutral" (HPO-N) fraction of organic acids were
isolated on XAD resins from wells 515A, 522,
530B, and 532B, all downgradient from the oil
pool, and well 603, in the spray zone, in May 1987,
as described by Aiken and Thorn (1989, this
Proceedings). These corresponding three frac-
tions of the naturally occurring dissolved organic
carbon (DOC) also were isolated from an uncon-
taminated well upgradient from the oil pool, well
310. Hydrophilic and hydrophobic acids also had
previously been isolated from wells 530B, 532B,

lus. Geological Survey, Denver, Colo.
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and 533B in July 1986 (Aiken and others, 1987).
Hydrophobic and hydrophilic acids were isolated
on XAD-8 and XAD-4 resins, respectively. The
hydrophobic neutral fraction is that fraction of
organic acids that adsorbs on XAD-8 resin at
pH2, and elutes with acetonitrile, but not with
dilute base. The organic acid fractions from both
the contaminated and uncontaminated wells have
becn analyzed using solution state carbon-13
( C) nuclear-magnetic-resonance spectrometry
(NMR). The undegraded whole crude oil, and
the saturate, aromatic, asphaltene, and resin frac-
tions of the undegraded crude oil, are also being
characterized by 3C NMR to provide com-
plementary information to the gas chromatog-
raphy-mass spectrometry (GC-MS) analyses
reported by Baedecker and others (1984). In this
paper, spectra of the whole crude oil and the acid
fractions from contaminated wells are described.
Elemental analysis and molecular weight data for
the acid fractions are reported by Aiken and
Thorn (1989, this Proceedings).

METHODS OF STUDY

Isolation and Preparation of Samples for
NMR Spectroscopy

The isolation of the HPI, HPO, and HPO-N
fractions from contaminated wells using XAD
resins has been described by Aiken and Thorn
(1989, this Proceedings). The samples were pre-
pared for NMR analyses at the following con-
centrations: 289 mg (milligrams) of the
potassium-salt of freeze dried HPI (well 530,
1986) was dissolved in 1.5 mL (milliliters) H2O
and 0.5 mL D70 in a 10 min (millimeter) NMR
tube; 367 mg of the potassium-salt of freeze dried
HPO (well 530, 1986) was dissolved in 1.5 mL
H20 and 0.5 mL D20 in a 10 mm NMR tube;
75 mg of the H-saturated, freeze dried HPO-N
fraction was dlssolved in 0.5 grams of dnmethyl-
sulfoxide-ds, ! C-dcplctcd (99.9 atom %1 C),

a 5 mm NMR tube.



The whole crude oil was prepared by
dissolving 2 mL of the oil in 1 mL of
chloroform-d. For the quantitative carbon-13
NMR spectrum, 42 mg of the paramagnetic
relaxation reagent chromium (III)
acetylacetonate was added to the sample to
shorten relaxation times.

Nuclear Magnetic Resonance Spectroscopy
Organic Acid Fractions

All 3C NMR spectra were recorded on a
VARIAN XL-300 NMR spectrometer at a carb-
on resonant frequency of 75.4 MHz (megahertz).
The acquisition parameters for the quantitative
spectra included a 50,000 Hertz (Hz) spectral
window, 45° pulse angle, 0.2 second acquisition
time, 10.0 to 12.0 second pulse delay, and inverse
gated decoupling. Line broadenings of 100.0,
100.0, and 50.0 Hz were applied to the free induc-
tion decays of the HPI, HPO, and HPO-N
spectra, respectively. Acquisition parameters for
attached proton test (APT) spectra included a
30,000 Hz spectral window, 45° pulse angle, and
0.2 second acquisition time. Pulse delays of 1.0,
0.0, and 0.0 seconds, and tau delays of 7.0, 7.0,
and 8.0 ms (milliseconds), were employed for the
HPI, HPO, and HPO-N spectra, respectively.

Crude Oil

The acquisition parameters for the
quantitative spectrum included an 18,867.9 Hz
spectral window, 45° pulse angle, 0.5 second
acquisition time, 5.0 second pulse delay, inverse
gated decoupling and 1.0 Hz line broadening,

The distortionless enhancement by
polarization transfer (DEPT) spectra were
acquired using the standard Varian software. The
value of J, the carbon-proton, one-bond coupling
constant, was set equal to 140 Hz.

RESULTS

The crude oil contaminating the aquifer at
Bemid;ji has been described as a light aliphatic
crude oil (Baedeckcr and others, 1984). The
quantitative 3¢ NMR spectrum of the whole
crude oil is shown in figure A-16. In quantltatlve

3¢ NMR spectra, which are acquired using
inverse gated decoupling to eliminate nuclear
Overhauser enhancement, and pulse delays long
enough to allow complete relaxation of nuclei
between pulses, peak areas accurately represent
the number of carbon nuclei present. The spec-
trum indicates that the aliphatic carbons in the
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region from approximately 10 to 55 ppm (parts
per million) comprise 83 percent of the carbons
present in the sample, and the aromatic carbons
in the region from approximately 110 to 150 ppm
comprise 17 percent of the carbons present.
Vertical and horizontal scale expansions of the
aliphatic and aromatic regions of the spectrum
also are shown in figure A-16. The DEPT spectra
of the aliphatic region of the crude oil are shown
in figure A-17. The DEPT experiment (Doddrell
and others, 1982) generates subspectra of methyl
only, methylene only, methine only, and all pro-
tonated carbons. Although, in theory, polariza-
tion transfer experiments do not necessarily
produce quantitative results, practical results
with fossil fuels suggest that DEPT can be used to
quantitate aliphatic functions (Dennis and Pabst,
1987; Netzel, 1987). The DEPT spectra indicate,
as expected, that methylenes are the most abun-
dant types of carbons present within the aliphatic
structures. Methine carbons are less abundant,
but not insignificant; they are an indication of the
number of branching points and ring junctures
within the aliphatic structures of the hydrocarbon
molecules.

Quantltatlve and APT (Patt and Shoolery,
1982) 3C NMR spectra of the HPI and HPO
fractions from well 530B (1986), and the HPO-N
fraction from well 515A (1987), are presented in
figure A-18. The quantitative spectra all exhibit
five major bands from approxxmatcly 0 to 60 ppm,
representing primarily sp hybridized carbons
bonded to other carbons (aliphatic 3peak), 60 to
90 ppm, representing primarily sp hybridized
carbons bonded to oxygens, that is, alcohol and
ether carbons (aliphatic II peak, or hetero-
aliphatic peak); 90 to 160 ppm, representing
primarily aromatic carbons; 160 to 190 ppm, rep-
resenting carboxyl carbons, with possible overlap
of lactone, ester, and amide carbonyl carbons;
and 190 to 220 ppm, representing ketone car-
bons. The distribution of carbons determined by
integration of peak areas is presented in table
A-5. The HPO and the HPO-N fraction are
enriched in aromatic carbons relative to the
original crude oil. The HPI acids have the highest
concentration of carboxyl and hetero-aliphatic
carbons, and, therefore, are the most oxidized
fraction of the nonvolatile organic acids,
followed, in turn, by the HPO and HPO-N
fraction.

The APT spectra were acquired using a tau
delay of 7.0 ms so that methylene and quaternary
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Table A-5.— Peak areas as pecentage of total spectrum area for quantitative carbon-13 nuclear magnetic
resonance spectra of hydrophilic acid, hydrophobic acid, and hydrophobic neutral fraction

[ppm, parts per million]
Ketone Carboxyl Aromatic Aliphatic II Aliphatic I
220-190 190-160 160-90 90-60 60-0
ppm ppm ppm ppm ppm

Hydrophilic 6 19 13 19 43
(Well 530)
Hydrophobic 3 15 19 7 55
(Well 530)
Hydrophobic 1 6 27 12 54
Neutral
(Well 515)

carbons are positive, and methyl and methine
carbons negative. Spectra also were recorded,
but not shown here, using different tau delays to
further differentiate methyl from methine
carbons, and methylene from quaternary
carbons. The assignments made on the APT
spectra in figure A-18 are based on three
individual experiments. The aliphatic I peaks are
resolved into three separate resonances from
approximately 0 to 23, 23 to 45, and 45 to 60 ppm,
corresponding to methyl, methylene, and
methine carbons, respectively. The aliphatic II
peaks all are negative, indicating methine
carbons, or more precisely, secondary alcohol or
secondary ether carbons. The resonances from
approximately 90 to 133 ppm are negative,
indicating that these aromatic carbons are
protonated, whereas the aromatic carbons from
approximately 133 to 160 ppm are non-
protonated. The carboxyl and ketone carbons
from 160 to 180 ppm and 190 to 220 ppm,
respectively, are quaternary carbons, and,
therefore, are positive. Because of the conditions
under which they were acquired, the APT spectra
can only be interpreted semiquantitatively.
Nevertheless, it is clear that, in these fractions of
organic acids, the amounts of methyl and methine
carbons have increased relative to methylene
carbons within the aliphatic structures, compared
to the original crude oil. The simplest explanation
is that the straight-chain aliphatic constitutents of
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the original crude oil have been selectively
degraded away. Thus far, 3¢ NMR analyses in-
dicate that the HPO acids do not differ from one
contaminated well to another; the same con-
clusion can be made of the HPI and the HPO-N
acids.

SUMMARY AND CONCLUSIONS

The HPI, HPO, and HPO-N fractions appear
to be the degradation products of the branched
chain, cyclic, and aromatic components of the
original crude oil. This is consistent with what is
understood about the microbial degradation of
crude oil. The susceptibility to break down is
generally assumed to be, in order: straight-chain
aliphatic compounds, branched-chain aliphatic
compounds, aromatic and aromatic-heterocyclic
compounds, and polycyclic compounds. The
enrichment of aromatic components in the HPO
and HPO-N fractions also may be explamed in
part by the fact that at the water table, aromatic
compounds preferentially dissolve in the ground
water, whereas alkanes of comparable molecular
weight partition to the soil gas (Hult, 1987).
These observations must be tempered by the fact
that the extent, if any, to which the partial
degradation products of the original crude oil
components may combine with the biochemical
constituents from the expired microbial biomass
to form new molecules, is not known.
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MOBILIZATION, TRANSPORT, AND FATE OF HYDROCARBON VAPORS
IN THE UNSATURATED ZONE

By MarcF. Hult!

ABSTRACT

A general conceptual model of the mobilization,
transport, and fate of volatile petroleum hydrocar-
bons in the unsaturated zone is presented on the
basis of field data collected at the Bemidji,
Minnesota, research site. The primary objective in
formulating the model was to provide a practical
approach to numerical simulation. The major
features of the contaminant plume in the
unsaturated zone can be explained by assigning
each chemical constituent to one of three groups:
(1) light alkanes comprising more than 85 percent
of the contaminant mass and, because of their low
solubility in water, not readily transported by
ground-water flow; (2) aromatic compounds
present in minor amounts but which are of major
environmental concern even at trace concentra-
tions and are transported in significant amounts

1U.S. Geological Survey, St. Paul, Minn.
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both through the unsaturated zone and with ground
water; (3) methane that is present as a product of
the degradation of petroleum derivatives under
anaerobic conditions and is produced in, and
transported through, the saturated and unsaturated
zones.

All of the compounds are readily oxidized to
carbon dioxide and water by microbes. This oxida-
tion causes a change in gas volume that depends on
the ratio of carbon to hydrogen in the hydrocarbon
being degraded. Consequently, it is necessary to
know the concentration of individual compounds
in order to quantify the convective transport that
results from the volume change. To a significant
degree, the transport of reactants and products is
driven by pressure and concentration gradients
created by microbial activity.

(p.S55 Sollows)



DETERMINATION OF THE AIR-PHASE PERMEABILITY TENSOR OF AN
UNSATURATED ZONE AT THE BEMIDJI, MINNESOTA, RESEARCH SITE

By Arthur L. Baehr! and Marc F. Hult?

ABSTRACT

A pneumatic test of an uncontaminated part of
the unsaturated zone overlying a glacial outwash
aquifer was conducted at the research site in
Bemidji, Minnesota, to evaluate vertical and
horizontal air-phase permeability simultaneously.
A Hantush-type, partially penetrating well solution
was adapted from well hydraulics to analyze the
pressure data collected during withdrawal of air
from a test well. A thin but pneumatically sig-
nificant lens of silt and fine-grained sand was
found to be approximately two orders of magnitude
less permeable to air than the medium-grained
sand beneath it. The medium-grained sand has a
ratio of horizontal to vertical permeability of about
2.5 to 1. Low permeabililty lenses could affect the
distribution of gases in the contaminated region of
the unsaturated zone because of vertical
heterogenieties in air-phase diffusion constants.
This complicates the field testing of hypotheses
concerning biodegradation and transport of vapors
by use of mathematical models.

INTRODUCTION

At the Bemidji research site in Minnesota,
where crude oil was spilled from a pipeline break,
it has been determined that significant aniounts
of volatile petroleum hydrocarbons are
transported through the unsaturated zone as
vapors and subsequently dissipate to the atmos-
phere or biodegrade (Hult and Grabbe, 1986;
Hult, 1987). The rates at which these processes
occur need to be quantified to understand the
time dependence of the subsurface distribution
of the contaminants resulting from the crude oil
spill.

Mathematical models of vapor movement in
the unsaturated zone require estimates of the air-
filled porosity, diffusion coefficients, and air-
phase permeability. These transport paranieters
can be determined by laboratory analysis of soil
saniples. Although the outwash sands, at the site
generally are very uniform (Hult, 1984),
heterogenieties in the above parameters are

1U.S. Geological Survey, West Trenton, N.J.
2U.S. Geological Survey, St. Paul, Minn.
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anticipated over the scale of the vapor plume
(about 150 meters horizontally and 8 meters ver-
tically). Thus, in situ determinations that yield
values averaged over the volume of soil affected
by the field experiment should provide useful
information for computing mass fluxes.

The purpose of this paper is to report the
results of a pneumatic test of the unsaturated
zone conducted at Bemidji in August 1987. This
field experiment was designed to evaluate the
insitu air-filled porosity and air-phase
permeability tensor (horizontal and vertical
components). The design of the experiment and
the analysis of the data collected are based on
existing well hydraulics theory. This experiment
was the first of a series of experiments that are
planned to measure parameters needed for an
unsaturated-zone transport model of
hydrocarbons at the Bemidji site.

Mathematical models of air movement in
unsaturated porous media have been calibrated
with air-pressure data in previous investigations
to determine in situ air permeability. Muskat and
Botset (1931) developed a one-dimensional
(radial) air-flow model to evaluate the horizontal
permeability of gas reservoirs. Boardman and
Skrove (1966) injected air into isolated sections
of test holes and measured pressure distributions
at radial distances to obtain the horizontal per-
meability of fractured granitic rock. Stallman and
Weeks (1969) and Weeks (1977) described the
use of depth-dependent air pressure to calculate
vertical air permeability in the unsaturated zone.
Rosza and others (1975) documented an applica-
tion of this technique to determine vertical air
permeability of debris from nuclear explosions at
the Nevada Test Site. None of the investigations
cited measured both vertical and horizontal
permeability.

In order to provide data for unsaturated zone
vapor transport models, it is desirable to assess
anisotropy by evaluating the air-phase permeabil-
ity tensor because both the horizontal and verti-
cal components are required to model vapor
advection. In addition, a directionally-dependent



evaluation of air-phase permeability will improve
the determination of in situ air-filled porosity and
provide insight mto the directional dependence
of diffusion constants. The methods to evaluate
the air-phase permeability tensor reported here
also will be used to design air-ventimg systems for
recovering volatile contaminants from the
subsurface (Baehr and others, 1989.

AIR-PUMPING TEST DESIGN AT THE
BEMIDJI RESEARCH SITE

Figure A-19 is a schematic diagram of the test
site instrumentation. The test site is located
approximately 100 meters from the contaminated
part of the unsaturated zone. Air is withdrawn
during the test from a borehole cased and
screened i the unsaturated zone. The hole was
drilled using a 23-cm (centimeter) diameter
hollow-stem auger. Split-spoon samples were col-
lected at approximately 1-meter mtervals. The
stainless-steel casing had an inside diameter of
10.2 cm and a wall thickness of 0.64 cm. The
60-cm long screened interval (slot width,
0.127 cm), was placed in the middle of the 840-cm
thick unsaturated zone. The annulus between the
casing and borehole wall was filled with pea
gravel adjacent to the screened interval. To
prevent air flow between the atmosphere and
screen through the annulus, a cement and
bentonite grout was pumped into the annulus at a
point just above the screened interval up to land
surface by use of a tremie line. Pressure probes
and thermistors also were installed adjacent to
the well screen. Pressure probes were con-
structed of flexible copper tubing that had a
0.159-cm mside diameter and a 0.159-cm wall
thickness. The copper tubing was slotted over a
length of 10 cm at the lower end, and the slotted
interval was covered by a slotted stainless-steel
sheath. The copper tubing extended to land sur-
face and was attached to a +5 psi (pounds per
square inch) pressure transducer. The probes
were nested, as illustrated by figure A-19, in holes
drilled with a 10-cm diameter auger at radial dis-
tances of 100, 300, and 1,000 cm from the center
of the withdrawing well. The holes were filled
with native, medium-grained sand. Granulated
bentonite was used to provide a 10-cm thick low-
permeability layer equidistant between nested
probes to prevent air flow between probes in the
annulus.

Each test consisted of pumping air from the
well and measuring the pressure response in the
monitor network and the mass flux through the

screen. A temperature-compensated flow meter,
thermistor, and pressure probe were installed m
the piping system to enable the calculation of
mass flux using the ideal gas assumption. A digi-
tal recording system was used to facilitate the
collection of transient data; however, in this
paper, only steady-state pressure and mass flux
data are presented and analyzed. For the purpose
of obtaining steady-state pressure distributions,
water manometers were found to be satisfactory.

When designing the system, it was anticipated
that a decline in pressure would be observed m
the probes nearest the ground surface. However,
only probes at and below the screen
demonstrated measurable responses to the
pumping. This suggested the presence of a low-
permeability layer, which had not been detected
during the origmal split-spoon sampling, that
separated the well screen from the probes in the
upper part of the unsaturated zone. Additional
test holes using a continuous sampling technique
revealed a layer approximately 20 cm thick con-
sisting of very fine sand and silt approximately 60
cm above the top of the screened interval. This
situation is quite analogous to a confined aquifer
overlain by a leaky confining unit; thus, the data
were analyzed using Hantush-type solutions for
partially penetrating wells. The presence of the
fine-grained layer, although unexpected, was for-
tuitous, because direct connection of the entire
sand unit to the atmosphere would have
precluded the application of the Hantush-type
analytical solution. A numerical solution has
been developed (Bachr and others, 1989) to
analyze more general cases and will be used to
measure the air-phase permeability tensor in
future pumping tests of the upper unsaturated
zone.

ANALYSIS OF STEADY-STATE PRESSURES
WITH A HANTUSH-TYPE ANALYTICAL
SOLUTION

The basic air flow equation im porous media
can be derived from applying the conservation of
mass principal and is as follows:

%(pe) +V-(pq) =0, &)

where p is the density of air, m grams per
cubic centimeter, 6 is air filled porosity (dimen-
sionless), and q is the specific discharge vector
for air in centimeéters per second.

It is assumed that air flow is Darcian and that,
m the induced flow field, the gravity component
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of head can be neglected. Under these
assumptions for a radially symmetric flow field, q

has the following components
—kr [ 4
U= o (2)
_ kP ”
=0 (25)

where r and z are the radial and vertical
coordinates respectively, qr and gz are the radial
(horizontal) and vertical components of specific
discharge, in centimeters per second, respective-
ly,kr and k; are the radial (horizontal) and vertical
components of the air-phase permeability tensor,
in square centimeters, respectively, u is the
dynamic viscosity of air, in grams per centimeter
per second and P is air pressure, in grams per
centimeter per second per second

Pressure is related to density via the ideal gas
law:

- WP

P= RT’
where w is the average molecular weight of air, in
grams per mole, T is temperature (in degrees
Kelvin) and R is the gas constant (8.314 x 107
grams per square centimeter per second per
second in mole per degrees Kelvin).

Upon substituting equations (2a), (2b), and
(3) into equation (1), cn;gloying the change of

©)]

dependent variable ¢ = P“ (Muskat and Botset,
1931) and further assuming that — akt and ?;;z=0,

one obtains the following equatlon for a radially
symmetric geometry:

%%f— (kr—$+kz——f+ k-‘&)—Om

Emulating Hantush’s leaky aquifer theory
(Hantush, 1964) the leakage from the upper
unsaturated zone through the confining unit (in
the study case the 20 cm fine silt and sand lens) is
assumed to be distributed across the aquifer (in
this case, the lower unsaturated zone) and is

accounted for by adding the term:
—K'
K (4 Pun)

to the left side of equation (4). In the above
expression, k' and b’ are the permeability and
thickness of the confining unit, respectively; b is
the thickness of the lower unsaturated zone, and
Patm is the prevailing atmospheric pressure.
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The mathematical statement of the problem is
as follows:

Partial differential equation (PDE), (52)
% kr—i L2 Le- Pm,)+kz—£

bb’
Initial condition, (5b)
¢ (l', z, 0) =P€2!tm,
Boundary conditions (50)
% r00=2 @ho =0
$(,2t) = Pim (5d)
. —QuRT
,_h:l:)[(l_ d) (%)] RETY d<z<!
0 0<z<d
I<z<b

where / and d are the distances from the bottom
of the confining unit to the bottom and top of the
well screen respectively (fig. A-20) and Q is the
mass withdrawal rate, in grams per second, from
the well with negative Q implying withdrawal and
positive Q implying injection.

Preliminary one-dimensional (radial)
simulations indicated that the coefficient of the
time derivative in equation (5a) can be ap-

proximated by f,’iq— (a suggestion adapted from
atm
gas reservoir engineering). Further, if
U, 0, ke, kz, k', T, w and Q
are assumed constant, then the problem (5a)

(5¢) has the following analytical solution
(Hantush, 1964):

©

¢ = P + (QUnksd) {Wurgo) +}
_ _ﬁ_ V, = Patmke

Ur = ave T
B2 = bl; koo (g,a_egT) o
W p) = [7Le P gy
and

2b 1 nxl nxd

f= [n(t d)] 2{5[““( b )' ( b )]
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Figure A-20.—Diagram for application of Hantush-type analytical solution for air flow.

The steady-state solution is obtained by
making the following substitution:

W(u,B) =2Ko () ™

wherever the well function W appears. Here, Ko
is the zero order modified Bessel function of the
second kind.

For the purpose of evaluating kr and k; only
the steady-state solution is required. It is interest-
ing to note, however, that a transient data set can
be used to calibrate the solution given by equa-
tion (6) to obtain an in situ estimate of 6, the
air-filled porosity. During the pumping test, how-
ever, it was observed that Q varied with time and
thus a transient analysis utilizing the analytical
solution given by equation (6) was inappropriate.
A numerical solution is being developed to
analyze our transient data sets for the purpose of
obtaining estimates of @ in sifu in addition to
those for k', ky and k.
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RESULTS OF A STEADY STATE
PNEUMATIC TEST

Table A-6 shows the values of the measured
and assumed constants and calculated values of
permeability. The results of this steady state
pneumatic test are presented on figures A-21a
through A-21e. The figures show normalized
pressure as a function of radial distance from the
center of the well at depths z = 90, 190, 290, 390,
490 cm, respectively. Dots are the observed nor-
malized pressures (P/Patm) and the curves are
generated utilizing the steady-state version of the
solution given by equation (6) and the best fit
values of the air-phase permeabilities. These
values were determined to be

'=4.1x 10" %cm?
ke=3.7x 10" "cm?
k,=15x 10~ 7cm?
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Table A-6.— Steady state pneumatic test data

Measured
Mass withdraw rate Q=9
(grams per second)
d =60
Vertical distances ! =120
(centimeter) b =500
b’ =20
Atmospheric pressure Patm = 961609
(grams per centimeter per second per second)
Assumed
Average air molecular weight o =288
(grams per mole)
Dynamic viscosity = 176x10"*
(grams per centimeter per second)
Temperature T =2830
(degrees Kelvin)
Calculated
kK =41x107
Air-phase permeabilities kr =3.7x107
(square centimeters) ke =15x10"

The good fit of the observed pressure suggests
that the Hantush-type analytical solution was an
appropriate analytical tool.

Of significance, is the two orders of magnitude
difference in the vertical permeability between
the lower sand zone and confining silt lens. The
best fit was obtained for the lower sand zone with

an anisotropy of ke - 25
Z

SUMMARY AND IMPLICATIONS

A Hantush-type solution for partially
penetrating wells was adapted to air-flow in the
unsaturated zone. This solution was applied suc-
cessfully to analyze air-phase pressures obtained
during a pneumatic test to obtain the air-phase
permeability tensor (vertical and horizontal com-
ponents) over a 20-meter section of the lower
unsaturated zone at the Bemidji research site.
Previous investigations using air-flow principles
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were such that only one component of air-phase
permeability could be determined.

The pumping test revealed a thin, but very
significant, lens of fine silt and sand with
relatively low air permeability. It is reasonable to
anticipate that such lenses would affect the dis-
tribution of gases in the contaminated region of
the unsaturated zone because of vertical
heterogenieties in air-phase diffusion constants.
Vertical heterogenieties are expected to compli-
cate the testing of hypothesis concerning
biodegradation and transport of vapors in the
unsaturated zone with mathematical models. The
methods employed here to evaluate the air-phase
permeability tensor also will be useful in design-
ing air-venting systems for recovering volatile
contaminants from the subsurface.
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RESEARCH ON METALS IN ACID MINE DRAINAGE IN THE
LEADVILLE, COLORADO, AREA

By Briant A. Kimball', Ken E. Bencala?, and Diane M. McKnight1

ABSTRACT

Past mining of ore deposits in the Leadville,
Colorado, area has yielded large quantities of
valuable metals. Water flowing through abandoned
tailings and from adits in this area currently (1988)
contributes large quantities of cadmium, copper,
iron, lead, manganese, nickel, and zinc to the
Arkansas River. Reactive solute-transport pro-
cesses that occur within the channel are not well
quantified. Aninterdisciplinary study of controls on
the transition metal concentrations in streams of the
Leadville area is providing an improved under-
standing of the transport and removal mechanisms
that control transition metal concentrations in
streams in general. The objectives of the study are
to (1) characterize the within-stream chemical proc-
esses that control the transport and distribution of
transition metals in streams of the Leadbville,
Colorado, area; (2) characterize the chemistry of
sediment and sediment coatings that are active in
controlling the dissolved concentrations of trace
metals; (3) quantify the time and length scales for
chemical and hydrologic processes that affect the
metals and the function of chemical equilibrium
and kinetics; and (4) quantify the effect of metals on
biota and the function of biota in controlling metal
concentration. To accomplish these objectives, the
projectis defining the chemical reactions in the zone
where natural conditions change to conditions
affected by acid mine drainage. Sediment studies
are seeking to determine the concentration, mineral-
ogy, and chemistry of suspended and bed sediment
including colloids. Hypotheses about controlling
mechanisms will be tested with instream transport
experiments.

INTRODUCTION

Many streams in the Rocky Mountains are
affected by the inflow of acid water that drains
from mines and mine tailings (fig. B~1). Mining
of sulfide-ore deposits near Leadville, Colo., has
yielded economic quantities of gold (Au), silver
(Ag), copper (Cu), lead (Pb), zinc (Zn), iron

1U.S. Geological Survey, Denver, Colo.

65

(Fe), and bismuth (Bi) (Tweto, 1968). Water that
flows through abandoned mines and tailings
contributes large concentrations of cadmium
(Cd), Cu, Fe, manganese (Mn), and Zn to the
Arkansas River (Moran and Wentz, 1974; Wentz,
1974). These conditions provide an opportunity
to study metal-sediment interactions in a natural
setting. The various metals have different
behaviors as they move from the acid mine
drainages to the neutral pH Arkansas River.
Some metal concentrations, notably Mn con-
centrations, remain large downstream from the
primary drainage sources; most other trace
metals are removed from solution in the
Arkansas River or are transported by colloids
and suspended sediment. The metal sources in
the Leadville area are well documented (Moran
and Wentz, 1974); however, the reactive solute-
transport processes that occur in stream channels
are not well quantified.

The chemistry of acid mine dramage needs to
be studied through an interdisciplinary approach
that integrates research on the hydrology, geol-
ogy, biology, and chemistry of the streams. The
Upper Arkansas Surface-Water Toxics Project of
the U.S. Geological Survey was begun in 1986 to
improve understanding of the reactive mecha-
nisms that affect metal concentrations during
transport in mountain streams affected by mine
drainage. Investigation of the natural processes
in streams is necessary to develop effective treat-
ment of acid mine drainage. The objectives of the
Upper Arkansas Surface-Water Toxics Project
are to:

1. Characterize the chemical processes that
control the transport and distribution of
metals in streams in the Leadville, Colo., area.

2. Characterize the chemistry of sediment in
contact with dissolved metals.

3. Quantify the time and length scales for
chemical and hydrologic processes that affect
the metals, and determine the function of
chemical equilibrium and kinetics in those
processes.



4. Quantify the effects of metals on biota and the
function of biota in controlling metal
concentrations.

The purpose of this paper is to provide
background information about the processes that
may affect the transport and fate of metals in acid
mine drainage that enters the headwaters of the
Arkansas River and to provide an overview of the
research currently (1988) being done in this study.

DESCRIPTION OF STUDY AREA

The headwaters of the Arkansas River, which
comprise the study area (fig. B-2), drain approx-
imately 590 km? (square kilometers). Altitudes
range from about 2,700 to 4,200 meters above sea
level. Streamflow in the Arkansas River is sus-
tamed principally by snowmelt, and flows range

from about 3 to 57 m¥/s (cubic meters per
second). Streamflow in the Arkansas River
approximately triples in the reach of the
Arkansas River shown in figure B-2. Ten to forty
years of streamflow data are available for two
mainstem and two tributary gaging stations.
Stream-channe! slopes generally are steep to
moderate. Bed material consists of cobbles and
gravel. Suspended-sediment concentrations are
small, generally less than 10 mg/L (milligrams per
liter) even during periods of high runoff. Few
sediment data are available.

WATER QUALITY

Unaffected streamwater in the area generally
is dilute and concentrations of dissolved solids
are less than 150 mg/L: however, conditions in
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areas affected by acid mine drainage are
characterized by large concentrations of metals
such as Cd, Cu, Fe, Mn, and Zn. Specific con-
ductance generally is less than 100 x#S/cm
(microsiemens per centimeter) at 25 °C (degrees
Celsius) except in mine-affected areas where
values may exceed 1,500 #S/cm at 25 °C. Values
of pH are slightly basic in most streams but can

be less than 3.0 in mine-affected areas. There are
three main sources of acid water to streams in the
areca: the Yak Tunnel, which discharges to
California Gulch and then the Arkansas River;
the Leadville Drain, which discharges to the East
Fork of the Arkansas River; and St. Kevin Gulch,
which receives acid water from tailings piles in
the drainage basin (fig. B-2). Almost all of the

Figure B-2.—Location of study area, gaging stations, and sampling sites.
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metals are removed from St. Kevin Gulch in a
natural wetland before the stream flows into
Tennessee Creek.

DATA COLLECTION

Data-collection sites have been chosen to
define the transition from water that is naturally
mineralized to water that is affected by acid mine
drainage (fig. B-2). Continuous streamflow data
are obtained at three gaging stations. At each of
the three main inflows of acid mine drainage, and
at several of the major confluences, a cluster of
three sampling sites provides data about the load-
ing of metals into the Arkansas River (fig. B-2).
Data collection at each site includes streamflow
measurements and water-quality and sediment
samples. In order to document changes with
time, the network includes some sites that were
previously sampled by Moran and Wentz (1974).

Samples of suspended sediment and
bed material are being collected for determina-
tions of suspended-sediment concentration,
mineralogy, and particle-size distribution. The
small suspended-sediment concentrations have
necessitated a technique for dewatering large
volumes of streamwater to obtain a sufficient
weight of sediment for chemical and mineralogi-
cal characterization. X-ray diffraction and scan-
ning electron microscopy will be used to identify
mineral and organic phases that might control
transition-metal concentrations.

METHODS OF STUDY

The major chemical processes in these
streams probably are (1) acid-base reactions,
which control pH and, therefore, affect
the solubility of transition metals;
(2) precipitation/dissolution reactions; and
(3) oxidation/reduction reactions, which include
photoreduction of iron (McKnight and others,
1984; McKnight and others, 1988). These chemi-
cal processes can cause various Fe oxyhydroxides
to be formed on stream sediments. Other
processes that may affect metal transport occur
when these coatings are formed. These proces-
ses, which include adsorption on oxide surfaces
and ion-exchange reactions, are being studied in
detail through onsite experimentation.

In St. Kevin Gulch (fig. B-3), an acid
headwater stream, an instream experiment was
done in August 1986. Lithium chloride and
sodium bromide were injected into the stream as

conservative tracers to characterize baseline
solute-transport properties such as traveltime,
discharge, and dispersion. Diurnal and synoptic
sampling was done during this period of known
baseline conditions. An open reach of stream
was used to study the photoreduction of Fe
(McKnight and others, 1988). During daylight
hours, ferrous Fe mass flow increased throughout
the reach. At night, the pattern reversed and
ferric iron increased throughout the reach.
During the synoptic sampling, aluminum, Cd, Cu,
Mn, and Zn generally were transported conserva-
tively, that is, there was no loss of metal mass
during transport. Iron transport was nonconser-
vative, and there was an exponential loss of Fe
mass downstream from the tailings inflows
(Kimball and others, 1988).

Changes in the mineral form of coatings on
bed material and suspended sediment may affect
partitioning of metals between water and sus-
pended sediment and the resultant transport
rates of metals. Especially important are changes
in amorphous Fe phases that occur where acid
mine drainage discharges to the Arkansas River
and its tributaries. At these confluences, a rapid
change in physical and chemical conditions
causes changes in the surface chemistry of the
sediment. A second instream experiment in
St. Kevin Gulch will use reactive and nonreactive
solutes to analyze response of the streamn system
to such transient perturbations in chemistry.
Laboratory studies to characterize the amor-
phous Fe hydroxides in the stream will precede
this second instream experiment to develop an
appropriate experimental design. Results of this
instream experiment will test chemical and
hydrologic interactions, particularly with respect
to the adsorption of metals on the Fe hydroxide
colloids.

During the third year of the project, several
areas of research have been included to expand
the scope of the original project. The mechanism
of Fe photoreduction is being studied in more
detail (Kimball and McKnight, 1988; Sigleo and
others, 1988). The wetland at the mouth of
St. Kevin Gulch (fig. B-3) has been instrumented
to study its hydrology and the flux of metals
through the wetland (Walton-Day and Briggs,
1989, this Proceedings). The uptake of metals by
plants in the area also is being studied. The sur-
face chemistry and mineralogy of colloids in St.
Kevin Gulch are being determined, as is the
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function of bacteria and protozoa in the uptake
and transport of metals (Fitzpatrick, 1989, this
Proceedings; Ranville and others, 1989, this
Proceedings; Smith and others, 1989, this
Proceedings). The effects of metals from the
Leadville area on sediments that accumulate in
Pueblo Reservoir, about 160 km (kilometers)
downstream from the study area on the Arkansas
River, are being studied in cores collected from
the reservoir (Callender and others, 1989, this
Proceedings). All these studies will provide an
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improved understanding of the interaction of
various components of the stream system.

PLANS FOR FUTURE STUDY

Future work, in addition to the second
instream experiment in St. Kevin Gulch, will
include monthly synoptic sampling of the
Arkansas River and tributaries near Leadville,
downstream synoptic sampling of the Arkansas
River from Leadville to Pueblo Reservoir (not
shown in fig. B-2), additional coring in



Pueblo Reservoir, synoptic sampling of
California Gulch (fig. B-2), and studies on the
effects of metals on biota. Results of this research
will provide information to scientists and water-
resource managers about the fate of transition
metals in streams.
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INSTREAM CHEMICAL REACTIONS OF ACID MINE WATER ENTERING
A NEUTRAL STREAM NEAR LEADVILLE, COLORADO

By Briant A. Kimball® and Gregory A. Wetherbee!

ABSTRACT

Mixing of acid drainage from mines and mine
tailings with neutral-pH streamwater affects the
transport of metals in surface waters. In the
Leaabille, Colorado, area, California Gulch, a
stream that contains drainage from many mines,
enters theupper Arkansas River andflows into water
with a higher pH. The effect of the higher pH on the
partitioning of metals between the dissolved phase
(less than 0.1-micrometer filtrate) and the
suspended-sediment phase (greater than
0.1-micrometer particle size) was studied in two
transects downstream from the inflow of California
Gulch to the Arkansas River. Iron is totally parti-
tioned to the suspended-sediment phase, whereas
manganese remains totally in the dissolved phase.
Ironis nonconservative orreactive, and manganese,
cadmium, and zinc are conservative. Copper con-
centrations are near the detection limit, and it is
difficult to distinguish between conservative and
nonconservative transport because of the small
variation in concentration. The quantity of each
metal that is partitioned to the suspended-sediment
Pphase can still be transported downstream, because
the very small particle size of the suspended-
sediment enables it to remain in suspension.

INTRODUCTION

Much work has been devoted to the study of
chemical reactions in acid waters (Chapman and
others, 1983; Nordstrom and Ball, 1986; Filipek
and others, 1987; McKnight and others, 1988).
Most acid drainage eventually mixes with stream-
water with neutral to alkaline pH. As acid water
enters neutral streams, reactions occur that affect
the transport of metals, commonly by partitioning
the metals among the aqueous phase, colloidal
particles, suspended sediment, and bed material.

Transects across the confluence of acid and
near-neutral streams previously have been
studied by Theobold and others (1963) to identify
metals in precipitates removed from streamwater
and by Bencala and others (1987) to quantify the
percentage of metal removal. This paper gives a

1U.S. Gological Survey, Denver, Colo.
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preliminary indication of the physical and
chemical processes that are most important as
acid water enters the Arkansas River, near
Leadville, Colo. (fig. B-4). The scope is limited
to samples from two transects, downstream from
the mouth of California Gulch, where samples
were collected during conditions of low flow in
the Arkansas River.

METHODS

The first transect (TI) was directly
downstream from the mouth of California Gulch
(fig. B-5). Samples from this transect are desig-
nated as TR11 through TR16, from east to west
across the transect. The second transect (T2)
was about 50 meters downstream from the first,
at site AR20. Samples from this transect are
designated as TR21 through TR25. Samples for
dissolved metals and anions were filtered in the
field using a 0.1-#m (micrometer) membrane fil-
ter, and the sample for dissolved-metal analysis
was acidified with concentrated nitric acid.
Metal determinations were made by inductively
coupled argon-plasma spectrophotometry and
anion determinations by ion chromatography
(Fishman and Friedman, 1985).

An unfiltered sample also was acidified to
dissolve colloidal iron phases that were present.
There is little or no clay- or silt-size suspended
sediment at this site, particularly m August when
streams in the upper Arkansas drainage basin
contain relatively small concentrations of sus-
pended sediment. Suspended-sediment concen-
trations at site AR20 (fig. B—4) range from less
than the detection limit at the time of the August
1987 sampling (using a 0.45-um filter for reten-
tion of suspended sediment) to 18 mg/L. (mil-
ligrams per liter) during runoff in May 1987.
Despite suspended-sediment concentrations
being below detection limits, a plume is visible as
water from California Gulch enters the Arkansas
River. It is possible that much of the visible sus-
pended material is less than 0.45 4 m, the opera-
tional breakoff point for suspended sediment.



DIVIRE
~ -
’/\ ‘\\ 01 ,/ ’]
.Study area / \ N-(\NENTAL 125]/5/ .
COLORADO /' E‘B/"d@“ \~/l’ \
( \
\ ; '
\ /
_ ~j N /\-/
108930, -
ﬂ/ G(,St Key, B > :
\ ¢, SK40 TTC 20 EF30 @/EF 20 )
@, .
\k S Fors SK 50 /SK,GO Cao | Meadville: v
\-) TC 4 Eos& @ - Drain ( \
Turquoise 0 LD 10_. _ . ~
Z Lake EF 40 B )
N g A
39°15’ . 3 AR 05 ¢° ) Leadville -{
(, / éAR 10 G\J‘Ch(”“) 4 }!{'Snel -
3 LgoP® CG 50 }
) G low3_Gulch /
EXPLANATION CG 99
\ AR 20 J
& GAGING STATION <
@ SAMPLING SITES S LF 107 _AR 40 )
/
IG 10 /\
]
AN HM 10 ARBE5 \
Q
- 3 [}
: 2 5

- : Twin Lakes '5; \"\
— Reservair &
\
\ (s S
i Lake Creek LC 10 P
L - - _ _ - _J LAKE COUNTY - _ _J
1 . CHAFFEE COUNTY N
1'_/ | A Granite AF} 90 \
0 5 10 MILES
L B
! T 1
0o 5 10 KILOMETERS

Figure B-4. —Location of sampling transects and location of study area.

The material in the plume from California Gulch filtered sample to define the colloidal chemistry
is principally colloidal iron hydroxides that would is only an operational scheme. In this paper,

pass through a 0.45-um filter and not be metal concentrations in the 0.1-um filtrate are
measured as suspended sediment. With this type termed dissolved. Total concentrations are
of material, a strong nitric-acid treatment should determined from the raw, acidified sample.

dissolve all the material and allow the determina-

tion of its chemical composition. The 0.1-um fil- RESULTS

ter also may pass part of the colloidal material, so Chemical determinations from the samples are

the use of an unfiltered sample and a 0.1-um listed in table B-1. Each of the transect samples
represents an equal-width increment of the
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stream, not an equal-discharge increment.
Without discharge for these increments, only con-
centrations, in milligrams per liter, rather than
mass flow of metals, in milligranis per second, can
be discussed. Future sampling of the transects
will be done for equal-discharge increments.

At the time of this sampling, pH in California
Gulch was 6.96 at site CG99. Some seasonal vari-
ation of pH occurs, but this measurement is one

of the highest values of pH observed at this site.
The plume from California Gulch enters the
Arkansas River and immediately mixes with
water of about pH 8.0. Dissolved-iron concentra-
tions decrease to less than the detection limit but
are larger in the downstream transect. All the
metal concentrations decrease across the tran-
sects, reflecting the mixing with the Arkansas
River water.



Table B-1. — Chemical determinations of transect samples

[Site, sampling location in figs. B-4 and B-5; Q, discharge, in cubic feet per second; Ca, calcium; Mg, magnesium;
Na, sodium; Cl, chloride; SO4, sulfate; Cd, cadmium; Cu, copper; Fe, iron; Mn, manganese; Zn, zinc; A,
0.1 micrometer; B, unfiltered; <, less than listed value; "--", not determined]

Site Q pH Filter Ca Mg Na . SO4 Cd Cu Fe Mn Zn

Concentration, in milligrams per liter

AR10 256 7.69 A 284 10.56 1.95 04 312 <0.001 0.002 0.028 0.097 0.245
B 290 10.65 2.03 4 312 003 <.001 .160 086 174

CG99 15 6.96 A 1131 72.12 17.22 9 5200 119 013 001 21.770 35590
B 1090 7081 16.20 9 5200 150 666 19930 21130 42.710

TR11 - 7.68 A 536 24.26 7.35 40 1650 .028  .003 <.001 6.478 7439
B 539 2445 7.20 40 165.0 045 202 7.139 6.676 11.910

TR12 - 7.69 A 499 22.32 6.57 22 1050 026 .004 003 5.768 6.505
B 513 22.75 6.69 22 1050 041 179 6.150 5.891 10.530

TR13 - 174 A 407 16.91 452 9 528 012 .04 007 3.209 3592
B 412 17.07 4.46 9 528 021  .098 3513 3322 6.028

TR14 - 8.16 A 302 11.85 246 9 461 002 <.001 .012 655 773
B 316 12.00 246 9 461 004 015 754 695 1.258

TR1S - 8.24 A 283 10.84 2.09 4 324 <.001 <.001 029 145 222
B 293 10.93 2.10 4 324 .001 <.001 .168 a1 207

TR16 - 8.06 A 277 10.59 1.95 4 317 001 <.001 .013 .064 121
B 289 10.73 1.99 4 317 002 <.001 126 .059 A1
TR21 26 7.99 A 355 14.20 3.46 15 698 008  .003 020 1.794 2.016
B 351 13.94 319 15 698 010 .050 1878 1.810 3.295
TR22 417 799 A 343 1345 327 14 656 005 004 025 1.563 1.648
B 349 13.64 34 14 656 009 043 1.602 1.630 2924

TR23 55 8.05 A 325 1283 287 11 565 005 .04 022 1.200 1.239
B 326 12.72 2385 11 565 006  .031 1.223 1.224 2.165

TR24 6.5 7.84 A 309 12.08 265 9 465 003 .04 023 126 M
B 312 12.04 253 9 465 005 .023 814 766 1.359

TR2S 65 8.09 A 297 1150 2.39 7 388 001 <.001 019 421 457
B 306 11.53 236 .7 388 003  .010 472 425 m

AR20 271 8.02 A 319 12.00 291 9 600 004 005 021 1.160 1.240
B 334 12.00 2.96 9 600 016 .037 1.240 1.282 2.160

AR40  86.2 8.35 A 181 7.04 315 13 261 002 .002 064 211 135
B 19.1 7.46 324 13 261 005 010 445 272 367

AR6S 96.9 832 A 255 9.82 395 16 359 003  .003 .039 .200 156
B 255 9.80 3.86 16 359 .004 009 .385 225 325
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DISCUSSION

The decrease in concentration of metals across
both transects is caused principally by dilution. If
it is assumed that changes in the concentration of
sulfate across the transect are caused by dilution
only, then the effect of dilution can be quantified
by the relation:

Xa = (Ca-C)/(Cu-Ci), )

where

XA = the fraction of Arkansas River water in the
samnple;

Ca = concentration of component downstream
from inflow in transect saniple, TR11 through
TR2S;

Ci = concentration of component in inflow, at
CG99; and

Cu = concentration of component upstream from
inflow, at AR10.

This calculation for sulfate concentrations,
after Bencala and others (1987), suggests that the
fraction of Arkansas River water across the
upstream transect ranges from 0.73 at TR11 to
virtually 1.00 at TR15 and TR16 (table B-2). The
fraction at the downstream transect ranges from
0.92 at TR21 to 0.98 at TR25,

The reactions of metals in response to the
change in pH apparently are very rapid. The
variations in dissolved and total metal concentra-
tions are different for the different metals.
The extreme patterns are shown for iron
(fig. B-6) and manganese (fig. B~7). The
concentration of iron in the center of the plume is
below the detection limit (sample TR11);
virtually all of the iron is part of the size fraction
greater than 0.1 #m. A value of less than 0.001 is
used in figures B-6, B-7, and B-8 to represent
the values below the detection limit.

The concentration pattern of sulfate
represents conservative mixing. The concentra-
tions of metals can be compared to the con-
centration of sulfate to see if they also follow a
conservative pattern.

Metals with virtually the same dilution
fractions as sulfate are affected by dilution only
across the transects. Metals whose dissolved and
total concentrations change may participate in
chemical reactions that partition metals between
aqueous solution and colloids; the metals show
reactive, rather than conservative, behavior.
The calculations of dilution fractions for
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cadmium, manganese, and zinc (table B-2) are
mostly the same as those for sulfate. Calculations
of dilution fractions for copper are limited by the
small concentrations of dissolved copper. Ironis
the most different with respect to manganese.
The dilution fraction for iron suggests that iron is
lost from the stream with respect to sulfate. Con-
sidering the decrease in iron concentration to
below the detection limit in TR11, the dissolved
iron most likely is adsorbed onto the surfaces in
the presence of colloids with large surface areas
and increased pH. Downstream, the colloids are
relatively dispersed across the stream, as
indicated by the diffusion of the plume and the
presence of measurable dissolved iron
concentrations.

Conversely, manganese is all in the dissolved
phase; the concentration of dissolved manganese
exceeds 90 percent of the total manganese
concentration across both tranmsects.
Downstrean: from the transects, most manganese
continues to be mostly in the dissolved phase,
although about 25 percent of the total manganese
is adsorbed onto the colloidal phase at AR65.

Cadmium and zinc also seem to be
conservative across the transects. In the pH
range across the transects (7.7—8.2), both cad-
mium and zinc are partially partitioned between
the dissolved and total concentrations rather than
being totally partitioned to one or the other as are
iron and manganese (figs. B-8 and B-9). Thus, at
the pH of the Arkansas River near California
Gulch, these metals will partly be transported by
colloids.

Concentrations of copper (fig. B-10) are so
close to the detection limit that the small varia-
tions detected cannot indicate a conservative or
reactive behavior for copper; however, copper
virtually is adsorbed onto the colloidal phase.

If the metals are principally transported by
colloids, then they can be transported farther and
at a higher rate than if they are part of the clay,
silt, or sand fractions of river sediment. Thus, the
reactive behavior of iron does not necessarily
indicate that it will not be transported
downstream. Likewise, other metals, if they are
reactive downstream, could be transported by
colloids. Continued field sampling in this area
will try to define the changes that may occur in the
transport of these metals downstream; however,
the extent of partitioning or adsorption is indi-
cated by initial reactions in the plume of
California Gulch.



Table B-2.— Fraction of Arkansas River water in each transect sample calculated for each dissolved consitituent

[SOa, sulfate; Cd, cadmium; Cu, copper; Fe, iron; Mn, manganese; Zn, zinc; —, concentration was below

detection limit

Site S04 Cd Cu Fe Mn Zn
AR10 1.00 1.00 1.00 1.00 1.00 1.00
CG» 0 0 0 0 0 0

TR11 73 77 91 — il 80
TR12 85 .79 82 07 74 82
TR13 96 90 82 22 86 91
TR14 97 99 — 41 97 99
TR15 1.00 — — 1.04 1.00 1.00
TR16 1.00 1.00 — 44 1.00 1.00
TR21 92 94 91 .70 92 95
TR22 93 .96 82 .89 93 96
TR23 95 .96 82 78 95 97
TR24 97 .98 82 81 97 99
TR25 98 1.00 — .67 99 99
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Figure B-6. — Concentrations of dissolved and total iron across the transects.
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Figure B-7.— Concentrations of dissolved and total manganese across the transects.
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Figure B-10.— Concentrations of dissolved and total copper across the transects.
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HEAVY-METAL GEOCHEMISTRY OF SEDIMENTS IN THE
PUEBLO RESERVOIR, COLORADO

By Edward Callender!, Walter H. Ficklin?, Briant A. Kimball?, and Patrick R. Edelnann®

ABSTRACT

Three sediment cores, collected along the axis of
Pueblo Reservoir in south-central Colorado, were
analyzed for their heavy-metal content. The data
were normalized with respect to titanium, an integral
component of igneous and sedimentary rocks in the
upper Arkansas River basin.

The vertical distribution of normalized
heavy-metal data shows some pronounced peaks at
depths that record sedimentary riverine inputs
duringthe past 10years. A core near the river mouth
shows normalized copper, zinc, lead, cadmium
maxima at depths (14 and 26 centimeters) that
correspond to metal discharges from the Leadville
mines during 1985 and 1983. The other two cores,
located farther from the riverine source, show a
pronounced maxima at the 4- to 6-centimeter depth,
indicative of contaminant inputs during 1985.

Although the possibility exists that the metal
distributions have been affected by sedimentary
diagenesis, normalized metal data for riverine sus-
pended sediment and lacustrine bottom sediment
suggest that the bottom sediments in Pueblo Reser-
voir record a history of heavy-metal inputs by acid-
mine drainage in the upper Arkansas River basin.

INTRODUCTION

Pueblo Reservoir receives the drainage from
the upper Arkansas River basin that extends
from Leadville to Pueblo in south-central
Colorado (fig. B-11). Water flowing through
abandoned mine tailings and from draining adits
in the Leadpville area contributes large amounts of
cadmium (Cd), copper (Cu), iron (Fe), lead (Pb),
manganese (Mn), nickel (Ni), and zinc (Zn) to
the upper Arkansas River (Wentz, 1974). Pre-
sently (1987-88), an interdisciplinary study of
controls on trace-element concentrations in
streams of the Leadville area is being conducted.
A main objective of this study is to characterize
the hydrogeochemical processes that control the

lys. Geological Survey, Reston, Va.
2U.S. Geological Survey, Denver, Colo.
3us. Geological Survey, Pueblo, Colo.
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transport and distribution of transition metals in
streams in the Leadville area.

This paper describes the distribution of these
transition metals in sediment cores collected at
three sites in the Pueblo Reservoir. Specifically,
this paper discusses the effect of heavy-metal
(transition metals) inputs to the upper Arkansas
River in the Leadville area on a public-supply
surface-water reservoir located approximately
190 km (kilometers) downstream; compares the
chemistry of Arkansas River suspended sediment
with that of Pueblo Reservoir bottom sediment;
and examines the distribution of heavy metals
down the length of sediment cores.

METHODS

One-meter-long gravity cores were obtained
at sites T2B, T5D, and T7B in the reservoir
(fig. B-11). Oven-dried (80 °C (degrees
Celsius)) sediment samples were digested using a
combination of nitric, hydrofluoric, and
perchloric acids, and the extracts were analyzed
by atomic emission spectrometry-inductively
coupled plasma (AES-ICP) (Lichte and others,
1987). The precision of the method, including
the dissolution step, is = 5 to 10 percent relative
standard deviation (standard deviation/mean
x 100). :

Suspended sediment collected from the upper
Arkansas River at Portland, Colo. (upstream
from the reservoir), was oven-dried at 80 °C and
analyzed by direct-current arc emission spectrog-
raphy and spectrometry (D-C arc spec)
(Golightly and others, 1987). The precision of
this analytical method is generally * 15 percent
relative standard deviation. Suspended-
sediment samples were collected on 1 day in June
1987 and consisted of depth-integrated and point
samples.

The analytical detection limits of both
techniques (AES-ICP and D-C arc spec) are



‘so)rs Surpdures 110AISS31 pUB JIOAISSIY O]Gand JO uoneoo | — 11-g 9431y

JO uoj}ed0” «00.S¥. ¥OL

T SHILIWOIN ¥ € T
- " ~— =T . T4
| S3UN ¥ € r4
_ HIGWNN M
_ ANV 3LISONIdWVS ®gzi |t
B o1g3nd - NOILYNV1dX3 -.0ast.8¢
,/,,,/ 40 o_ﬂum
/ ALID
\ ‘S
= I”. _.
" 1 | ~1-008t.8¢
-——_1 i
AN
{ \ﬁm,./
o\
e R
)
_ eely Apnig ] 1
' ‘Meg'H ‘ML9'H #»0£.2S. ¥0L
]

e e e ———— ——— - ——

82



NORMALIZED IRON (IRON/TITANIUM RATIO)

substantially lower (Golightly and others, 1987;
Lichte and others, 1987) than the concentrations
of Cu, Pb, and Zn in Arkansas River suspended
sediment and Pueblo Reservoir bottom sediment,

RESULTS

The total elemental concentration of 1- and
2-cm- (centimeter) long sections of three cores
from the Pueblo Reservoir were nornialized with
respect to titanium (Ti). This element is assumed
to be conservative and to have a uniform flux
from crustal-rock sources to the reservoir bottom
sediments (Horowitz, 1985). In fact, the mean

concentrations of Ti in the three cores support
this assumption: 3,700 ppm (parts per million) in
core T2B from the upper end of the reservoir,
3,535 ppm in core T5D from the middle part of
the reservoir, and 3,615 ppm in core T7B from
the lower end of the reservoir. The Ti concentra-
tion of Arkansas River suspended sediment is
3,590 ppm. The normalized (concentration of
metal/concentration of Ti) heavy-metal data are
plotted against core depth in figures B-12
through B-18. The data points are joined by lines
to show the distributions more clearly.

12 T T T ! T T T 1 T T T T T T T
10 |-
s |-
6 b
4 —
O CORE T2B
O CORE T5D
2 O CORE T7B
Dotted line indicates
missing data
0 | | ] | | | 1 ] | | | 1 | ] |
1 2 3 4 6 8 10 14 18 22 24 26 30 36 42

DEPTH IN CORE, IN CENTIMETERS

Figure B-12. — Normalized sedmimentary iron distribution in sediment cores.
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NORMALIZED MANGANESE
(MANGANESE/TITANIUM RATIO)

In figure B-12, the distribution of normalized
Fe shows a peak in all three cores at the 4-cm
depth. For Mn, the normalized data show a pro-
nounced maxima at 4-cm in cores T5D and T7B
(fig. B-13). The absolute concentration of sedi-
mentary Mn is substantially greater in the sur-
ficial sections of these cores than in core T2B.
With respect to sedimentary Cu, the normalized
data show a maxima at depths of 4 to 6 cm.

Below these depths, core T2B exhibits a
greater Cu/Ti ratio than do the other two cores
(fig. B-14). On the other hand, the normalized

sedimentary Ni distribution (fig. B-15) shows
maxima at depths of 3 cm in cores T5D and T7B
and two maxima in core TSD at depths of 6 and
22 cm.

The normalized sedimentary Zn distribution
(fig. B-16) shows distinct maxima at depths of 8,
14, and 26 cm in core T2B; core T5D shows
maxima at depths of 4, 24, and 36 cm; core T7B
shows maxima at a depth of 4 and possibly at a
depth of 24 cm. As was the case for Cu, the Zn
content of sediment sections below the 8-cm
depth is substantially greater in core T2B than in

0O —T— T 1T 71T T T T T T T T
O CORE T2B
0.4 O CORE T5D
O CORE T7B
Dotted line indicates
0.3 missing data
0.2 |-
0.1 |-
0 | 1 | ] | ] | ] ] | ] ] L1
1 2 3 4 6 8 14 18 22 24 26 30 36 42

DEPTH IN CORE, IN CENTIMETERS

Figure B-13. — Normalized sedimentary manganese distribution in sediment cores.




Table B-3. — Average normalized heavy-metal ratios for upper Arkansas River suspended sediment and
surficial sediments (0-6 centimeters depth) in cores from Pueblo Reservoir

[Fe/Ti, iron concentration/titanium concentration; Mn/Ti, manganese concentration/titanium
concentration; Cu/Ti, copper concentration/titanium concentration; Ni/Ti, nickel concentra-
tion/titanium concentration; Zn/Tj, zinc concentration/titanium concentration; Pb/Ti, lead concentra-
tion/titanium concentration; Cd/Ti, cadmium concentration/titanium concentration; ND, not dectected]

Normal- Normalized ratios
ized Arkansas River Core Core Core
heavy suspended T2B T5D T7B
metal sediment
Fe/Ti 111 2.0 10.2 101
Mn/Ti 23 15 29 35
Cu/Ti 010 011 013 011
Ni/Ti 006 010 019 .008
Zn/Ti .06 07 12 03
Pb/Ti 011 011 020 017
Cd/Ti ND 0007 .0006 0004

the other two cores. The distribution of
normalized sedimentary Pb (fig. B-17) is similar
to that for Zn. The distribution of Pb in cores
T5D and T7B shows pronounced maxima at a
depth of 4 to 6 cm. The distribution of normal-
ized sedimentary Cd shows distinct maxima at
depths of 4to 6 cm and at a depth of 26 and 36 cm
in cores TSD and T7B. Core T2B shows distinct
maxima at depths of 6 and 24 cm (fig. B-18).

Table B-3 presents the normalized
heavy-metal data for the surficial sediments
(0-6 cm depth) in the three reservoir cores and in
the suspended sediment in the Arkansas River
immediately upstream of the reservoir
(fig. B-11). The normalized Fe in suspended
sediment appears to be slightly enriched relative
to the surficial sediment in core T2B (nearest to
the river input) but is similar to the ratios in the
other two cores. The suspended Mn is somewhat
more concentrated with respect to Ti than surfi-
cial sediment in core T2B but is less concentrated
than surficial sediment in cores TSD and T7B.
Bottom sediments in the middle and lower parts
of the reservoir receive suspended-sediment
inputs that have fine grain size and contain
greater concentrations of organic matter than
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bottom sediments adjacent to the input of the
Arkansas River. Thus, diagenetic remobilization
of Mn may be more effective in these sediments,
with the result that sedimentary Mn is con-
centrated at the sediment surface. The normal-
ized Cu, Ni, and Zn are not significantly different
in riverine suspended sediment compared to sur-
ficial sediment in cores T2B and T7B. The nor-
malized heavy metal data for Cu, Ni, and Zn
indicate that the surficial sediments at site TSD
are enriched in these metals relative to the other
reservoir sites and to the suspended sediment
contributed by the Arkansas River (table B-3).
Normalized sedimentary Pb data indicate that
riverine suspended sediment and the bottom
sediments at site T2B contain similar concentra-
tions of this metal, and that the bottom sediments
at sites 'T5D and T7B are enriched by a factor of
two relative to sediments contributed by the river.
The normalized Cd data (table B-3) show a
progressive decrease in Cd in surficial bottom
sediments away from the river mouth.

DISCUSSION

As a generality, the normalized ratios of Fe,
Mn, Cu, Zn, Pb, and Cd in cores T5D and T7B



NORMALIZED COPPER (COPPER/TITANIUM RATIO)

show a distinct maxima at depths of 4 to 6 cm. In
core T2B, Pb and Zn maxima occur at depths of
6 to 10 cm, 14 to 18 cm, and 26 cm. Interstitial-
water redox-potential data indicate that surficial
sediments are strongly (T2B) to moderately
(T7B) oxidizing. Thus, diagenetic remobilization
processes may have minimal effect on those
metals that are concentrated by iron
oxyhydroxides, and the particulate-metal dis-
tributions in the sediment cores may reflect the

original metal inputs from the river. Visual
examination of 13 cores collected at the
3 transects (T2/3, T5, and T7) show that a
prereservoir soil horizon occurs at depths that
give a calculated sedimentation rate of 5 cm/yr
(centimeters per year) for site T2B and a rate
from 3 to 4 cm/yr for sites TSD and T7B. With
respect to Zn and Pb, the age of the sediment
sections that show the pronounced normalized
heavy-metal maxima are 2 years and 4 years (or
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Dotted line indicates
missing data

0.002 |—
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Table B-14. — Normalized sedimentary copper distribution in sediment cores.




NORMALIZED NICKEL (NICKEL/TITANIUM RATIO)
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Figure B-15. — Normalized sedimentary nickel distribution in sediment cores.

1985 and 1983) for site T2B (the cores were
collected in early October 1987). For sites TSD
and T7B, the pronounced maxima for Zn and Pb
occur at a depth of 4 to 6 cm, corresponding to a
date of 1985. Flooding of mine workings in the
Leadville area caused the release ("breakout") of
large quantities of heavy metals in October of
1985 and February of 1983 (Engineering Science,
1986).

Considering the normalized sedimentary Zn
and Pb distributions in core T2B, the maxima at
depths of 14 and 26 cm are interesting. The max-
ima at the 14-cm depth corresponds to another

87

"breakout" of heavy metals that occurred in the
Leadville area in February 1983 (Engineering
Science, 1986). The maxima at the 26-cm depth
(figs. B-16 and B-17) do not correspond with any
reported breakouts of heavy metals from the min-
ing areas near Leadville, Colo. However, the
possibility exists that these rapidly accumulating
sediments have recorded a previous,
undocumented discharge of heavy metals from
the Leadville mining area.

Whole-water, total-recoverable-metal data
(Fishman and Friedman, 1985) from the upper
Arkansas River indicate that, during the spring




NORMALIZED ZINC (ZINC/TITANIUM RATIO)

months when snowmelt runoff is at a peak, the
concentrations of particulate Fe, Mn, Cu, and Zn
are substantially increased relative to low-flow
periods in the winter and summer. The pos-
sibility exists that the heavy-metal maxima in the
reservoir-sediment cores reflect this increased
flux during the snowmelt period. An annual
periodicity in the heavy-metal maxima is not
apparent in the reservoir-sediment cores
(figs. B-13, B-14, B-16, and B-17), except pos-
sibly for that of Ni (fig. B-15). Ni is not a major
component of the material from the Leadville
breakouts and almost all Ni concentrations are
below the detection limit in the upper Arkansas

River (B.A. Kimball, U.S. Geological Survey, oral
commun., 1988). The lack of correlation between
Ni and other metals may indicate that the Ni dis-
tribution represents a background flux and,
perhaps, even an annual variation in runoff
inputs. In addition, the heavy-metal data normal-
ized to phosphorus (P) for the suspended sedi-
ment in the upper Arkansas River, which feeds
the reservoir, shows substantially lower ratios
(with respect to P) during springtime than are
found in surficial bottom sediment (0- to 10-cm
depth), which receives the elevated metal inputs.
Like Ti, the total P content of sediment cores
does not vary by more than 10 percent and, thus,
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) Dotted line indicates
missing data
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1 2 3 4 6 8
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Figure B-16.— Normalized sedimentary zinc distribution in sediment cores.

88



NORMALIZED LEAD (LEAD/TITANIUM RATIO)
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Figure B-17. — Normalized sedimentary lead distribution in sediment cores.

P is another suitable element for metal
normalization. Therefore, the hypothesis that
Pueblo Reservoir bottom sediments record the
history of known heavy-metal releases from aban-
doned mines in the Leadville, Colo., area is
plausible.

It is interesting to speculate as to why the
normalized metal maxima are lower in core T2B
(closer to the riverine source) than in cores TSD
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and T7B. The sediments in core T2B consist of
coarse silt and fine sand, whereas the other two
cores exhibit a silty-clay texture. Generally, there
is an inverse relation between grain size and
heavy-metal content (Horowitz, 1985). The fine
particulate material, which probably contains
substantial concentrations of sorbed metals,
undoubtedly is transported farther down the
reservoir.




NORMALIZED CADMIUM (CADMIUM/TITANIUM RATIO)
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Figure B-18. — Normalized sedimentary cadmium distribution in sediment cores.

CONCLUSIONS

The vertical distribution of normalized
heavy-metal concentrations in three sediment
cores from the Pueblo Reservoir contain several
distinct maxima of Cd, Cu, Pb, and Zn. The

location of these maxima in the sediment column
and the estimated sedimentation rate indicate
that the release of these metals from abandoned
mines in the Leadville, Colo., area are recorded
in the bottom sediments of the reservoir.
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METAL PARTITIONING AND PHOTOREDUCTION OF IRON IN
FILTRATES OF ACID STREAMWATER, ST. KEVIN GULCH,
LEADVILLE, COLORADO

By Briant A. Kimball' and Diane M. McKnight

ABSTRACT

Onsite experiments in high-altitude acidic
mountain streams have indicated that photochemi-
cal reactions affect the chemistry of dissolved iron.
Previous work defined the rates of daytime photo-
reduction and nighttime oxidation of iron species in
St. Kevin Gulch near Leadville, Colorado, which
receives acid mine drainage. This work evaluated
the dependence of the photochemical reactions on
the presence of stream particulate matter and bac-
teria in the stream, both of which might catalyze the
reaction. The progress of photoreduction with
increasing light intensity was monitored by colori-
metric determination of ferrous and total iron con-
centrations in aliquots from an ultrafiltrate (from
which bacteria and suspended particulate matter
that might catalyze the photoreduction reaction
were removed; but smaller organic matter, such as
enzymes, may still have been present), from a
0.1-micrometer filtrate and from an unfiltered
sample. Concentrations of metals in the different
filtrates were evaluated by a chemical-equilibrium
model. The initial concentration of ferrous iron in
each sample was about 0.2 milligrams per liter; the
concentration doubled in the ultrafiltrate, and
increased about fourfold in the unfiltered sample.
In each sample, the trend of the ferrous- to total-iron
ratio was the same, following the trend of light
intensity. Although photoreduction proceeded in
each sample, it proceeded to a greater extent where
additional iron was available.

INTRODUCTION

Many streams in the Rocky Mountains are
affected by acidic drainage from mines or mine
tailings (Moran and Wentz, 1974). A dominant
characteristic of these streams is the presence of
iron (Fe) hydroxides, which also can influence the
chemistry of other metals by adsorption and
coprecipitation reactions. Iron-hydroxide sur-
faces are present in the form of suspended col-
loids and as coatings on streambed cobbles and

1U.S. Geological Survey, Denver, Colo.

bed sediments. Sorption of other metals by the
iron-hydroxide surfaces depends on streamwater
pH (Leckie and James, 1974), but pH alone does
not account for the variability of iron and other
metal concentrations in acidic streams
(McKanight and Bencala, in press).

In St. Kevin Gulch, an acidic mountain stream
near Leadville, Colo. (fig. B-19), McKnight and
others (1988) have studied reactions of dissolved
(0.1-um (micrometer) filterable) ferrous (Fe II)
and ferric (Fe III) iron and have shown that iron
concentrations vary in response to the diel cycle
of light intensity (fig. B-20). All iron concentra-
tions shown in fig. B-20 are 0.1-um filterable
iron. Reactive total iron is that measured by
colorimetric determination in which all iron
is reduced to Fe (II) by hydroxylamine
hydrochloride (Fishman and Friedmnan, 1985).
Ferrous iron (fig. B-20) is measured colorimetri-
cally, without reduction of the sample. ICP iron
(fig. B-20) is from a filtered, acidified (con-
centrated nitric acid) sample. The nitric-acid
acidification is more rigorous than the
hydroxylamine hydrochloride procedure and
appears to dissolve some filterable iron that is not
dissolved by hydroxylamine hydrochloride.
Sources of Fe (III) include dissolved Fe (III),
colloidal Fe (III), and streambed Fe (III). During
the first daylight period of a 36-hour experiment
(McKnight and others, 1988) the concentrations
of reactive iron and Fe (II) increased, which indi-
cates that the source of Fe (III) was suspended
colloidal Fe or streambed Fe. During the second
daylight period, the concentration of reactive
iron did not increase as the concentration of Fe
(II) increased; at times it seemed to decrease.
The change in concentration of Fe on the second
day is consistent with a homogeneous reaction of
dissolved Fe (IIT) rather than a heterogeneous
reaction that involves dissolved species and
colloidal or surface-bound Fe. The possible
reactions can be represented by the following
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Figure B-19.— Location of St. Kevin Gulch near Leadyville, Colorado.

equations (A.C. Sigleo, U.S. Geological Survey,
written commun., 1988):

FeOH?* + hv - Fe2*(Il) + ‘OH 6))
(homogeneous aqueous)
Fe(1II):OH + hv—+> >Fe(ll) + 'OH (2a)
(heterogeneous surface)
>Fe(ll) » Fe?* (2b)

where "OH = a hydroxide radical, hv = photons
of light (250 - 425 nm), and Fe(II) = a surface-
bound species.

The first reaction only involves aqueous
species whereas the second consists of two steps
that involve surface-bound and aqueous species.
After the surface-bound Fe (III) is reduced, Fe
(II) is released to the stream. The first solution-
phase reaction has a greater yield of Fe (II) for a
given radiation dose (referred to as quantum
yield) than the second heterogeneous reaction.
However, because hydrous iron oxides are very
abundant in the stream, it is possible that the
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heterogeneous reaction is the major source of the
diurnal increase in Fe (IT). This question of the
dominance of the homogeneous or the
heterogeneous reactions is addressed in the field
experiments reported here. This study also
addresses the question of whether or not the
reaction is exclusively abiotic or bacterially
mediated.

METHODS

A streamwater sample was collected from
St. Kevin Gulch on July 5, 1987, before dawn and
divided for three separate treatments. The first
treatment was filtration through a 100,000
molecular-weight filter (approximately 0.01-um
pore size). The second treatment was filtration
through a 0.1-um filter. The filter template for
the 0.1-um filter was frozen closed at 0515 hours;
measurements of photoreduction for this treat-
ment were not possible until later in the morning.
The third treatment was no filtration, which
provided a rawsample. Photoreduction of Fe was
followed during a 9-hour period in the morning by
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Figure B-20. — Variability of iron at site SK50.

removing aliquots of each treatment and
determining Fe speciation by a colorimetric
method (Fishman and Friedman, 1985).

RESULTS AND DISCUSSION

Chemical determinations for the three
treatments are listed in table B4 along with
results of equilibrium calculations from the com-
puter code WATEQ4F (Ball and Nordstrom,
1987). A calculated pe (redox potential calcu-
lated from the Fe* /Fe>* redox couple) of about
0.6 indicates the dominance of Fe (III) before
sunrise. Fe (II) was not completely absent
because of an upstream source of Fe (II) at the
mine tailings (fig. B-19). This inflow of Fe (II) is
not completely oxidized during the nighttime
transport to site SK50.
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Metal Speciation and Equilibria

Of all the metals, there was a distinct
difference in the concentration of Fe among the
treatments. Aluminum (Al) concentration is
larger in the unfiltered sample than in the ultra-
filtrate treatment but not largest in the raw
sample. Concentrations of cadmium (Cd),
copper (Cu), manganese (Mn), and zinc (Zn) are
virtually equal in each of the treatments, which
indicates that they are completely dissolved. The
dominant aqueous species of these metals, and
the percentage of the metal present as these
species, suggest a possible reason for this pattern
(table B-5): if a metal is present in solution as a
hydrated ion or as a sulfate complex, it may be
less likely to adsorb to a surface than if the metal

S0



Table B-4.— Chemical determinations and results of chemical-equilibrium model calculations

[Water sample had a pH of 4.08, a temperature of 5 degrees Celsius, dissolved organic carbon of
0.5 milligrams per liter; all chemical units are milligrams per liter; pe, redox potential calculated from
Fe2+/Fe3+ redox couple, dimensionless; SI, saturation index: log-ratio of ion acitivity product over
temperature-adjusted equilibrium constant, dimensionless; AP, ion activity product, moles per
kilogram water; —, not determined]

Constituent Filter size (micrometers)

<0.01 0.0 >0.1
Calcium 10.1 10.2 10.0
Magnesium 35 35 34
Sodium 2.1 2.2 2.0
Chloride 3 3 3
Sulfate 73.8 76.7 76.7
Aluminum 940 1.240 1.030
Cadmium 044 040 040
Copper 086 100 080
Iron (II) 028 028 028
Iron (III) 402 722 1.632
Iron (total) 430 750 1.660
Manganese 2.900 2950 2.900
Zinc 6.470 6.710 6.530
pe 599 626 —
SI (allunite) =732 -.604 -
SI (fcrri:lxidrite) =777 -283 -
AP (ferrihydrite) -37.89 -37.39 -

Table B-5.— Speciation of metals in the ultrafiltrate treatment

Metal Dominant Percentage
species of element
Aluminum APt 75
AlSO4* 22
AlOH?* 2
Cadmium cd*t 89
CdsO4° 10
Copper cu?t 99
Iron Fe (I1)** 62
Fe (IIT)(OH), * 32
Fe (I1)SO4° 3
Fe (INOH2* 3
Manganese Mn?* 94
MnSO4° 6
Zinc Zn®t 92
ZnSO4° 8




LIGHT INTENSITY, IN MICROEINSTEINS

2,500 I I T T
g "
a 2,000 | . -
o .
<
- a
o
1500 | n ~
2 [ ]
[
'—
Lﬁ' n
= 1,000 [ -
z N
J
o o=
o
o 500 | —
' )
0 ———ltn-nad.l ' 1 ' ‘ '
4 S 6 7 8 9 10 " 12 13

TIME, IN DECIMAL HOURS

Figure B-21.— Variability of light intensity with time.

is present as an hydroxide complex. Al, Cd, Cu,
Mn, and Zn are present as hydrated, free ions
and sulfate complexes; they are not adsorbed to
the Fe-hydroxide surfaces at a pH of 4.08. It
seems that the partitioning of iron to the dis-
solved aqueous phase generally reflects the domi-
nant speciation of the particular metal. About 34
percent of the iron is present as a hydroxide com-
plex, and Fe appears to be the element most
affected by surface reactions at this pH.

At higher pH the speciation of all the metals
would change rapidly. The pH at which about half
of each of these metals would be present as
hydroxide complexes (in the absence of sulfate) is:

Metal pH Metal pH
Al 50 Fe 6.7
Cd 10.1 Mn 10.9
Cu 7.7 Zn 7.7

These pH values equal the negative log of the
hydrolysis constants for the first hydrolysis of each
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metal (Lindsay, 1979). If this first hydrolysis
reaction is related to the adsorption of metals on
the Fe hydroxide surfaces, then the pK values of
the first hydrolysis constants suggest an order in
which the metals should be affected by a greater
pH.

Larger concentrations of Fe in the 0.1-um
filtrate affects the ion activity product of
ferrihydrite. This mineral phase has been
identified in St. Kevin Gulch (J.J. Fitzpatrick, U.S.
Geological Survey, written commun., 1988). At
pH 4.08, ferrihydrite is slightly undersaturated in
the ultrafiltrate and is nearly saturated in the 0.1-
um filtrate. It is apparent that filter pore size is
critical to accurately determine the state of
saturation with respect to Fe phases.

Photoreduction in the Filtrates

The variation of light intensity during the
9-hour period was measured as the mean during
10-minute intervals (fig. B-21), and
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Figure B-22. — Variability of iron (I) concentration with light intensity.

photoreduction was tracked during this time.
Light intensity increased from about 0630 to 1200
hours and then became almost constant at 1200
hours. The effect of light intensity on Fe (II) con-
centrations is shown in fig. B-22. The extent of
increase of Fe (II) depends on the total concentra-
tion of Fe (III) available, as indicated by the
change of the ratio of Fe (II) to total Fe (fig. B-23).
In each treatment, the Fe (II) production seems to
proceed until all the available Fe is converted to Fe
(IT) and the ratio is virtually 1.

The increase in the Fe (IT):total Fe ratio for the
ultrafiltrate initially is rapid — more rapid than for
the unfiltered sample. This more rapid increase
is indicative of a homogeneous aqueous reaction
(reaction 1) rather than a heterogeneous reaction
(reaction 2) involving colloidal Fe (III). This
result is consistent with the results of laboratory
experiments using well defined media and oxide
phases, which showed that the homogeneous
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reaction has a greater quantum yield than the
heterogeneous reaction. In addition to this dif-
ference in the true quantum yields, which are
based on actual adsorption of near ultraviolet
radiation, the greater light scattering in the unfil-
tered sample may have limited the extent of the
heterogeneous reaction, especially at the lesser
light intensities of the early morning.

These results lead to a conclusion that both the
homogeneous and heterogeneous reactions
contribute to the diurnal increase in Fe (II) in
St. Kevin Gulch. Because at night the
concentration of dissolved Fe (III) is less than the
concentrations of colloidal and particulate
hydrous iron oxides, the Fe (IT) produced by the
heterogeneous reaction may be quantitatively
greater. These results also show that photoreduc-
tion occurs in the absence of bacteria in the
ultrafiltrate. The results from the 0.1-um filtrate
also indicate that the heterogeneous photoreduc-
tion reaction is not dependent upon bacteria
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Figure B-23.— Variability of iron (II) to total iron ratio with light intensity.

associated with an iron oxide floc. The
ultrafiltrate treatment still has 0.5 mg/L. (mil-
ligrams per liter) organic carbon and organic
material, such as sorbed humic substances, is
probably associated with the colloidal and par-
ticulate oxides. Such organic material may be
essential in reacting with the hydroxyl radical, and
limiting the reoxidation of the ferrous iron.
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PARTITIONING OF METALS BETWEEN WATER AND FLOCCULATED
BED MATERIAL IN A STREAM CONTAMINATED BY ACID MINE
DRAINAGE NEAR LEADVILLE, COLORADO

By Kathleen S. Smith"?, Donald L. Macaladyz, and Paul H. Briggs1

ABSTRACT

Onsite metal-partitioning studies were
performed in August 1987 using mixtures of floccu-
lated iron oxyhydroxide material (floc) and stream-
water collected from St. Kevin Gulch, a central
Colorado mountain stream contaminated by acid
mine drainage. The pH was varied between
ambient (about 3.5) and 6 by the addition of
NaHCO3 to aliquots of unfiltered streamwater and
floc/streamwater mixtures. Iron and aluminum
aqueous concentrations seem to be controlled
primarily by solubility reactions, whereas zinc, man-
ganese, copper, and cadmium concentrations are
controlled by sorption reactions. The sorption reac-
tions are pH dependent, with a sorption edge
between pH 5 and 6 for zinc, and between pH 3.5
and 4.5 for copper. Cadmium does not appear to
have a well-defined sorption edge up to pH 6, and
the manganese concentration gradually decreases
over the pH range tested. Flocculated iron
oxyhydroxide material does not seem to be an effec-
tive sink for trace metals in St. Kevin Gulch at the
ambient pH of about 3.5. Although pH-dependent
solubility and sorption reactions drive metal par-
titioning to the solid phase at higher pH, aqueous
concentrations of manganese, zinc, and cadmium
at pH 6 are still significant.

INTRODUCTION

Acid mine drainage is a potential threat to the
quality and ecology of receiving waters. Treat-
ment of these metal-rich waters is hampered by a
lack of understanding of the processes that con-
trol metal mobility in acidic systems. A detailed
understanding of this metal chemistry is neces-
sary if successful mitigation procedures are to be
adopted.

This paper describes research that examined
metal partitioning between flocculated iron oxy-
hydroxide(s) (floc) and streamwater in an acid
mine drainage system. Jenne (1968) emphasized

lus. Geological Survey, Denver, Colo.
2Cotorado School of Mines, Golden, Colo.
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the importance of amorphous hydrous iron
oxides in the sorption of metals in natural sys-
tems. It has been reported that hydrous iron
oxides have a high affinity for the binding of cop-
per (Cu), cadmium (Cd), and zinc (Zn)
(Benjamin and Leckie, 1981). Tessier and others
(1985) found the sorption of trace metals onto
low-pH, iron oxyhydroxide-rich lake sediments to
be greater than predicted by simple models.
Controls on metal-partitioning processes may be
significant in the determination of metal trans-
port in aquatic systems affected by acid mine
drainage.

St. Kevin Gulch is a small subalpine stream
located 7 km (kilometers) northwest of Leadville,
Colo. (fig. B-24). St. Kevin Gulch receives
acidic, metal-rich tailings effluent, which
produces elevated concentrations of sulfate and
several metals including iron (Fe), manganese
(Mn), aluminum (Al), Zn, Cu, and Cd
(McKnight and others, 1988).

The questions considered in this paper
include: (1) Is the floc that coats streambed peb-
bles in St. Kevin Gulch an important sink for
metals? (2) How does metal partitioning between
streamwater and floc change as the pH of the
stream changes?

An onsite metal-partitioning study was
performed with unfiltered streamwaters and
floc/streamwater mixtures collected from
St. Kevin Guich in early August 1987. The pH
was varied in these experiments, and the cor-
responding equilibrated aqueous metal con-
centrations were determined. The experiments
were designed to simulate seasonal pH changes
and pH changes encountered at confluences of
acidic waters with nonacidic waters.

EXPERIMENTAL METHODS

Experiments were performed to determine
the time period for rapid-step sorption reactions
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Figure B-24. — Sampling sites along St. Kevin Gulch (from McKnight and others, 1988).

to reach completion. Floc was collected from
St. Kevin Gulch sites SK-20 and SK-49
(fig. B-24) by agitating floc-coated streambed
pebbles in a closed polyethylene container to
obtain a floc/streamwater mixture. Enough
0.5 M NaHCO3 was added to these floc suspen-
sions to raise the pH to 6. Aliquots of the mixture
were removed and filtered at various time inter-
vals over a 1-day period. Analyses of these ali-
quots indicated that a time period of 2 hours was
adequate for rapid-step sorption reactions to
reach completion.

Metal-partitioning experiments were
conducted with unfiltered streamwaters and
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floc/streamwater mixtures collected from sites
SK-20 and SK-49 (fig. B-24). A 40-mL (mil-
liliter) subsample of each suspension was titrated
to determine the amount of base necessary to
raise the pH to 6. Forty-mL aliquots of unfiltered
streamwaters and floc/streamwater mixtures
were pipetted into a series of 60-mL polyethylene
bottles. The pH of the aliquots was adjusted to
several values between ambient (about 3.5) and 6
using either 0.1 M or 0.5 M NaHCO3. The con-
tents of the bottles were equilibrated at stream-
water temperature with occasional shaking for
2 hours after which final pH values were deter-
mined and aliquots were filtered through 0.1-4m
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(micrometer) nitrocellulose filters. The filtrates
were collected for analysis.

Most metal concentrations in the filtrates were
determined using inductively coupled plasma-
atomic emission spectrometry (ICP-AES)
(Lichte and others, 1987). Flameless atomic-
absorption spectrometry (AAS-graphite furnace)
was used to measure Cu and Cd (Perkin-Elmer,
1977).

RESULTS AND DISCUSSION

Rates of Cu and Cd sorption at pH 6 onto floc
from sites SK-20 and SK—49 are illustrated in
figures B-25a and B-25b. These data show ini-
tially very rapid sorption followed by a less well-
defined, much slower sorption process. Results
from both sites exhibit a slight decrease in the
amount of sorption between the initial rapid step
and the slower step. On the basis of these data, a
time period of 2 hours was deemed adequate for
the rapid sorption step to reach completion and

was chosen as the equilibration time for
metal-partitioning experiments.

In the metal-partitioning experiments, the floc
suspension from site SK-20 contained 5.7 g/L
(grams per liter) solid floc, and that from site
SK-—49 contained 7.0 g/L. Surface area of the floc
is about 150 mzlg square meters per gram) at site
SK-20, and 50 m“/g at site SK—49 (Ranville and
others, 1989, this Proceedings). As a conse-
quence, the suspension from site SK-20 con-
tained about 2.4 times more sites than that from
site SK—49. Figures B-26a and B-26b illustrate
titration curves of equal volumes of floc suspen-
sions using NaHCQ3. About 2.5 times more
moles of NaHCQ3 per unit volume of suspension
were required to obtain a pH of 6 in the floc
suspension from site SK-20 than in the floc
suspension from site SK—49.

Results of the partitioning studies are
suminarized in figures B-27a, B-27b, B-28a, and
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Figure B-25a.— Rates of copper and cadmium sorption at pH 6 onto floc collected from site SK-20.
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B-28b. Four bars are shown for each species.
The far-left bar represents the species concentra-
tion in pH-unaltered unfiltered streamwater col-
lected at the time of floc suspension collection,
the middle-left is the species concentration in a
pH-unaltered floc-suspension aliquot, the
middle-right is the species concentration in an
unfiltered streamwater aliquot adjusted to the
highest pH measured, and the far-right is the
species concentration in a floc-suspension ali-
quot adjusted to the highest pH measured.
These data show that aqueous Fe and Al con-
centrations in the floc/streamwater mixtures are
below the limits of detection of 0.06 ppm (parts
per million) and 2 ppm, respectively, at pH 6.
The aluminum concentration drops to below
detection by pH 4 at both sites whereas the Fe
concentration drops to below detection at pH 4
for site SK-49 and at pH 59 for site SK-20.
Decrease in aqueous Fe concentration between
the pH-unaltered unfiltered streamwater and the

pH-unaltered floc/streamwater mixture from site
SK-20 points to active loss of Fe from the
aqueous phase and indicates disequilibrium of Fe
at that site. A slight pH decrease was noted in
the pH-unaltered mixture. Comparison of
results from pH alteration of unfiltered stream-
waters with those from pH alteration of floc
suspensions reveals that Fe and Al aqueous con-
centrations are primarily controlled by solubility
reactions.

Zn, Mn, Cu, and Cd concentrations appear to
be controlled by sorption reactions. The sorption
edge is between pH 5 and 6 for Zn, and between
pH 3.5 and 4.5 for Cu. Cadmium does not appear
to have a well-defined sorption edge up to pH 6,
and Mn exhibits a gradual concentration
decrease over the pH range tested. This pH-
dependent sorption behavior is in agreement with
generally accepted trends observed in laboratory
studies on simple amorphous iron oxyhydroxide

TIME, IN HOURS

Figure B-25b. —Rates of copper and cadmium sorption at pH 6 onto floc collected from site SK—49.
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Figure B-26a.— Titration curve for floc suspension collected from site SK-20.

systems (for example see Benjamin and Leckie,
1981).

Conclusions regarding partitioning trends are
consistent with data from Shingle Mill Guich
(fig. B-24), a tributary of St. Kevin Gulch with
higher pH (6.5). Shingle Mill Gulch has much
lower aqueous metal concentrations and, with the
exception of Fe, higher solid-phase metal concen-
trations than does St. Kevin Guich. These data
are discussed in detail by Ranville and others,
1989 (this Proceedings), and indicate that metal
partitioning has been driven toward the solid
phase in Shingle Mill Gulch.
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Adsorption properties of a material are
controlled by the surface properties of that
material. Coatings and sorption of counterions
(for example, sulfate) and/or organics can alter
the original surface properties, especially surface
charge. Data presented by Ranville and others,
1989 (this Proceedings), illustrate that St. Kevin
Gulch floc has a near-neutral surface charge,
indicating modifications of the floc surface.
Planned research toward understanding the
processes that control surface charge will
improve understanding of sorption mechanisms
and metal-partitioning reactions.



SUMMARY effective sink for trace metals at the ambient pH

Results from this study indicate that the floccu- (about 3.5). Floc/water metal partitioning

lated iron oxyhydroxide material that coats increases as the pH increases, but aqueous
streambed pebbles in St. Kevin Gulch is not an concentrations of several metals at pH 6 are still

significant.
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Figure B-26b. — Titration curve for floc suspension collected from site SK—49.
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COLLOIDAL PROPERTIES OF FLOCCULATED BED MATERIAL IN A
STREAM CONTAMINATED BY ACID MINE DRAINAGE,
ST. KEVIN GULCH, COLORADO

By James F. Ranvillel’z, Kathleen S. Smithl’z, Donald L. Macaladyz, and Terry F. Rees!

ABSTRACT

A suite of samples of flocculated iron
oxyhydroxide material (floc) was collected along
St. Kevin Guich, a central Colorado metal-rich
stream (pH less than 3.8) contaminated by acid
mine drainage. Iron is the predominant metal in the
floc, with minor amounts of aluminum, zinc, and
manganese, and trace amounts of lead, copper, and
cadmium. Scanning electron microscopy reveals
that the floc is composed of aggregates, generally
greater than 1 micrometer in size, of uniformly sized
0.04 micrometer spheroids. Large values of surface
area, on the order of 150 square meters per gram,
were measured. Electrophoretic mobility measure-
ments, made using a light-scattering technique,
indicated a near-neutral charge in the shear plane.
Formation of these flocs from iron oxyhydroxide
colloids in the stream is consistent with the near-
zero charge implied by their electrophoretic mobil-
ity. The mechanism(s) of formation of these
apparently monodisperse colloids, the physical
chemistry responsible for the surface charge
neutralization, and the importance of the floc
aggregates in metal partitioning in St. Kevin Gulich
are under investigation.

INTRODUCTION

St. Kevin Gulch, located 7 km (kilometers)
northwest of Leadville, Colo., is a small subalpine
stream contaminated by acidic drainage from
abandoned mines and mill tailings (McKnight
and others, 1988). As a result, the streamwater is
acidic (pH less than 3.8) and contains elevated
concentrations of sulfate, iron (Fe), aluminum
(Al), manganese (Mn), zinc (Zn), and several
other trace metals.

Streambed materials in St. Kevin Gulch, as in
most streams contaminated by acid mine
drainage (AMD), are heavily coated with yellow
to orange red precipitates of hydrous Fe oxides.
The importance of Fe oxyhydroxides in the

ys. Geological Survey, Denver, Colo.
ZColorado School of Mines, Golden, Colo.
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removal of dissolved metals by sorption and/or
coprecipitation has been extensively examined in
laboratory studies (Davis and Leckie, 1978;
Benjamin and Leckie, 1981) and field investiga-
tions (Jenne, 1968; Robinson, 1981; Lion and
others, 1982; Singh and Subramian, 1984;
Johnson, 1986). The ability of such material to
scavenge metals from solution is strongly
controlled by its surface properties—its charge,
area, and adsorption site density.

These surface properties, especially charge,
also strongly affect the transport of colloidal Fe
oxyhydroxides in surface waters. Charge repul-
sion caused by the electrostatic charge on the
particle surfaces is a major mechanism for main-
taining the particles in suspension. The develop-
ment of surface charge on oxides is a result of
acid-base reactions on the surface and is there-
fore strongly pH-dependent. For most Fe
oxyhydroxides, the zero point of charge (ZPC) is
approximately pH = 6 to 9 (Parks, 1965). Ata
pH less than the ZPC, the surface is positively
charged. At a pH greater than the ZPC, a nega-
tive surface charge is expected. When electro-
phoresis is used to measure surface charge, the
point of zero net surface charge is called the
isoelectric point (IEP).

Adsorption of organic matter onto particle
surfaces has been widely recognized as the major
factor in producing a ubiquitous net negative sur-
face charge on particles in natural waters
(Hunter and Liss, 1979; Tipping and Cooke,
1982). A study of the Carnon River, England, has
shown that, in an AMD contaminated stream
with chemistry similar to St. Kevin Gulch, insuffi-
cient organic matter to completely coat the Fe
oxyhydroxide particles has resulted in positively
charged particles (Newton and Liss, 1987).

The goal of this study is to improve an
understanding of the role of Fe oxyhydroxide sur-
face chemistry in the transport of Fe and trace



metals in AMD affected streams. This paper
reports the results of a preliminary reconnais-
sance study of Fe oxyhydroxide surface chemistry
at St. Kevin Gulch, performed in August 1987.

EXPERIMENTAL METHODS

Four samples of the flocculated material
coating the streambed rocks in St. Kevin Guich

were collected in August 1987. The sampling
sites were SK-20, SK-25, SK-37, and SK-700
(fig. B-29). This material was yellow to orange
red. The floc upstream from the confluence of
Shingle Mill Gulch was redder than the floc
downstream of the confluence. The floc formed
a loosely held coating, the thickness of which dif-
fered among the sites, being thickest at site
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Figure B-29. —Sample-collection locations along St. Kevin Gulch and Shingle Mill Gulch (modified
from McKnight and others, 1988, fig. 1).
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SK-25. A sediment sample also was collected
from Shingle Mill Gulch, a tributary with higher
pH and lower dissolved metal concentrations
than that of St. Kevin Gulch. This sample was
brownish gray and appeared to be clay-rich.
Sample materials from St. Kevin Gulch were
obtamed by collecting streambed pebbles and
agitating them with streamwater in a polyethylene
bottle. The Shingle Mill Gulch sample was
obtaimed by agitating moss in a similar manner.
The resulting concentrated suspensions were
transferred to sterile borosilicate glass bottles
and kept refrigerated prior to analysis. Measure-
ments of pH and stream temperature were made
at the time of sample collection. Dissolved
organic carbon analyses were attempted but were
unsuccessful because of sample contamination.

Quantitative chemical analysis was performed
on a cold nitric acid digestate of air-dried sample
using inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES). Percent carbon
was measured on air-dried samples by combus-
tion of the sample followed by coulometric titra-
tion of the evolved CO2. Surface area was
measured using a single-point N2 adsorption
(BET) technique.

Particle size and morphology were investigated
with scanning electron microscopy (SEM).
Qualitative chemistry was obtained by energy dis-
persive X-ray analysis (EDAX). SEM and
EDAX analyses were performed on the fine frac-
tion of material obtained by agitating the sample
in native streamwater, allowing the suspension to
settle for 30 minutes, then filtering a small volume
of the supernatant liquid through a 0.1 um
(micrometer) Nucleopore3 filter.

The surface charge, more properly the
electrophoretic mobility, of the fine fraction dis-
persed in the streamwater was measured using a
laser electrophoretic light-scattering technique
(ELS). This method involves the measurement of
the frequency shift in the light scattered by
charged particles moving under the influence of
an electric field (Rees, 1987). The magnitude of
this shift is proportional to the particle velocity
under an applied potential and is a measure of the
charge on the region of the double layer known as
the shear plane. The shear plane can be defined
as the plane that separates solvent molecules and
adsorbed ions that drift with the particle under

the influence of an applied field from solvent
molecules and ions that remain immobile under
the field. Some knowledge of the nature of the
adsorbed ions in the double layer is necessary to
translate electrophoretic mobilities to surface
charge values, which are usually determined by
potentiometric titration.

RESULTS

Figure B-30a shows the low values and small
variation of pH in St. Kevin Gulch. The pH of
Shingle Mill Gulch (6.5) is considerably higher
than that of St. Kevin Gulch. Inflow of this stream
results in a slight increase in the pH of St. Kevin
Gulch.

The chemical composition of the St. Kevin
Gulch floc and Shingle Mill Gulch sediment, as
determined by ICP-AES, is shown in table B-6.
Fe is the predominant metal in St. Kevin Gulch
floc. The percentage of Fe in the floc is greatest
in the sample collected at site SK-25 (just below
the confluence with Shingle Mill Gulch) and less
in the sample from site SK-20 (above the con-
fluence with Shingle Mill Gulch and immediately
below the tailings inflows) and in samples from
progressively downstream sites (SK-37 and
SK-700). The high Fe content of the floc is in
agreement with the dominance of various forms
of Fe oxyhydroxides (Fitzpatrick, 1989, this
Proceedings). The floc also contains minor
amounts of Al, Zn, and Mn. Trace amounts of
lead (Pb), copper (Cu), and cadmium (Cd) are
present. Concentrations of Al, Mn, and Zn in the
floc generally increase downstream. The Shingle
Mill Gulch floc sample contams a much lower Fe
concentration and higher concentrations of Al,
Mn, and Zn than do the St. Kevin Gulch samples.
This higher trace-metal content in the Shingle
Mill Gulch may reflect increased efficiency of
metal scavenging by the streambed materials at
higher pH (Smith and others, 1989, this Proceed-
ings). Figure B-30b presents the results of
organic carbon analysis of the floc. The percent-
age of organic carbon is low (less than 1 percent)
in the floc and increases downstream. The
Shingle Mill Gulch sample is higher in organic
carbon. Possible explanations for this increase
may be the incorporation of dissolved organic
matter into the floc or an increase in the ratio

3The use of brand names is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey.



Table B-6.— Elemental chemistry of the nitric acid soluble fraction of St. Kevin Gulch floc and
Shingle Mill Gulch sediment

[—, below detection; %, weight percent; ppm, milligrams per kilogram]

Shingle
Con- Mill
stit- St, Kevin Gulch Gulch
uent SK-20 SK-25 SK-37 SK-700 SMG
Fe (%) 379 433 32.8 28.0 10.6
Al (%) 6 11 13 1.6 6.8
Mn (%) 05 08 220 15 4.80
Zn (%) .08 15 28 38 233
Cu (ppm) 78 136 197 192 993
Pb (ppm) - - 575 - 975
Cd (ppm) 35 63 48 50 170
1Fe, iron; Al, aluminum; Mn, manganese; Zn, zinc; Cu, copper; Pb, lead; Cd, cadmium.
of organic-matter production to metal 10um also composed of very small

precipitation.

The results of the N2 BET adsorption are
shown in figure B-30c. St. Kevin Gulch floc has a
large surface area of 50 to 170 mzlg (square meters
per gram). There is a slight increase in surface
area at site SK-25 followed by a general decrease
in downstream samples. The surface area com-
puted from the observed partlcle diameter, assum-
ing a spherical shape, is 40 m /g Surface area
computed from the unit cell size of 160 angstroms
determined for SK-25 floc by Fltzpatrlck (1989,
this Proceedmgs) gives a value of 110 m%g, a value
that isin somewhat bctter agreement with the BET
results than the 40 m /g computed value.

Electrophoretic mobility results, shown in
figure B-30d, indicate a near-neutral surface
charge in the shear plane for all St. Kevin Guich
samples. The sample from Shingle Mill Gulch on
the other hand, exhibited a large negative
electrophoretic mobility (-1.3 micron
centimeter/second volt), indicating negatively
charged surfaces.

Direct observation by SEM indicates that the
fine fraction of the iron-rich floc is present as 1 to
10 um aggregates composed of very small, uni-
formly sized spheroids (0.040 = 0.008 #m). This is
the predominant morphology in samples SK-20
and SK-25. An example of this morphology is
shown in figure B-31. SEM examination of the
larger fraction, which settled after 30 minutes,
showed the presence of aggregates larger than
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spheroids. Similar aggregates are visible in the
downstream samples, but they are mixed with
other particle types. The sample from Shingle Mill
Gulch does not display particles with this
characteristic morphology.

DISCUSSION

St. Kevin Gulch floc has a near-zero
electrophoretic mobility despite an ambient
stream pH well below the expected ZPC for Fe
oxyhydroxides. This indicates either incorpora-
tion of low-ZPC materials or adsorption of anions
at the double layer. Possible anionic species
responsible for surface-charge neutralization
include sulfate and/or organic matter. The deter-
mination of the species responsible for this charge
neutralization will be attempted during the 1988
field season. Interpretation of metal partitioning
results may be facilitated by this knowledge.

Particle size, determined by SEM, is quite small
(0.040 = 0.008 #m for SK-25) and is expressed in
the large measured surface areas (approximately
150 m“/g). Decrease in surface area per gram
downstream could result from increase in the pro-
portions of larger detrital minerals or recrystalliza-
tion of the Fe floc. A possible consequence of this
decrease in surface area may be a general loss of
surface adsorption sites downstream.

The formation of these flocs from Fe
oxyhydroxide colloids in the stream is consistent
with the near-zero charge implied by their electro-
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PRELIMINARY ASSESSMENT OF THE EFFECTS OF ACID MINE
DRAINAGE ON GROUND WATER BENEATH A WETLAND NEAR
LEADVILLE, COLORADO

By Katherine Walton-Day1 and Paul H. Briggs'

ABSTRACT

St. Kevin Gulch, located west of Leadville,
Colorado, is a stream that is affected by acid mine
drainage; it drains to the east into a wetland before
entering Tennessee Creek and the East Fork of the
Arkansas River. Surface- and ground-water
samples were collected from the wetland area to
allow characterization of the water samples and to
determine if ground water has been affected by acid
mine drainage. Analyses of the water samples
showed that most of the water is a calcium sulfate
type, indicating the presence of sulfide mineraliza-
tion in the study area. Ground-water samples that
may have been affected by acid mine drainage are
relatively oxidized, contain elevated concentrations
of manganese and sulfate relative to other samples,
and were collected from the western side of the study
area near known areas of mineralization.

INTRODUCTION

Acid mine drainage (AMD) is an
environmental problem in the coal mining areas
of the Eastern United States and in the base- and
precious-metal mining areas of the Western
United States. The oxidation of pyrite that com-
monly is associated with mineral deposits
produces elevated concentrations of sulfuric acid,
which can mobilize toxic and heavy metals. These
metals may drain from the mined areas and enter
surface-water systems. In Colorado, 25 water-
sheds and 450 stream-miles contain no aquatic
life and are unfit for beneficial use as a result of
toxic drainage from inactive mines (Wentz, 1974).

Recently, several studies conducted in the
Eastern United States have shown that routing
AMD through natural and manmade wetlands
improves the water quality of the AMD
(Huntsman and others, 1978; Snyder and
Alarrah, 1984; Weider and Lang, 1984; Erickson
and others, 1987). Initial studies are being con-
ducted to determine whether the technique will
be viable in subalpine environments of the Rocky
Mountains (Emerick and Cooper, 1987; Emerick

lus. Geological Survey, Denver, Colo.
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and others, 1987; Wildeman and Laudon, 1988).
The results presented here are the initial results
from an ongoing study designed to evaluate the
treatment effectiveness of a natural wetland
receiving AMD in a subalpine environment.
Specifically, this paper (1) evaluates the chemical
characteristics of some of the surface-water
inputs to the wetland and of water in a shallow
sand and gravel aquifer beneath the wetland and,
(2) assesses whether the ground water has been
affected by AMD.

LOCATION AND METHODS

The study area is a wetland approximately 100
acres in size located on the western side of
Tennessee Park, northwest of Leadville, Colo.
(fig. B-32). The St. Kevin mining district, in the
foothills west of the wetland, has been
sporadically mined for silver sulfide ore. Tailings
piles are located in the valleys containing St.
Kevin, Gleason, and Temple Gulches. Although
all three gulches have the potential to contribute
acid and metals to the wetland, St. Kevin Gulch is
the only known source of AMD to the wetland.

In August 1987, 13 shallow observation wells
(fig. B-32) were constructed in a sand and gravel
aquifer that underlies the wetland. Figure B-33
shows the well design relative to the stratigraphy of
the area. The thickness of the peat and clay layers
at the site range from 1 to about 4 feet and from
zero to 5 feet, respectively. The thickness of the
sand and gravel aquifer was not determined. All
wells were repeatedly pumped and surged until
the water cleared and pH and specific conduc-
tance remained constant with continued pumping.

In October 1987, water-quality samples were
collected from two of the surface-water sites
(Temple and Gleason Gulches), and from 7 of the
13 observation wells (MW-3, MW-5, MW-6,
MW-7, MW -8, MW —9, and MW-11). Grab
samples were collected from the surface-water
sites. Ground-water samples were collected after
three-casing volumes were pumped from the
wells. Specific conductance and pH were
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measured during sample collection. Sample
aliquots were filtered through 0.45-um (microme-
ter) filters for analyses of anions, major cations,
and trace metals. Samples for cation and metal
analyses were acidified to a pH of less than 2 with
nitric acid. Aliquots of raw sample were retained
for alkalinity titrations.

Major-cation and trace-metal concentrations
were determined using inductively coupled
plasma-atomic emission spectrometry.
Bicarbonate-ion content was determined using
a gran titration (Stumm and Morgan, 1981) the
day after sample collection. Other anion

concentrations were determined by using an ion
chromatograph. Relatively reduced samples
were detected by the presence of hydrogen
sulfide (H2S) odor during sample collection.

RESULTS AND DISCUSSION

Analytical results are shown in table B-7 and
in figures B-34 and B-35. A Piper plot of the
major cations and anions (fig. B-34) shows that
there are two types of water in the study area: a
calcium sulfate type and a calcium bicarbonate
type. Relative cation contents are similar for all
samples (fig. B-34). All samples except those
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Table B-7. — Wetland water-quality data, October 1987

[LD = less than detection; GLE = Gleason Gulch; TEM = Temple Gulch; MW = observation well;
cation and trace-metal analyses for MW-6 obtained from sample aliquot filtered through 0.1-um filter;
presence of hydrogen sulfide odor indicated by Y; specific conductance is in microsiemens per

centimeter at 25 degrees Celsius; mg/L, milligrams per liter; ug/L, micrograms per liter]

Detec- Sample
tion
limit GLE TEM MW-3 MW-5 MW-6 MW-7 MW-§ MW-9 MW-11

pH 723 779 644 634 575 595 606 543 628

Specific 120 52 350 112 178 278 288 305 225
conductance

Calcium, Ca 002 130 47 231 77 149 247 283 267 215
in mg/L

Magnesium, Mg 01 54 16 8.1 24 41 79 85 8.6 71
in mg/L

Sodium, Na, 2 3.5 27 1.0 34 9.1 6.3 7.3 44 3.1
in mg/L.

Potassium, K 1 13 11 1.7 -5 11 12 1.5 1.9 21
in mg/L.

Iron, Fe in 1 LD 5 9.8 71 13.7 11 10.2 S 45
mg/L

Manganese, Mn, 1 25 1 749 585 424 18 362 603 541
nu

Aluminum, Al 1 LD LD LD 3 6 LD LD 2 1D
in mg/L

qumium, Cd 1 LD 1D LD LD LD LD LD LD LD
in ug/L

Copper, Cuin 10 LD LD LD LD LD LD LD LD LD
u

Nickel, Ni in 5 LD LD LD LD LD 89 LD 61 LD
pg/L

Cobalt, Co in 3 LD LD LD LD LD 34 LD 41 LD
pg/L

Lead, Pbin 10 LD LD LD LD LD LD LD LD LD
pg/L

Zinc, Zn in 3 243 12 46 18 11 20 6 188 LD
u

Sulfate, SO4 1.0 279 40 620 137 58 470 567 701 421
in m

Chloride, Cl 1 LD LD LD 10 1 LD LD LD LD
in

Fluoride, F in 1 LD LD LD LD 1 3 LD LD LD
mg/L

Bicarbonate, S 239 183 301 144 415 285 295 9 314
HCO3 in mg/L

Hydrogen
sulfide odor Y Y Y Y Y

from Temple Gulch and MW-6 contain greater
proportions of sulfate than bicarbonate.

The predominance of sulfate in most of the
water samples collected in the area is related to
the metal sulfide mineralization occurring in the
St. Kevin mining district. The location of the
greatest concentrations of sulfate on the south-
western side of the area (fig. B-35), closest to
known sulfide mineralization, supports this idea.
Sulfate contributions may result from the natural

weathering of pyrite-rich mineral deposits in the
area or from accelerated weathering of the
deposits caused by mining activities. The
elevated sulfate concentration in MW-8,
upgradient from St. Kevin Gulch, seems
anomalous. However, tailings piles in Gleason
and Temple Guiches indicate the presence of
mineralization and, therefore, sources of sulfate
upgradient from MW-8.
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Figure B-35. — Areal distribution of: (A) iron and sulfate concentrations and sites of hydrogen sulfide odor
detection, and (B) manganese, zinc, and aluminum concentrations. See figure B-32 and table B-7 for

sample locations and data values.

St. Kevin Gulch waters exhibit elevated
concentrations of iron, manganese, zinc,
aluminum, cadmium, and copper (Kimball and
others, 1988). Accordingly, surface and ground
waters in the area that are affected by mine
drainage from St. Kevin Gulch should have
similar metal signatures. However, the greatest
iron and manganese concentrations are
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associated with the relatively reduced samples in
the eastern and northern parts of the wetland,
rather than in areas near the mining area west of
the wetland (fig. B-35). Exceptions to this trend
are MW-3, which is relatively oxidized and con-
tains the third highest concentration of iron and
the highest concentration of manganese, and
MW-9, which is relatively oxidized and contains



the second highest manganese concentration.
The greatest zinc concentrations are found at
Gleason Gulch and MW-9, probably as a result
of mining activities. Concentrations of copper
and cadmium are below the detection limits of 10
and 1 ug/L (micrograms per liter), respectively,
in all samples. The aluminum in MW-9 may indi-
cate that ground water has been contaminated by
AMD from St. Kevin Gulch. However, the alu-
minum in MW-5 and MW-6, which are north of
and presumably upgradient from St. Kevin
Gulch, probably results from natural weathering
processes rather than from contamination of
ground water by surface AMD. The proximity of
MW-3 to St. Kevin Gulch supports the possibility
that the observed metal concentrations result
from contamination. Color patterns observed on
the land surface between St. Kevin Gulch and
MW-9 indicate the presence of shallow ground-
water conduits between the two locations. In
addition, the low pH, low bicarbonate-ion con-
tent, and fairly high specific conductance of water
at MW-9 (table B-7) support the hypothesis of
ground-water contamination by AMD. There-
fore, contamination of ground water in the study
area by AMD occurs at MW-3 and MW-9 and is
characterized by oxidized waters containing rela-
tively large concentrations of manganese and sul-
fate; concentrations of other trace metals show
no pattern that can be used to relate their con-
centrations to contamination of ground water by
AMD.

CONCLUSIONS

Two types of water occur in the study area:
a calcium-sulfate type and a calcium-bicarbonate
type. Most of the samples collected from the
study area are calcium-sulfate type. The pre-
dominance of sulfate indicates the presence of
metal-sulfide mineralization in the study area.
Ground water that may have been contaminated
by AMD from St. Kevin Gulch (1) is present on
the western side of the study area, near areas of
mineralization, (2) appears to be relatively
oxidized, and (3) contains elevated
concentrations of sulfate and manganese.
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consumption of the scavenger by hydroxyl
radicals. The n-butylchloride in this study was
measured by gas chromatography using a flame
ionization detector after extraction by a purge-
and-trap device. Iron was analyzed colorimetri-
cally using 2,2'-bipyridine (Moss and Mellon,
1942).

RESULTS AND DISCUSSION

The concentration of total iron in filtered (0.01
pum (micrometer)) St. Kevin Gulch water is a max-
imum of 11 mg/L (milligrams per liter) where
effluent from mine tailings enters the stream (sta-
tion SK-20), and rapidly decreases downstream
because of precipitation and dilution (table B-8).
Precipitation of ferric hydroxides is visually
apparent as red-brown coatings on the streambed
and by red-brown flocs in the stream. The pH
increases from 3.4 at station SK-20 to 6.5 at SK-60
by dilution from incoming streams. Increasing pH
affects both the concentration of total dissolved
iron, the speciation of dissolved iron, and the
nature of surface complexes with -OH andR".

Table B-8.—Iron (Fe) and hydroxyl radical
([-OHJss) concentrations in St. Kevin Gulch
water

[mg/L, milligrams per liter; mol/L, moles per

liter]
Station  Fe total pH [-OH]ss
(mg/L) (mol/L)
SK-20 1098 34 2x1013
SK-50 118 37 3x10°H4
SK—60 03 6.5 4x10°°

The ratio of the initial and final concentrations
of the radical trap n-butylchloride as a function of
photon irradiation is illustrated in figure B-37 for
the three stream samples. The sample from
SK-20 had the most rapid decrease in
n-butylchloride as a function of absorbed
photons, indicating that this sample had the
largest concentration of hydroxyl radicals relative
to water from the other two stations. The steady-
state concentration of photolytically produced
hydroxyl radicals ([-OH]ss) in waters collected
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from St. Kevin Gulch ranged from 4x10"" mol/L
(moles per liter) in water containing 0.03 mg/L
iron to 2x10"®> mol/L in a sample containing 11
mg/L iron (table B-8). The latter value of
[-OH]ss is unusually large for a natural water
sample after ultraviolet-lamp irradiation in the
laboratory. Previously, Haag and Hoigne (1985)
reported a value of 0.7+0. 3x10"* mol/L in Swiss
lake water irradiated in the laboratory using

-butylchlonde as a radical trap. Mill and others
(1980), using 10 mol/L cumeme asa radical trap
reported a [- OH]ss of about 10" mol/L in lake
and river samples, and Russi and others (1982),
using 10 "> mol/L benzene as a trap, estimated a
[- OHJss of 5%10°26 mol/L.

Therc was an apparent linear relation
(r*= 0.995) between the amount of iron in the
sample and the steady-state concentration of
hydroxyl radicals in the samples (fig. B-38). A
number of solution components not investigated
here also influence the production of hydroxyl
radicals. These compounds include dissolved
nitrate and organic compounds (Zepp and
others, 1987). In this stream, nitrates are below
the detection limit and organic compounds are

present in low concentrations (0.5 mg/L at
SK-50), with the possible exception of SK~60,
where there was relatively little - OH production
(McKnight and others, 1988). The relation
between iron concentrations and [+ OH]ss indi-
cate that in streams containing high concentra-
tions of iron, abiotic photolysis, as measured by
the steady-state hydroxyl radical concentration,
may be correlated with the presence of dissolved
and colloidal iron.
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distribution of ammonium is caused, in part, by
adsorption onto the aquifer sediments (Ceazan,
1987), and thus retards the movement of ammo-
nium. Detergent concentrations exceed 0.5 mg/L
methylene-blue-active substances (MBAS) from
0.9 to 3.0 km downgradient from the sewage
infiltration beds (fig. C-3). This distribution of
detergents reflects the use of nonbiodegradable
detergents on the base during 1946-64 (LeBlanc,
1984a). Elevated VOC concentrations are
present in two zones, one which is immediately
downgradient from the disposal beds and the
other more than 1 km downgradient. The source
of the VOC immediately downgradient from the
disposal beds is still under investigation because
the VOC are found below the sewage contamina-
tion. However, the more downgradient VOC
plume is thought to originate from the sewage
treatment facility because the VOC are found in
the sewage plume itself.

INITIAL PHASE OF RESEARCH

In the first phase of research sponsored by the
Toxic Waste Hydrology Program, which is
described in LeBlanc (1984b) and Ragone
(1988), hypotheses concerning transport of con-
taminants were proposed and began to be tested.
During this phase, transport of boron and deter-
gents was simulated with a two-dimensional
numerical model, and wells were drilled and
sampled for major inorganic contaminants,
organic compounds, and indigenous bacteria.

LeBlanc (1984c) simulated the transport of
boron using a two-dimensional method-of-char-
acteristics solute-transport model. Although a
comparison of the simulated and the observed
plumes indicates that the general flow path was
closely matched, the observed and simulated con-
centrations generally did not agree. This lack of
agreement reflects the inadequacy of the two-
dimensional model in describing the movement
and spreading of contaminants through the
aquifer. As precipitation percolates to the water
table and recharges the aquifer, the plume sinks
with very little vertical mixing. Because the model
treats the system as fully mixed over the thickness
of the aquifer, it predicts a much more rapid
decrease in solute concentration downgradient
from the infiltration beds than actually occurs.
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Accordingly, it was concluded that a three-
dimensional model was needed to simulate the
transport of contaminants through the aquifer
accurately.

Sampling during 1983 and 1984 confirmed the
earlier findings by LeBlanc in 1979 for inorganic
constituents and identified the presence of VOC
in the sewage plume (Thurman and others, 1984).
Concentrations of these toxic organic compounds
exceeded 50 ug/L (micrograms per liter) in a
zone 500 to 2,600 meters from the infiltration
beds, which suggested that the VOC are mobile
and not readily degraded in the sandy aquifer.
Trichloroethene, tetrachloroethene, and
dichlorobenzene had traveled farther than did
nonylphenol (a semivolatile organic compound)
in agreement with estimated retardation rates
based on hydrophaobicity of the compounds (Bar-
ber and others, 1988). However, the relative
importance of changes in the concentration of
these compounds in the sewage, their retardation
by adsorption on the sediments, and their
biodegradation were not known. Elevated VOC
concentrations were discovered near the sewage
beds later in the study (E.C. Jordan, Inc., written
commun., 1986).

Bacterial populations were also measured in
the plume for the first time in 1983. Bacterial
populations were found to be as large as 2 mil/mL
(million per milliliter) near the infiltration beds
and then decreased to about 250,000 mL (mil-
liliter) 1 km from the beds (Harvey and others,
1984). These numbers appear to correlate with
the availability of degradable organic com-
pounds; concentrations of dissolved organic
carbon decreased from 12 mg/L to less than 2
mg/L over the same distance. The decrease in
bacterial numbers with distance, particularly bac-
teria smaller than 0.4 yum (micrometers) in
diameter, also suggested that transport and filter-
ing of bacteria is occurring.

Measurements of rates of microbial activity in
the plume also were included in the first phase of
research (Smith and Duff, 1988a, b). Assays of
microbial activity were made of water and sedi-
ments because more than 90 percent of bacteria
were found to be attached to silt- and clay-sized
particles. Results of these efforts have shown



that rates of microbially mediated denitrification
were greatest in water and sediment samples
collected from a 1- to 2-meter-thick zone near the
top of the plume.

CURRENT RESEARCH

Observed distributions of contaminants and
bacteria were used in the first phase of research
to infer major processes that affect the transport
and attenuation of contaminants in the plume.
Two factors limited adequate testing of these
hypotheses: First, the history of chemical
quality of the sewage plant effluent is largely
unknown; second, methods to measure rates of
dispersion and reactions in the aquifer were
inadequate. Unknown source history and inade-
quate sampling methods are problems that face
investigators at most toxic-waste sites. There-
fore, current research at the Cape Cod site has
focused on the development and use of field
tracer experiments and specialized sampling
methods to improve an understanding of
transport processes.

Sixteen tracer tests have been conducted at
the Cape Cod site from 1984 to 1987 (table C-1).
These tests have included nine forced-gradient
and seven natural-gradient experiments. The
forced-gradient tests have included three
doublet-well tests, in which the rate of injection in
one well and the rate of pumping in the other well
were about the same; a convergent test, where the
withdrawal rate at the pumped well is large and
the injection rate at the injection well is relatively
small and of short duration; and five divergent
tests, in which the injection rate is high and the
withdrawal rate (through sampling ports in a
multilevel sampler) are small. The six forced-
gradient tests conducted during 1984 were used
to obtain estimates of porosity and a qualitative
understanding of aquifer heterogeneity, and to
develop and test equipment needed for a future,
larger-scale tracer test (Garabedian, 1987).

A small-scale natural-gradient test was con-
ducted in early 1985 at the location of the large-
scale test to obtain a better estimate of solute
velocity for planning of the large-scale test. The
large-scale natural-gradient tracer test was con-
ducted from 1985 to 1987 to measure dispersion
in the aquifer and to determine geochemical
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controls on reactive transport in a heterogenous
aquifer (Garabedian, 1987; LeBlanc and others,
1987). Bromide, a nonreactive tracer, was
monitored with a three-dimensional array of
9,600 samipling points as it moved 280 meters
through the aquifer. Statistical analysis of
bromide concentrations has shown that disper-
sivity is about 1.0 meter in the direction of flow,
about (.02 meter in the transverse horizontal
direction, and about 0.002 meter in the transverse
vertical direction.

Two reactive tracers, lithium and molybdate,
also were monitored as part of the large-scale
tracer test and were found to be significantly
retarded relative to bromide. For lithium, a
cation, adsorption occurs both on the mineral
surfaces and, more significantly, inside the
weathered feldspar grains. Adsorption occurring
inside the feldspar grains is controlled by dif-
fusion into the micropores. The result is a
skewed distribution of lithium (Wood and others,
1989, this Proceedings). Adsorption of molyb-
date, an oxyanion of molybdenum, is affected by
pH and by the concentration of phosphate,
another oxyanion competing for adsorption sites
(Stollenwerk and Grove, 1987; Stollenwerk and
Kipp, 1989, this Proceedings).

Other tracer tests conducted at the Cape Cod
site were used to measure aquifer properties,
nutrient mobility, microbial activity, and bacterial
transport in the aquifer (table C-1). The results
of a test using heat as a tracer were used to calcu-
late aquifer porosity, longitudmal dispersivity for
mass and temperature, bulk thermal conductivity,
and apparent longitudinal thermal conductivity
(Barlow, 1987). Two other tracer tests were con-
ducted at the same site with ammonium and
bromide as tracers. Results of these tests showed
that ammonium, a cation, is retarded by ion
exchange relative to the nonreactive anionic
tracer, bromide, causing cations such as calcium,
magnesium, and potassium to be released into
solution (Ceazan, 1987).

A method to measure directly microbial activ-
ity in the aquifer at a site where denitrification is
occurring was tested using methane and a
chlorofluoromethane as tracers (Smith and
others, 1987; Smith and others, 1989, this



Table C-1.— Tracer tests conducted at the Cape Cod Research Site from 1984-87
[See fig. C-3 for locations]

NHs*

Br = bromide = ammoniunt
cr = chloride NO3s" = nitrate
Li = lithium K* = potassium
F = fluoride CHs = methane
MoOs> = molybdate CBH; = carbon 13 labeled methane
Maximum
Injection Injection travel
Test type date, location Tracers distance Reference
month/year (meters)
Doublet 6/84 FSW 389 Br 3.7 Garabedian, 1987
Doublet 7/84 FSW 386 Br 3.7 Garabedian, 1987
Convergent 7/84 FSW 372 Br 6.1 Garabedian, 1987
Doublet 8/84 FSW 391 Br’ 3.7 Garabedian, 1987
Divergent 8/84 FSW 394 Br 6.1 Garabedian, 1987
Divergent 9/84 FSW 393 Br 6.0 Garabedian, 1987
Natural gradient 3/85 FSW 415 cr 10 Garabedian, 1987
Natural gradient 7/85 FSW415 Br,Lit,F MoOs# 280 Garabedian, 1987
Divergent 10/85  FSW 393 Br NHst, 3.1 Ceazan, 1987
bacteria
Divergent 6/86 FSW 393 Br ,NOy’, 31 Ceazan, 1987, and
K*, bacteria Harvey and others,
microspheres in press
Natural gradient 6/86 FSW 347 cr 6.7 Smith and others, 1987
Divergent 8/86 FSW 393 Br’, heat 31 Barlow, 1987
Natural gradient  10/86 FSW 347 CHa4,CI', 6.7 Smith, this Proceedings
chlorofluoro-
methane,
microspheres
Natural gradient 6/87 FSW 347 C13H4,Br', 6.7 Smith, this Proceedings
microspheres
Natural gradient 6/87 FSW 168 Br 6.9 Harvey, this Proceedings
Natural gradient ~ 10/87 FSW 347 Br’, bacteria 6.7 Harvey, this Proceedings

Proceedings). These dissolved gases were
transported without retardation, but concentra-
tions of methane apparently decreased because
of biodegradation. Five tracer tests conducted at
two sites showed that transport of bacteria may
be affected by bacterial size and electrical charge
on the surfaces of the bacteria (Harvey, 1989, this

139

Proceedings; Harvey and others, in press). In
one test, the bacteria moved at the same rate as
chloride through about 7 meters of the aquifer
under a natural hydraulic gradient. Tracer tests
conducted during 1988 include experiments on
the effect of complexing ligands on metal trans-
port in aquifers (Davis, 1989, this Proceedings).



A major research thrust at this site has been to
relate the dispersion of solutes to the hetero-
geneity of aquifer hydraulic properties. In par-
ticular, it has been found that dispersion of
solutes in aquifers is strongly affected by varia-
tions in hydraulic conductivity. Hydraulic con-
ductivities are being measured at close intervals
in continuous cores of sediments from the large-
scale tracer-test site using a constant-head
permeameter and are being compared to values
determined by analysis of borehole-flowmeter
logs. Comparisons of these two methods are
made both statistically, using data from different
holes, and directly, using information from the
same hole. The statistical information includes
estimates of means and variances, and variogram
analyses (Hess and others, 1989, this Proceed-
ings). The results of statistical analyses and the
large-scale tracer-test results will be used to test
stochastic theories relating dispersion to varia-
tions in hydraulic conductivity.

Other current research topics at the Cape Cod
site include an examination of the sediments to
determine the primary control of adsorption of
organic compounds in the aquifer. Preliminary
examination of sediment mineralogy and grain
coatings shows that, although the organic-carbon
content of the sediments is low (about 0.015
percent), hydrophobic organic compounds may
be retarded in the sandy sediments by preferen-
tial adsorption onto particular mineral surfaces
(Barber, 1989, this Proceedings). In addition,
about 200 wells were sampled during spring 1988
to define the distribution of organic and inor-
ganic constituents in the sewage plume. This
information, along with the results of the tracer
and hydraulic tests, will be used to improve an
understanding of the movement and fate of these
constituents in the sewage plume.

REFERENCES

Barber, L.B., II, 1989, Influence of geochemical
: heterogeneity in a sand and gravel aquifer on
the sorption of chlorobenzenes, in U.S. Geo-
logical Survey Toxic Substances Hydrology
Program--Proceedings of the technical meet-
ing, Phoenix, Arizona, September 26-30,
1988: U.S. Geological Survey Water-
Resources Investigations Report 88-4220,
p. 177-182.

140

Barber, L.B., II, Thurman, EM., Schroeder,
M.P., and LeBlanc, D.R., 1988, Long-term
fate of organic micropollutants in sewage-
contaminated groundwater: Environmen-
tal Science and Technology, v. 22, no. 2,
p- 205-211.

Barlow, P.M., 1987, The use of temperature as a
ground-water tracer in glacial outwash:
University of Arizona, Department of
Hydrology and Water Resources, unpub-
lished Master’s thesis, 141 p.

Ceazan, M.L., 1987, Migration and transforma-
tions of ammonium and nitrate in a sewage-
contaminated aquifer at Cape Cod,
Massachusetts: Colorado School of Mines,
Department of Geochemistry, Master’s
thesis, 145 p.

Ceazan, M.L,, Updegraff, D.M., and Thurman,
E.M,, 1984, Evidence of microbial processes
in sewage-contaminated ground water, in
LeBlanc, D.R,, ed., Movement and fate of
solutes in a plume of sewage-contaminated
ground water, Cape Cod, Massachusetts:
U.S. Geological Survey Toxic Waste
Ground-Water Contamination Program:
U.S. Geological Survey Open-File
Report 84-475, p. 115-138.

Davis, J.A., Kent, D.B., and Rea, B.A., 1989,
Field and laboratory studies of coupled flow
and chemical reactions in the ground-water
environment, in Mallard, G.E., and Ragone,
S.E., eds., U.S. Geological Survey Toxic Sub-
stances Hydrology Program--Proceedings of
the technical meeting, Phoenix, Arizona,
September 26-30, 1988: U.S. Geological
Survey Water-Resources Investigations
Report 88-4220, p. 189-196.

Franks, B.J., ed., 1987, U.S. Geological Survey
Program on Toxic Waste--Ground-Water
Contamination: Proceedings of the third
technical meeting, Pensacola, Florida,
March 23-27,1987:  U.S. Geological Survey
Open-File Report 87-109, 214 p.

Garabedian, S.P., 1987, Large-scale dispersive
transport in aquifers: Field experiments and
reactive transport theory: Massachusetts
Institute of Technology, Department of Civil
Engineering, unpublished Ph.D. thesis,
290 p.



Gschwend, P.M., and Reynolds, M.D., 1987,

Monodispersed ferrous phosphate colloids
in an anoxic groundwater plume: Contam-
inant Hydrology, v. 1, no. 3, p. 309-327.

Harvey, R.W., George, L.H., Smith, R.L., and

LeBlanc, D.R,, in press, Transport of micro-
spheres and indigeneous bacteria in a sandy
aquifer: Results of natural and forced
gradient tracer experiments: Environmental
Science and Technology.

Harvey, R.W., Smith, R.L., and George, L.H,,

1984, Effect of organic contamination upon
microbial distributions and heterotrophic
uptake in a Cape Cod, Massachusetts,
aquifer: Applied Environmental Micro-
biology, v. 48, p. 1197-1202.

Hess, KM., Wolf, S.H., and Celia, M.A., 1989,

Spatial variability of hydraulic conductivity in
a sand and gravel aquifer, Cape Cod, Mas-
sachusetts, in Mallard, G.E., and Ragone,
S.E.,, eds., U.S. Geological Survey Toxic Sub-
stances Hydrology Program--Proceedings of
the technical meeting, Phoenix, Arizona,
September 26-30, 1988: U.S. Geological
Survey Water-Resources Investigations
Report 88-4220, p. 143-149.

LeBlanc, D.R., 1984a, Sewage plume in a sand

and gravel aquifer, Cape Cod, Massa-
chusetts: U.S. Geological Survey Water-
Supply Paper 2218, 28 p.

— — — 1984b, Movement and fate of solutes in a

plume of sewage-contaminated ground
water, Cape Cod, Massachusetts: U.S.
Geological Survey Toxic Waste Ground-
Water Contamination Program: U.S.
Geological Survey Open-File Report 84-475,
175 p.

— — —1984c, Digital modeling of solute trans-

port in a plume of sewage-contaminated
ground water, in LeBlanc, D.R., Movement
and fate of solutes in a plume of sewage-con-
taminated ground water, Cape Cod, Mas-
sachusetts: U.S. Geological Survey Toxic
Waste Ground-Water Contamination Pro-
gram: U.S. Geological Survey Open-File
Report 84-475, p. 11-45,

141

LeBlanc, D.R., Garabedian, S.P., Wood, W.W.,
Hess, K.M., and Quadri, R.D., 1987,
Natural-gradient tracer test in sand and
gravel: Objective, approach, and overview of
tracer movement, in Franks, B.J., ed,, US.
Geological Survey Program on Toxic Waste-
-Ground-Water Contamination: Proceed-
ings of the third technical meeting,
Pensacola, Florida, March 23-27, 1987:
U.S. Geological Survey Open-File Report
87-109, p. B9-B12..

Ragone, S.E., ed., 1988, U.S. Geological Survey
Program on Toxic Waste--Ground-Water
Contamination: Proceedings of the second
technical meeting, Cape Cod, Massa-
chusetts, October 21-25, 1985: U.S.
Geological Survey Open-File Report 86-481,
173 p.

Smith, R.L., and Duff, J.H., 1988a, Denitrifica-
tion in a sand and gravel aquifer: Applied
and Environmental Microbiology, v. 54,
no. 4, p. 1071-1078.

— — — 1988b: Nitrate reduction in a sewage-con-
taminated aquifer, in Ragone, S.E., ed., U.S.
Geological Survey Program on Toxic Waste-
-Ground-Water Contamination: Proceed-
ings of the second technical meeting, Cape
Cod, Massachusetts, October 21-25, 1985:
U.S. Geological Survey Open-File Report
86-481, p. B27.

Smith, R.L., Duff, JH., and Howes B.L., 1987,
Development of techniques to measure in
situ rates of microbial processes in a
contaminated aquifer, in Franks, B.J, ed,,
U.S. Geological Survey Program on Toxic
Waste--Ground-Water Contamination:
Proceedings of the third technical meeting,
Pensacola, Florida, March 23-27, 1987:
U.S. Geological Survey Open-File Report
87-109, p. B25-B27.

Smith, R.L., Howes, B.L., and Duff, J.H., 1989,
Use of tracer tests to measure the transport
and consumption of methane in a con-
taminated aquifer, in Mallard, G.E., and
Ragone, S.E., eds., U.S. Geological Survey
Toxic Substances Hydrology Program--
Proceedings of the technical meeting,
Phoenix, Arizona, September 26-30, 1988:
U.S. Geological Survey Water-Resources
Investigations Report 88-4220, p. 167-175.



Stollenwerk, K.G., and Grove, D.B., 1987,

Natural-gradient tracer test in sand and
gravel: Nonconservative transport of molyb-
denum, in Franks, B.J., ed., U.S. Geological
Survey Program on Toxic Waste — Ground-
Water Contamination: Proceedings of the
third technical meeting, Pensacola, Florida,
March 23-27,1987: U.S. Geological Survey
Open-File Report 87-109, p. B17-B22.

Stollenwerk, K.G., and Kipp, K.L., 1989, Simula-

tion of the rate-controlled transport of
molybdate in column experiments, in
Mallard, G.E., and Ragone, S.E., eds., U.S.
Geological Survey Toxic Substances Hydrol-
ogy Program--Proceedings of the technical
meeting, Phoenix, Arizona, September 26-
30, 1988: U.S. Geological Survey Water-
Resources Investigations Report 88-4220,
p- 151-161.

142

Thurman EM,, Barber, L.B,, II, Ceazan, M.L.,

Smith, R.L., Brooks, M.G., Schroeder, M.P.,
Keck, R.J., Driscoll, AJ., LeBlanc, D.R., and
Nichols, W.J., 1984: Sewage contaminants in
ground water, in LeBlanc, D.R., ed., Move-
ment and fate of solutes in a plume of
sewage-contaminated ground water, Cape
Cod, Massachusetts: U.S. Geological Sur-
vey Toxic Waste Ground-Water Contamina-
tion Program: U.S. Geological Survey
Open-File Report 84-475, p. 47-87.

Wood, W.W., Hearn, P.P., Jr., and Kraemer,

T.F., 1989, Solute diffusion within sand of the
Cape Cod, Massachusetts, aquifer, in
Mallard, G.E., and Ragone, S.E., eds., U.S.
Geological Survey Toxic Substances Hydrol-
ogy Program--Proceedings of the technical
meeting, Phoenix, Arizona, September 26-
30, 1988: U.S. Geological Survey Water-
Resources Investigations Report 88-4220,
p. 163-166.



SPATIAL VARIABILITY OF HYDRAULIC CONDUCTIVITY IN A SAND
AND GRAVEL AQUIFER, CAPE COD, MASSACHUSETTS

By Kathryn M. Hess!, Steven H. Wolf 2, and Michael A. Celia®

ABSTRACT

Two methods have been used to obtain detailed
vertical profiles of hydraulic conductivity in the
sand and gravel aquifer on Cape Cod, Massa-
chusetts--a borehole flowmeter and permeameter
analysis of cores. The borehole-flowmeter techni-
que has been used to obtain 12-meter-long vertical
profiles of horizontal hydraulic conductivity at 19
locations. Laboratory permeameter tests of cores
from 16 locations have provided 6-meter-long
profiles. These profiles have been used to define
the spatial distribution of hydraulic conductivity in
the aquifer. Preliminary statistical analyses of
results from flowmeter tests conducted at 10 sites,
located along a 22-meter-long transect, indicate a
geometric mean hydraulic conductivity of 0.097
centimeter per second, a variance in the natural
logarithm of hydraulic conductivity of about 0.24,
and best estimates of correlation scales of 0.26
meter in the vertical direction and 5.1 meters in the
horizontal direction. Permeameter results indicate
a geometric mean of 0.03 centimeter per second, a
variance of 0.16, a vertical correlation scale of
about 0.3 meter and a horizontal correlation scale
of approximately 2 meters. These correlation
scales are statistical indicators of the length over
which hydraulic-conductivity measurements are
correlated and were determined by fitting exponen-
tial models to the results of variogram analyses of
the hydraulic-conductivity profiles. Although the
mean hydraulic-conductivity values determined by
these two methods differ, the profiles show similar
trends with depth in the aquifer. The results of the
statistical analysis are being used to test several
stochastic theories that relate macrodispersion to
the statistical properties of the spatial distribution
of hydraulic conductivity within an aquifer.

lus. Geological Survey, Marlborough, Mass.

Preliminary calculations indicate a good agree-
ment between the longitudinal dispersivity
estimated from these stochastic theories and the
dispersivity value observed in a natural-gradient
tracer test recently completed at this site.

INTRODUCTION

Improvement in the ability to predict the
movement and attenuation of contaminants in the
subsurface requires the thorough definition of
the effects of spatial variability of aquifer proper-
ties on solute-transport processes (Anderson,
1987), and methods for determining that spatial
variability need to be developed. Several theories
have been developed in recent years that define
macrodispersion, or the enhanced spreading of
solutes in aquifers, as a function of the statistical
properties of the spatial distribution of hydraulic
conductivity within an aquifer (Gelhar and
Axness, 1983; Dagan, 1984; Neuman and others,
1987). To date, these stochastic theories have
been field tested only to a limited degree
(Sudicky, 1986). The dispersion studies under-
way at the U.S. Geological Survey’s Cape Cod,
Mass., research site are designed to test these
theories in a glacial outwash, sand and gravel
aquifer. As part of these studies, more than 1,300
measurements of horizontal hydraulic conduc-
tivity were obtained by using a borehole flow-
meter. A multiple-port permeameter also was
used to obtain more than 800 measurements of
vertical hydraulic conductivity in cores. These
measurements were used to define the variability
in horizontal hydraulic conductivity in the sand
and gravel aquifer at the site. This paper
describes these techniques and the procedures
used to verify the resuiting hydraulic-conductivity
values.

2Depzu'tment of Civil Engineering, Massachusetts Institute of Technotogy, Cambridge, Mass.
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BOREHOLE FLOWMETER

For this study, nineteen 5-cm (centimeter)-
diameter wells were installed near the site of a
recently completed natural-gradient tracer test
(Garabedian and others, 1987). Figure C-4
shows the location of these wells in the gravel pit
immediately south of Otis Air Base (see
Garabedian and LeBlanc, this Proceedings,
figs. C-1 and C-3 for general location maps).
Each well was screened over a 12-meter interval
below the water table. Eighteen of these wells
were installed by a drive-and-wash technique in
order to minimize the disturbance of the aquifer

/."st«ns

(Morin and others, 1988). One well was installed
in an augered hole from which cores were also
collected. The network of wells was designed to
permit determination of horizontal correlation
scales of hydraulic conductivity by variogram
analysis (Olea, 1975). Wells were installed at
various horizontal separations, ranging from 1 to
22 meters, to obtain a maximum number of com-
parisons of hydraulic-conductivity values for the
variogram analyses. The correlation scales deter-
mined by the variogram analysis technique are
statistical indicators of the length over which
hydraulic-conductivity measurements are

correlated.
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Figure C—4. — Gravel pit south of Otis Air Base, Cape Cod, Massachusetts, showing location of
flowmeter wells and coring sites.
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Figure C-5.— Vertical profile of horizontal hydraulic conductivity determined using borehole
flowmeter technique in well FSW 417-64, Cape Cod, Massachusetts.



The flowmeter technique, developed by
Hufschmied (1986) and refined by Rehfeldt and
others, 1989, is a modification of a steady-state
aquifer test. The technique involves the pumping
of water from the well at a constant rate to estab-
lish steady-state flow into the well. An impeller
flowmeter is used to measure the velocity of
water moving up the well bore at intervals along
the well screen. The change in velocity over each
interval is used to calculate the amount of water
flowing into the well over that interval. (For this
study, a constant interval of 15 cm was used.)
From these incremental discharges, a profile
showing the horizontal hydraulic conductivity
over the screened interval is calculated. Other
parameters that are needed for the analysis are
either known or measured during the test, includ-
ing pumping rate, drawdown in the well, aquifer
temperature, and well characteristics. This tech-
nique is analogous to a single-well aquifer test in
which the pumped well also serves as the
observation well. The difference with the flow-
meter technique is that incremental discharges
inside the well are measured instead of total dis-
charge from the well. Consequently, a profile of
hydraulic conductivity as a function of depth is
obtained instead of a single average value. A
representative hydraulic-conductivity profile is
shown in figure C-5.

Visual comparison of the computed profiles
from different wells indicates several patterns of
distribution of hydraulic conductivity for the part
of the aquifer that was investigated. Each profile
indicates that hydraulic conductivity decreases
with depth. Several zones having similar
hydraulic conductivity over 22 meters in a lateral
direction, but less than 1 meter in the vertical
direction, also are evident. These observations
indicate that the correlation scale in the horizon-
tal direction is much greater than that in the
vertical direction.

Preliminary statistical analyses have been
performed on profiles from 10 wells located
along a transect oriented approximately parallel
to the mean direction of ground-water flow,
which also is the hypothesized direction of
deposition for the sand and gravel outwash. The
hydraulic-conductivity values in these 10 profiles
range from 0.02 to 0.34 cm/s (centimeter per
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second), with a geometric mean of 0.097 cm/s and
a variance in the natural logarithm of hydraulic
conductivity of 0.26. The 95 percent confidence
interval around the sample variance is 0.18 to
0.34. Although this preliminary analysis incor-
porates about 700 data points, the number of
uncorrelated data points is estimated to be less
than 100. The large uncertainty in the variance
reflects, in part, the high degree of correlation
within the data.

Correlation scales were determined by fitting
exponential models to results of variogram
analyses (Olea, 1975), using least square criteria.
Figure C-6 shows one possible exponential model
fit to the variogram results to determine the
vertical correlation scale. Preliminary analyses of
the data from 10 wells indicate a vertical correla-
tion scale for the natural logarithm of hydraulic
conductivity of 0.12 to 1.1 meters. This range in
correlation scale incorporates the uncertainty in
the variance discussed above. The best fit
exponential model uses a variance of 0.24, which
is well within the 95 percent confidence interval
about the sample variance, and yields an estimate
of the vertical correlation scale of 0.26 meter.
Analysis of the correlation structure along the
transect of ten wells yields a best fit horizontal
correlation scale of 5.1 meters with a range of 2.4
to 9.8 meters.

PERMEAMETER ANALYSIS OF CORES

The other method used extensively at the site
to describe the variability in hydraulic conduc-
tivity is the permeameter analysis of cores. Cores
were collected from 16 locations near the flow-
meter wells (fig. C-4) using a wireline piston core
barrel described by Zapico and others (1987).
Approximately 6 meters of 4.8-cm-diameter core
were collected in four or five sections at each
location beginning just beneath the water table
(Hess and others, 1987; Wolf and others, 1988).
Cores were delivered to the laboratory intact and
remained in the core liners throughout the study.

In the laboratory, the cores were first
examined by X-ray. Sedimentary features such as
fine-scale banding were apparent in the X-ray
images, indicating that disturbance caused by
coring was minimal. A multiple-port, constant-
head permeameter similar to that of Raulston
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(1986) was used to measure vertical hydraulic
conductivity over 5- to 10-cm-long sections of the
cores within the original core liners. At each of
the 16 coring locations, a profile of hydraulic con-
ductivity as a function of depth was obtained,
resulting in a data base of approximately 800 ver-
tical hydraulic-conductivity measurements. The
geometric mean of these measurements was 0.03
cm/s at 10 °C (degrees Celsius) with a variance of
the natural logarithm of hydraulic conductivity of
0.16. Separation distances between measure-
ments for correlation analysis ranged from 0.05 to
6 meters in the vertical direction and from
approximately 1 to 22 meters in the horizontal
direction. Preliminary variogram analyses have
yielded a vertical correlation scale of approxi-
mately 0.3 meter and a horizontal correlation
scale of approximately 2 meters.

The permeameter measurements on intact
cores have been compared to (1) permeameter
measurements on repacked cores, and (2)
estimates of hydraulic conductivity from grain-
size analysis. Hydraulic-conductivity values from
the permeameter measurements on short
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sections of undisturbed vertical cores are similar
to those obtained on repacked cores. This agree-
ment suggests that the media within the cores is
isotropic over the scale of these measurements (5
to 10 cm), and that the hydraulic-conductivity
values from the vertical cores can be applied to
the horizontal direction.

ESTIMATION OF MACRODISPERSIVITY

The preliminary statistical descriptions of the
hydraulic-conductivity distribution from the
borehole flowmeter data were used to calculate
estimates of longitudinal dispersivity by applying
the stochastic theory developed by Gelhar and
Axness (1983). This theory is one of several
recently developed theories which relate disper-
sivity to the variability of hydraulic properties
within the aquifer. Assuming isotropy in the
plane of stratification (Gelhar and Axness, 1983,
Case 1), a range in longitudinal dispersivity of
0.36 to 2.5 meters is calculated using the range in
variance and correlation scales for the borehole
flowmeter data presented above. The lon-
gitudinal dispersivity calculated using the best fit



variance and correlation scales is 0.97 meter.
This value agrees with the longitudinal disper-
sivity value of 0.96 meter calculated in the spatial
moments analysis of the natural-gradient tracer
test recently completed at this site (Garabedian
and others, 1987).

The dispersivity estimates calculated above
are based on preliminary analyses of a subset of
the flowmeter data. In particular, the hydraulic-
conductivity distribution was assumed to be
isotropic in the plane of stratification. Evaluation
of the complete flowmeter data set will need to be
completed before an accurate three-dimensional
description of the hydraulic-conductivity distri-
bution is obtained and further estimates of
dispersivities are calculated.

COMPARISON OF METHODS

One objective of this study is to provide field
verification of the hydraulic-conductivity values
determined from the flowmeter data. Use of a
flowmeter to determime hydraulic properties of
unconsolidated aquifers is a relatively new tech-
nique, although it has been used in the past to
delineate fractured zones in bedrock. One
method of verification is to compare results of the
flowmeter technique with values obtained by
other methods. One flowmeter well was installed
in a borehole from which core had been
retrieved. The mean hydraulic-conductivity
values obtained at this location by the two
methods — permeameter analysis of the cores and
borehole flowmeter logging—differ (flowmeter
measurements are greater than permeameter
measurements), but the profiles show similar
trends with depth. This similarity of trends indi-
cates that the variability in hydraulic conductivity
computed using the flowmeter data reflects the
actual variability in the aquifer. The difference in
means may relate to possible compaction of the
cores introduced during the coring process and
reflected in low permeameter measurements, or
it may result from differences in scale between
the two measurement techniques—one is a
laboratory technique, the other is an in situ field
technique.

The mean horizontal hydraulic conductivity
determined from the flowmeter technique is less
than the mean hydraulic conductivity of 0.13 cm/s
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calculated from an aquifer test conducted in the
same aquifer 2 km (kilometers) downgradient
(Garabedian, 1987). This discrepancy may be
caused by differences in the two measurement
techniques or it may reflect an actual difference
in hydraulic conductivity between the two sites.
To resolve this discrepancy, a long-screened well
has been installed at the aquifer-test site so that
hydraulic-conductivity values from the borehole
flowmeter can be compared directly to the value
from the aquifer test.

The flowmeter technique has several
advantages over the standard aquifer test in
determining hydraulic conductivity. The primary
advantage is that a profile showing the variability
in horizontal hydraulic conductivity with respect
to depth is obtained for each well; with the
aquifer test, only the average hydraulic conduc-
tivity can be determined. In addition, a flow-
meter test can be conducted by one person in less
than a day; the aquifer test typically is run over
several days and requires a team of several
hydrologists. A disadvantage is that the flow-
meter has a smaller radius of investigation than
the aquifer test, because it imposes less stress on
the aquifer. Therefore, disturbances of the
aquifer resulting from well installation can
influence results from the flowmeter. On the
basis of these preliminary tests, the flowmeter
technique seems to be effective for making in situ
measurements of the spatial variability of
hydraulic conductivity in a sand and gravel
aquifer and may prove to be a useful tool where
detailed description of the variability in hydraulic
conductivity is needed.

REFERENCES

Anderson, M.P., 1987, Field studies in
groundwater hydrology--A new era: U.S.
National Report to International Union of
Geodesy and Geophysics, Reviews of
Geophysics, v. 25, no. 2, p. 141-147.

Dagan, G., 1984, Solute transport in hetero-

geneous porous formations: Journal of
Fluid Mechanics, v. 145, p. 151-177.



Garabedian, S.P., 1987, Large-scale dispersive
transport in aquifers: Field experiments
and reactive transport theory: Massa-
chusetts Institute of Technology, Depart-
ment of Civil Engineering, unpublished
Ph.D. thesis, 290 p.

Garabedian, S.P., and LeBlanc, D.R., 1989,
Overview of contaminant hydrology, geo-
chemistry, and microbiology at the Cape Cod
toxic waste research site, in Mallard, G.E.,
and Ragone, S.E,, eds., U.S. Geological Sur-
vey Toxic Substances Hydrology Prograin--
Proceedings of the technical meeting,
Phoenix, Arizona, September 26-30, 1988:
U.S. Geological Survey Water-Resources
Investigations Report 88-4220, p. 133-142.

Garabedian, S.P., LeBlanc, D.R., Hess, KM,
and Quadri, R.D., 1987, Natural-gradient
tracer test in sand and gravel: Results of
spatial moments analysis, in Franks, BJ., ed.,
U.S. Geological Survey Program on Toxic
Waste--Ground-Water Contamination:
Proceedings of the third technical meeting,
Pensacola, Florida, March 23-27, 1987:
U.S. Geological Survey Open-File Report
87-109, p. B13-B16.

Gelhar, L W., and Axness, C.L., 1983, Three-
dimensional stochastic analysis of macro-
dispersion in aquifers: Water Resources
Research, v. 19, no. 1, p. 161-180.

Hess, K.M., Wolf, S.H., LeBlanc, D.R.,
Garabedian, S.P., and Celia, M.A,, 1987,
Natural-gradient tracer test in sand and
gravel: Preliminary results of laboratory
and field measurements of hydraulic conduc-
tivity, in Franks, B.J,, ed., U.S. Geological
Survey Program on Toxic Waste--Ground-
Water Contamination: Proceedings of the
third technical meeting, Pensacola, Florida,
March 23-27, 1987:  U.S. Geological Survey
Open-File Report 87-109, p. B25-B26.

Hufschmied, Peter, 1986, Estimates of three-
dimensional statistically anisotropic
hydraulic conductivity field by means of
single well pumping tests combined with

149

flowmeter measurements: Hydrogeologie,
v.2, p. 163-174.

Morin, R.H., LeBlanc, D.R., and Teasdale, W.E.,,
1988, A statistical evaluation of formation
disturbance produced by well-casing instal-
lation methods: Ground Water, v. 26, no. 2,
p. 207-217.

Neuman, S.P., Winter, C.L., and Newman, CM.,
1987, Stochastic theory of field-scale fickian
dispersion in anisotropic porous media:
Water Resources Research, v. 23, no. 3,
p. 453-466.

Olea, R.A., 1975, Optimal mapping techniques
using regionalized variable theory:
Lawrence, Kansas, Kansas Geological
Survey, 137 p.

Raulston, J.A., 1986, Hydraulic conductivity of
undisturbed core samples, Columbus Air
Force Base Groundwater Study: Ten-
nessee Valley Authority, Division of En-
gineering and Technical Services, TVA
B46086-0404-001.

Rehfeldt, K.R., Hufschmied, P., Gelhar, LW,
and Schaefer, M.E., 1989, The borehole
flowmeter technique for measuring hydraulic
conductivity variability, Topical Report
EPRI EA-2485-5, Electric Power Research
Institute, Palo Alto, Calif.

Sudicky, E.A., 1986, A natural gradient experi-
ment on solute transport in a sand aquifer:
Spatial variability of hydraulic conductivity
and its role in the dispersion process:
Water Resources Research, v. 22, no. 13,
p. 2069-2082.

Wolf, S.H., Celia, M.A., and Hess, K.M., 1988,
Spatial variability of hydraulic conductivity in
a sand and gravel aquifer: EOS, Transac-
tions of the American Geophysical Union,
v. 69, no. 16, p. 367.

Zapico, M.M,, Vales, S., and Cherry, J.A., 1987,
A wireline piston core barrel for sampling
cohesionless sand and gravel below the water

table: Ground Water Monitoring Review,
v. 7, no. 3, p. 74-82.

(p-15 %“ows)



SIMULATION OF THE RATE-CONTROLLED TRANSPORT OF
MOLYBDATE IN COLUMN EXPERIMENTS

By Kenneth G. Stollenwerk! and Kenneth L. Kipp1

ABSTRACT

Laboratory column experiments were used to
identify potential rate-controlling mechanisms that
could affect transport of molybdate in the natural-
gradient tracer test done at Cape Cod,
Massachusetts. Column breakthrough curves for
molybdate were simulated by using a one-
dimensional solute-transport model that was
modified to include four different rate
mechanisms: equilibrium sorption, rate-controlled
sorption, and two side-pore diffusion models. One
side-pore diffusion model was based on an average
side-pore concentration of molybdate (mixed side-
pore diffusion); the other was based on a con-
centration profile for the overall side-pore depth
(profile side-pore diffusion). The equilibrium
model failed to simulate the experimental data,
indicating the presence of a rate-controlling
mechanism. The rate-controlled sorption model
simulated results from one column reasonably
well, but could not be applied to other columns that
had different input concentrations without chang-
ing the rate constant. The mixed side-pore dif-
fusion model also resulted in reasonable
correlation with experimental data, and the
parameters applied to a variety of input concen-
trations. The most accurate simulations for the
largest variety of input concentrations were
achieved by using the profile side-pore diffusion
model.

INTRODUCTION

Transport of solutes through porous media
can occur under nonequilibrium conditions if
ground-water velocities are sufficiently fast to
prevent attainment of chemical and physical
equilibrium. For example, Fuller and Davis
(1987) report that cadmium sorption by a cal-
careous sand was characterized by multiple reac-
tions, including a recrystallization reaction that
proceeded over a period of days. Unless ground-
water velocity in such a situation is extremely
slow, nonequilibrium transport will occur. Diffu-
sion of a solute through immaobile water to a

lus. Geological Survey, Denver, Colo.
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reaction site is also affected by water velocity.
The immobile water can occur as a layer on the
grain surface (film diffusion), in dead-end pores
between tightly packed grains (pore diffusion), or
within crevices or pits on the grain surfaces
(particle diffusion). Calcium and chloride break-
through curves from column experiments con-
ducted by James and Rubin (1979) show the
effect of flow rate and diffusion on solute
transport.

Information about potential rate-controlling
mechanisms that could be occurring in the field
can often be obtained from carefully conducted
laboratory column experiments. The shape of
breakthrough curves from column experiments
conducted at field ground-water velocities can
indicate nonequilibrium transport of a solute,
and numerical simulation of these breakthrough
curves with a solute-transport model containing
the appropriate equations may provide
information about the rate mechanism.

Results presented in this paper are from
column experiments designed to evaluate poten-
tial rate-controlling mechanisms that could affect
transport of molybdenum (VI)[Mo(VI)] in the
Cape Cod natural gradient tracer test (LeBlanc
and others, 1987). The tracer test was conducted
to study dispersive transport and chemical
processes in the glacial-outwash aquifer affected
by recharge of treated sewage (LeBlanc, 1987),
and was superimposed on the sewage plume.
Molybdate was introduced with other
constituents in the initial injection pulse to
evaluate transport of a reactive oxyanion. Pre-
vious experiments have identified the geochemi-
cal parameters that control sorption of Mo(VI)
by sediment (Stollenwerk and Grove, 1987
Stollenwerk, 1988).

COLUMN EXPERIMENTS

Sediment and ground water from the sewage
contaminated part of the aquifer adjacent to the
tracer-test plume were used in the column
experiments. Sediment was packed into eight
plastic columns 0.302 meter in length and



0.025 meter inside diameter. Several pore
volumes of Mo(VI)-free ground water were
eluted through the columns to establish constant
baseline conditions. Influent was then switched
to Mo(VI)-spiked ground water; six Mo(VI) con-
centrations were used, ranging from 0.0016 to
0.096 mmol/L (millimoles per liter). Replicate
columns were run for two of the concentrations.
After steady-state conditions were achieved
(effluent Mo(VI) concentration equal to influent
concentration), the influent was switched back to
Mo(VI)-free ground water in order to observe
the desorption process.

Physical and chemical characteristics for this
column are listed in table C-2. Porosity and bulk
density were determined gravimetrically, and
longitudinal dispersivity was obtained from
bromide-breakthrough data. Sorption of Mo(VI)
can be described by the Freundlich isotherm.
Freundlich constants were calculated from a
linear plot of the amount of Mo(VI) sorbed by
sediment in each column as a function of input
concentration (fig. C-7) according to

where
¢ =K', ®
c is the amount of Mo(VI) sorbed in
millimoles per kilogram;
¢ isthe concentration of Mo(VI) in solution in
millimoles per liter;

Kt is the Freundlich adsorption equilibrium
constant, in liters per kilogram™; and

n is the Freundlich exponent (slope of line).

The Freundlich constants used in the solute-
transport models are listed in table C-2. The
exponent is less than one for these data so this
isotherm is nonlinear and predicts a reduction of
sorption at higher solution concentrations.

NUMERICAL SIMULATIONS

Modeling results from only one of the column
breakthrough curves are presented here. Four
different models were used to simulate the shape
of the column breakthrough curves. All four
models contain a one-dimensional solute-
transport equation and use the Freundlich

equation to describe sorption. They differ in the
type of rate mechanism assumed to control
transport of Mo(VI) from flowing phase to solid
surface.

Table C-2.-Physical and chemical properties for column
experiment

{m, meter; g/cm3, grams per cubic centimeter; m/d, meter
per day; d, day; mmol/L, millimole per liter; L/kg, liters per

kilogram]
Bulk Interstitial
Length, Porosity density, velocity
m gzcm m{d
0.302 0.34 1.75 043
Input
Longitudinal Time of concentration
dispersivity, m pulse, d mmo!
0.0027 419 0.0016-0.096
Freundlich
isotherm Slope of
constant Freundlich
(L/kg) isotherm
0.14 0.72

The essential features of each model are
summarized in table C-3.

Tabie C-3.-~Comparison of the four transport models used
1o simulate column breakthrough of molybdenum(VI)

Model Features
Local-equilibrium Assumes chemical and
model physical equilibrium
conditions throughout
column.

Rate-controlied
sorption model

Allows for the possibility
that the rate of sorption
reaction may be too slow
for equilibrium to be
achieved.

Diffusion into immobile
water in pores is the rate
limiting step. An average
concentration is assumed
throughout each side pore.

Diffusion into immobile
water in side pores is the
rate limiting step. A con-
centration gradient exists
in each side pore.

Mixed side-pore
diffusion model

Profile side-pore
diffusion model
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The basic equation that describes the
transport of solutes in the flowing phase can be
expressed as

2
dc dc dc B -
i V8x+D >+ )

Accumulation in the sorbed phase is described
by

a5 - " on b (3)

where

¢ isthe concentration in the flowing phase, in
millimoles per liter;

is time, in days;
is distance along the column, in meters;
is the iterstitial velocity, in meters per day;
is the dispersion coefficient, in square
meters per day;
6 s the porosity;
pb is the bulk density, in grams per cubic
centimeter;

r is the rate of addition of solute to the flowing
phase from the sorbed phase, in millimoles
per liter per day;

c is the concentration on the solid phase, in
millimoles per kilogram.

All parameters are assumed to be constant
and uniform along the column.

g<>* -

The boundary conditions for equation 2 are

at x =0 —D%x9+Vc=Vq,(t) (4a)

ac
at x = pot 0, (4b)

where cp is the inlet concentration and L is the
column length. Solute is introduced to the column
as a slug of a given duration, ts. The initial condi-
tions for equations 2 and 3 are

at t =0, c=0 and

¢ =0. (4c,d)

The first transport model (equilibrium
sorption) is formulated by assuming that local

equilibrium exists along the column. No
immobile-water phase is present. The water
velocity is assumed to be slow enough so that
sorption rapidly attains equilibrium (Grove and
Stollenwerk, 1984).

The second transport model (D.B. Grove,
U.S. Geological Survey, written cominun., 1988)
(rate-controlled sorption) is based on the
assumption that the sorption mechanism does not
have time to reach equilibrium at each pomt
along the column. Therefore, equation 1 is
replaced by the sorption rate expression

=2k Kec"-) )

where ki is the sorption rate constant, in d ™.

The third and fourth models are based on the
assumption of an immobile-water phase m the
side pores. This phase can be caused by the exist-
ence of crevices or pits on the grain surfaces, and
by dead-end pores created by tight packing of the
grains. An immobile-water film that could cover
entire grain surfaces is not considered. Diffusion
of Mo(VI) into the immobile-water phase retards
transport because of the capacitance of this
phase and also provides a rate-limiting step for
sorption on the solid matrix adjacent to the
immobile-water phase. For these models,
transport of Mo(VI) from the flowing phase can
occur by sorption to the solid phase or by diffu-
sion to the immobile-water phase followed by
sorption to the solid phase. The sorption from
either phase is assumed to be at local equilibrium
with the adjacent fluid phase. An additional
balance equation for the solid adjacent to the
immobile-water phase is as follows:

&0 _ |
P 6

where

pos is the dry bulk density adjacent to the
immobile-water phase, in grams per cubic
centimeter;

65 is the porosity of the immobile-water phase;

Ts is the transfer rate of addition of solute to
the immobile-water phase from the
adjacent solid phase, in millimoles per liter
per day;

¢s is the sorbed concentration adjacent to the
immobile-water phase, in millimoles per
kilogram.



The total dry bulk density and total porosity in
equation 3 must be changed to the values for the
flowing and solid phase that are in contact,
denoted by pof and 6.

The third model (mixed side-pore diffusion) is
based on the assumption of an effective average
or mixed concentration of solute in the immobile-
water phase. This model has no spatial depend-
ence in the immobile-water phase. The balance
equation for the immobile-water phase is

dcs _ ﬁ -
-6 Is + Is, ™
where
cs is the immobile-water phase concentration,
in millimoles per liter; and
rs is the rate of addition of solute to the flowing
phase from the immobile-water side pore
phase, in millimoles per liter per day.
The initial condition is
att=0, Cs=0, (8)
and the transfer rate expression is
Os
Ig = — N ks A(c—cs), ®
where
ks 1is a transfer rate constant, in meters per

day, and

is the effective interfacial area per unit
volume of immobile-water phase, in d™.
Parameters in the mixed side-pore model
include V, 65, s, pof, pvs, ks, and A. The
parameters ks and A can only be determined as a
lumped parameter, ksA.

The transfer rate in the mixing model is merely
proportional to the difference in concentration
between the flowing-water and immobile-water
phases. The transfer-rate constant ksA is a char-
acteristic-rate scale factor for diffusion in the im-
mobile-water phase. Without the Freundlich
sorption mechanism, this third model is the same
as the dead-end pore model of Coats and Smith
(1964). Grove and Stollenwerk (1985) present a
similar model but with Langinuir sorption and a
continuous immobile-water film phase.

The fourth model (profile side-pore diffusion)
is similar to the third, but the assumption is made

A
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that a concentration profile exists over the
thickness of the immobile-water phase.
Molecular diffusion of solute is the major
transport mechanism in the immobile-water
phase. The transfer rate of solute from the flow-
ing to the immobile-water phase is assumed to be
described by the diffusional flux at the interface
between these phases. Thus, equations 7 and 9
are replaced by

2
%% D d% 5. (10)
at d y2
The boundary conditions are
aty =0, s =C (11a)
dCs
at y=Ls, —y=0, (11b)

where Dp, is the effective molecular diffusivity in
the immobile-water zone, in square meters per
day; y is distance into side pore from the entrance,
in meters; and Ls is length of side pore, in meters.
The second boundary condition states that no
solute leaves through the back end of the side
pore. The transfer-rate expression at the
side-pore entrance is

rs=ADma_cs'

3y (12)

The concentration profile in the immobile-
water phase is governed by a diffusional transport
mechanism. The transfer rate from the immobile
water to the flowing-water phase is the diffusive
flux, which depends on the concentration
gradient in the immobile-water phase at the inter-
face. Parameters in the profile side-pore model
include V, 6, 65, pos, pos, A, Ls, and Dyn. The
effective molecular diffusivity, Dm, is estimated
from values published in the literature.

The profile side-pore diffusion model is the
most complex and perhaps the most realistic of
the four models. Without the Freundlich sorp-
tion mechanism, it is the same as that of Kipp
(1982). Even with shallow dead-end pores or
thin immobile-water pockets, the diffusion rates
may be so low that a concentration profile is more



realistic than an effective average concentration
in the immobile-water phase.

Because of the nonlinear Freundlich isotherm
in each transport model, finite-difference tech-
niques were used to compute numerical solutions
in the form of column breakthrough curves. One
hundred nodes were used along the column, and
10 nodes were used in the side-pore direction for
the profile model. Tests verified that the
truncation errors were acceptable. A predictor-
corrector calculation was used at each time step
to handle nonlinearity. A line successive
overrelaxation solver was used in the direction of
the side-pores for the profile model, but a
bi-tridiagonal solver was used for the mixed
side-pore and rate-controlled sorption models.

MODELING RESULTS

The four potential rate mechanisms were
evaluated by calculating column breakthrough
curves for various parameter sets in order to
obtain the best agreement between observed
column breakthrough curves and calculated con-
centration data. Only the results for the 0.043
mmol/L column are presented here. Physical
and chemical parameters common to all four
models are listed in table C-2.

Simulation of Mo(VI) breakthrough by the
equilibrium sorption model is compared with the
experimental data in figure C-8. The model
predicts a very steep slope for the adsorption
limb of the breakthrough curve and complete site
saturation by the second pore volume. Experi-
mental data from the column show that complete
breakthrough did not occur until the sixth pore
volume, indicating that transport of Mo(VI) was
affected by a rate mechanism. The equilibrium
simulation also predicted complete rinse-out of
Mo(VI) by the 9th pore volume, whereas Mo(VI)
in the column effluent did not reach zero until the
15th pore volume, indicating that desorption also
was affected by a rate mechanism.

The assumption of rate-controlled sorption
resulted in a better simulation of the experimen-
tal data (fig. C-9). A sorption rate constant of 1.5
d? gave the best visual match to the experimental
data; however, some discrepancy between the
two curves is still present in the shoulder portion
of the adsorption curve and the tail portion of the
desorption curve. The rate-controlled sorption
model was also used to simulate the column
breakthrough curves at other input

concentrations using the reaction rate constant of
1.5 d™. Simulation of these breakthrough curves
(data not shown) became progressively worse as
concentrations deviated from 0.043 mmol/L.
Only by using a different rate constant for each
concentration could results similar to figure C-9
be achieved. If sorption rate were controlling
sorption of Mo(VI), one rate constant should be
able to better simulate transport at different
concentrations.

The mixed side-pore diffusion model also
reasonably simulated the experimental data (fig.
C-10) but failed to accurately predict the
shoulder of the adsorption portion of the break-
through curve. This model was more robust than
the reaction rate model in simulating
breakthrough curves over the range of input
concentrations.

The profile side-pore diffusion model
simulated the experimental data almost exactly,
within the accuracy of the breakthrough data
(fig. C-11). Based on the best fit simulation of the
experimental data, the immobile-water phase was
calculated to be approximately 5 percent of the
total porosity. Apparently, diffusion into and out
of this volume of immobile water was responsible
for the observed shoulder and tail in the experi-
mental data. The profile model also was the most
transferable to other inlet concentrations.

CONCLUSIONS

The shape of breakthrough curves from
column experiments provided evidence that
Mo(VI) transport was not equilibrium control-
led. The decrease in slope as the adsorption limb
of the breakthrough curve approached steady
state, and the decrease in slope of the desorption
limb as Mo(VI) was rinsed out of the column,
could adequately be simulated only with a solute-
transport model that included a rate mechanism.
When transport was assumed to be controlled
only by the rate of Mo(VI) sorption, experimen-
tal data were simulated reasonably well, but the
reaction rate constant used in the model was
applicable only for the breakthrough curve to
which it was fitted.

The concept of Mo(VI) diffusion into and out
of side pores containing an immobile-water
phase resulted in a better simulation of
experimental breakthrough curves over a wider
range of concentrations. The mixed side-pore
diffusion model could be used to fit a particular
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experimental breakthrough curve with
approximately the same degree of accuracy as the
reaction rate model; however, the mixed side-
pore diffusion model was applicable over a wider
range of concentrations.

Best results were achieved with the more
complex and conceptually realistic profile side-
pore diffusion model. Results from this model fit
all of the experimental data points and could also
be used over a range of concentrations.

Transferability of the results from this study to
the Cape Cod natural-gradient tracer test will
provide crucial information concerning the
validity of laboratory experiments in providing
information on field processes. Although actual
values for some of the physical properties deter-
mined in the laboratory are unlikely to apply to an
aquifer because of scale differences between
laboratory and field, conceptually realistic
models such as the profile side-pore diffusion
model should be able to simulate field transport
conditions more accurately than rate-controlled
sorption or mixed side-pore diffusion models.
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SOLUTE DIFFUSION WITHIN SAND OF THE CAPE COD,
MASSACHUSETTS, AQUIFER

By Warren W. Woodl, Paul P. Hearn, Jr.l, and Thomas F. Kraemer’

ABSTRACT

Laboratory experiments have suggested that
matrix diffusion is a major mechanism controlling
cation transport in ground water of the Cape Cod,
Massachusetts, aquifer. Experiments using
radioisotopes, in combination with deferential
leaching and air abrasion techniques demonstrate
that cations penetrate into the interior of mineral
grains. Scanning-electron microscopy and X-ray
analyses of material in the interiors of the feldspars
and biotite confirm the presence of authogenic
clays in the interior of the grains. These interal
clays are believed to act as cation-exchange sites for
the intruding cations. Mercury-porosimetry studies
support the presence of significant intemal porosity
of all the mineral grains examined in this study.
The demonstrations of apparent matrix diffusion in
this aquifer have significant importance in solute-
transport modeling.

INTRODUCTION

Knowledge of reactions between organic or
inorganic solutes and solid phases in aquifers is
of vital importance in evaluating the transport of
toxic and radioactive wastes by ground water.
Most evaluations of the rock-water interaction
have implicitly assumed that the grain surfaces
are the only significant chemically-active area.
However, a series of laboratory investigations
have suggested that the interiors of the sand
grains from Cape Cod, Mass., have two to three
times the sorption capacity of their surfaces.

It is of some value to note that solutes diffuse
into the interior of sand grains as well as being
fixed on grain surfaces. To the authors’
knowledge, this phenomenon has not been pre-
viously reported although the numerical evalua-
tion of breakthrough curves in some studies
suggested that something analogous must be
occurring (that is, double-porosity models and
aggregate-diffusion models). The first indication
of a time-dependent reaction in the Cape Cod
sands came from column tests conducted as part
of the tracer-selection procedure. Figure C-12
shows the results of one such test in which the

ys. Geological Survey, Reston, Va.
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shape of the lithium-breakthrough curve (initial
concentration of 6.8 mg/L (milligrams per liter) )
was distorted relative to that of conservative
bromide (input concentration of 51 mg/L). The
"tailing off " of lithium values as the volume of
fluid eluted through the column increases
suggests a lack of equilibrium. These results
prompted a series of batch experiments in which
sediment from the Cape Cod tracer site was split
into twelve 150 gram samples, placed into 100 mL
(milliliters) of Cape Cod ground water that had
been tagged with 0.3 mg/L lithium and then
sealed in flasks. Samples were shaken con-
tinuously at 22 °C (Celsius), and opened and
analyzed for lithium at specific time intervals.
The results from these tests clearly demonstrate
that lithium concentrations decrease hinearly as a
function of the logarithm of time after approxi-
mately 100 minutes (fig. C-13). These results,
together with the results of the column tests,
strongly suggest time-dependent removal of
lithium from solution. Because common lithium
compounds are very soluble and lithium concen-
trations did not change in control samples
(without sediment) over time, it was concluded
that lithium was removed from solution by
sorption or exchange with solid phases.

In order to identify the phases responsible for
the observed sorption a fine-sand fraction (from
63 to 355 um (micrometers)) was separated mto
three density fractions (1) less than 2.58 g/cm
(grams per cubic centimeter) (sargely feldspar),
(2) between2.58 and 2.70 g/cm (largely quartz),
and (3) greater than 2,70 g/cm (mostly biotite,
with minor magnetite, amphibole, and ilmenite).
The relative proportions (weight percent) of
these three fractions were 5, 92, and 3 percent,
respectively. Twenty-four-hour Kd (distribution
coefficient) tests were run on each density
fraction and on an unsplit sample of the same
material. These tests showed that the Kd of the
feldspar fraction was 22.2 mL/g (milliliters per
gram), biotite 15.4 mL/g, quartz 1.8 mL/g, and the
total sample 2.9 mL/g. Time- dependent sorption
studies also were conducted on each fraction
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using Cape Cod ground water tagged with
sodium-22 ( Na) All fractions showed a rapid
initial takeup of 22Na from solution; however,
only the feldspar and biotite fractlons contmued
to remove significant amounts of »Na from
solution with time.

The results of these experiments establish that
cations are removed from solution over time and
suggest the solid phases that are responsible, but
do not identify the location of sorption. It could
be argued that the time-dependent sorption was
occurring at sites of different energy levels on
grain surfaces or that cations were diffusing into
the grains. To resolve this question, several
additional experiments were conducted. Scan-
ning electron microscopy (SEM) showed that
plagioclase in microperthite grains in the feldspar
fraction had partially weathered to clay. Cross
sections of these weathered grains showed a
distinct honeycomb texture where micropores
were lined with clay. Samples of feldspar grains
were cleaned, to remove any clays attached to the
surface, by using a mild detergent in a stirring
bath. These cleaned grains were disrupted with a
high-power ultrasonic probe, and the silt and a
fine fraction (less than 38 um) separated for
X-~ray-diffraction analysis. The less-than-38 um
fraction shows the presence of smectite,
kaolinite, and possibly illite, confirming the SEM
observations. The presence of internal porosity
was supported by mercury-porosimetry deter-
minations that showed that the internal porosity
of all the minerals was approximately 10 percent.
In another test, the three mineral fractions were
immersed for 14 days in a Cape Cod ground
water that had been labeled with 2Na washed,
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dried, and then subjected to an air-mill abrasion
procedure. This procedure permits the removal
of 1 or 2 um of the grain surface at a time and is
analogous to peeling an onion. Gamma radiation
measurements of both the abraded surface
material and the remaining grams confirm that
more than 90 percent of the 2Na was on the
outer 3 or 4 um of the quartz, whereas less than
50 percent was on the outer surface of feldspars
and biotite fractions. In another experiment the
three mineral reactions were lmmersed in Cape
Cod water that had been tagged with 2Na for 14
days, and then leached by 0.25 molar CaCl; for
1 hour. Approximately 50 percent of the radio-
active *Na was removed from each fraction by
this procedure. A second leaching of 4 hours
further reduced the radioactivity of the mmerals
but all retained easily detectable amounts of 2Na
and further supports the hypothesis that reaction
sites are present in the interior of the grains.

SUMMARY

The data outlined above strongly suggests
(1) that time-dependent sorption of trace
quantities of inorganic cations was at least twice
as great as that which occurred during a 24-hour
Kd determination; (2) that diffusion into grain
interiors is a major mechanism controlling the
concentration of cations in this system and, there-
fore, must be considered in solute transport
simulations in certain clastic aquifers; and
(3) because of the nonequilibrium diffusion
nature of transport in this system, a conservative
ion may not be a good indicator of hydrodynamic
dispersion exhibited by a reacting ion.



USE OF TRACER TESTS TO MEASURE THE TRANSPORT AND
CONSUMPTION OF METHANE IN A CONTAMINATED AQUIFER

By Richard L. Smithl, Brian L. Howesz, and John H. Duff>

ABSTRACT

Rates of methane oxidation were measured in a
nitrate-enriched zone of an unconfined sand and
gravel aquifer (Cape Cod, Massachusetts) using in
situ natural-gradient tracer tests. Methane oxida-
tion was calculated from breakthrough curves of
methane relative to halide and inert gas
(hexafluoroethane) tracers and confirmed by the
appearance of 3C.enriched carbon dioxide in
experiments with B¢ enriched methane as the
tracer. Methane oxidation predominantly occurred
in a zone of denitrification; the highest rates of
methane oxidation and denitrification were found
at the same depth. These results indicate that
nitrate may be a possible electron acceptor for
methane oxidation in ground-water systems.

INTRODUCTION

Methane oxidation and denitrification are two
bacterial processes considered likely to be key
mechanisms for removal of contaminants from
ground water —denitrification because the
process reduces nitrate, a common ground-water
contaminant (Robertson, 1979; Katz and others,
1980; Porter, 1980; Burden, 1982), to N2 (Gillham
and Cherry, 1978; Vogel and others, 1981;
Howard, 1985; Trudell and others, 1986; and
Slater and Capone, 1987), and methane oxidation
because it has been suggested as a potential in
situ treatment process for removal of
halogenated aliphatic compounds (Wilson and
Wilson, 1985; Semprini and others, 1988). How-
ever, these processes arc rarely linked, either
spatially or conceptually, in ground-water or sur-
face-water systems. In this study, we examined
these processes in a nitrate-enriched zone of an
unconfined sand and gravel aquifer using in situ
natural-gradient tracer tests. These tracer tests
take advantage of natural ground-water flow to
transport injected tracers through undisturbed
sections of an aquifer. We found that high rates
of methane oxidation occurred in the same

1U.s. Geological Survey, Denver, Colo.
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zone that displayed relatively high rates of
denitrification, high concentrations of nitrous
oxide, and extremely low concentrations of dis-
solved oxygen. Stoichiometrically, the amount of
methane consumed greatly exceeded oxygen
availability, demonstrating that anoxic methane
oxidation was occurring within this ground-water
zone. These results suggest that nitrate may be a
possible electron acceptor for methane oxida-
tion, a microbial process which would have a high
energy yield and which could have important
geochemical significance.

STUDY SITE

The study site is a freshwater sand and gravel
glacial outwash aquifer located on Cape Cod,
Mass., which has been contaminated by land dis-
posal of treated sewage since 1936. The resulting
contaminant plume is greater than 3.5 km
(kilometers) long, 0.9 km wide, and 23 meters
thick (LeBlanc, 1984a). In general, the contami-
nant plume consists of vertical and horizontal
gradients of specific conductance (50-400 uS
(microsiemens)), dissolved oxygen (0-8 mg/L
(milligrams per liter)), pH (5-7.1), dissolved
organic carbon (1-4 mg/L, much of it refractory in
nature), and inorganic compounds, such as
chloride (0-28 mg/L), sulfate (4-30 mg/L), nitrate
(0-16 mg N/L), and ammonium (0-10 mg N/L)
(LeBlanc, 1984a, b; Thurman and others, 1986).
These gradients have resulted in corresponding
distribution patterns of bacterial abundance and
heterotrophic uptake (Harvey and others, 1984).
The chemical makeup of the plume, especially
with regard to inorganic nitrogen species, is simi-
lar to that associated with more than 17 million
residential septic systems across the U.S. (Canter
and Knox, 1985) and, therefore, represents
increasingly common conditions in regional
aquifers.



MATERIALS AND METHODS

Ground-water samples for vertical profiles
were collected from multilevel sampling devices
(Garabedian, 1987) with a peristaltic pump at a
site located in the center of the contaminant
plume 0.25 km downgradient from the con-
taminant source. This distance represents 1.5 to
3.0 years travel time for regional ground-water
flow. For oxygen analysis, samples were collected
in 300 mL (milliliter) biochemical oxygen
demand (BOD) bottles positioned in 2-liter gas-
tight jars to prevent air contamination. Each jar
was connected in line between the sampling well
and the pump. Inflowing sample entered the
BOD bottle first, then overflowed into the larger
vessel; 2 to 3 liters were pumped through each
BOD bottle. Oxygen was assayed by the
iodometric method (American Public Health
Association, 1981). Samples for nitrate deter-
mination were filtered and assayed with the
cadmium reduction method (American Public
Health Association, 1981), while nitrous oxide in
the headspace of argon-sparged serum bottles
containing 15 mL of water sample was analyzed
by gas chromatography with an electron capture
detector (Smith and Duff, 1988). No significant
differences were found in concentrations of dis-
solved constituents in comparable samples
collected with a down well pump. Denitrification
rates in aquifer sediments were measured in
intact cores. Aquifer sediments were collected in
the immediate vicinity of the multilevel sampling

well with a wireline piston core barrel (Zapico

and others, 1987) fitted with 5-cm (centimeter)
diameter by 1.5 meter-long aluminum core liners.
This coring method retains the porewater, thus
preventing exposure of the sediments to air and,
therefore, maintaining sample integrity. The
core and liner were cut into segments corres-
ponding to the depths of the adjacent well points.
Acetylenc-amended ground water (from the
same depth as each core segment and with the in
situ oxygen partial pressure) was pumped
through each subcore with a peristaltic pump
(3-4 pore volumes). The cores were subsequently
stoppered and denitrification assayed with the
acetylene blockage technique (Balderston and
others, 1976; Yoshinari and others, 1977; Smith
and Duff, 1988).

Methane oxidation was assayed in situ at the
same location and in an uncontaminated part of
the aquifer using natural gradient tracer tests
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(n=4). Ground water (100 liters) was pumped in
a closed system from two ports of a multilevel
injection well into a gas-impermeable bag (which
had been flushed five times with nitrogen gas),
amended with sodium chloride (or sodium
bromide), hexafluoroethane, and methane
(either unenriched or 1:‘lC-enriched), and
pumped back into the ground through the same
two ports. Care was taken to avoid altering the in
situ oxygen concentration of the injectant and to
avoid pumping any gas bubbles into the ground.
Situated 6.7 meters downgradient from the injec-
tion well were four multilevel sampling wells
(1 meter apart, 15 ports apiece, each port spaced
0.6 meter vertically) located on a line perpen-
dicular to local ground-water flow. Water
samples (20 mL) were collected daily from these
wells and assayed for the injection components.
Halides were assayed in the field by ion-specific
electrode (corroborated with ion chromatog-
raphy); samples for gas analysis were collected in
a gas-tight syringe, injected into a sealed serum
bottle, and the gases assayed by gas chromatog-
raphy with a flame ionization detector using a
headspace equilibration technique (Molongoski
and Klug, 1980). Dissolved inorganic carbon in
1-liter samples was precipitated as strontium
carbonate, filtered, and the B2 content
determined by mass spectrometry (McCrea,
1950).

RESULTS AND DISCUSSION

The geochemical environment at the sampling
site exhibited steep vertical gradients of dissolved
oxygen and nitrate concentrations (fig. C-14a),
and other constituents characteristic of the con-
taminant plume (data not shown). These
gradients are common throughout the plume
because the plume is overlain by uncontaminated
ground water originating from areal recharge
(LeBlanc, 1984a) and because vertical dispersion
is quite small (Garabedian, 1987). Typically, the
gradients occur over relatively narrow depth
intervals. Below 8 meters, oxygen values were 2
to 3 micromoles per liter (the detection limit) and
coincided with a zone of high nitrate concentra-
tion (200-1,000 micromoles per liter) which
extended 6-12 meters below land surface. The
plume extended to a depth of 35 meters at this
location. The nitrate-containing interval
also contained very high concentrations
(40 nanomoles per liter) of nitrous oxide
(fig. C-14b) and concentrations of nitrogen gas
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(1-2 millimoles per liter, data not shown) that
were well in excess of atmospheric equilibration.
These profiles indicate that an active zone of
denitrification may exist within the aquifer in this
vertical interval. This was confirmed by directly
assessing rates of denitrification at in sifu nitrate
and oxygen concentrations in intact cores of
aquifer sediments collected from this zone
(fig. C-14b). Peak activity occurred within the
same interval as the peak nitrous oxide and
nitrate values, but the zone of activity was only
4 to 5 meters thick. Maximum rates of nitrate
reduction were an order of magnitude lower than
generally found for estuarine and coastal marine
sediments (Hattori, 1983). It is interesting to
note that the oxygen concentration within this
zone may have been optimal for nitrous oxide
accumulation (Yoh and others, 1983; Jorgensen
and others, 1984), resulting in the very high levels.

This same zone also possessed the capability
to oxidize methane, even though ground-water
methane concentrations were below atmospheric
equilibrium levels. Natural-gradient tracer tests
demonstrated that methane, hexafluoroethane,
and chloride were transported at equivalent rates
within this zone. The peak concentration of each
arrived at the sampling well on the same day
(fig. C-15a). However, when normalized to the
injectate concentration, the hexafluoroethane
and chloride breakthough curves were identical
while methane was substanitally attenuated. For
any given sample, the amount of methane con-
sumed can be calculated as the difference
between unattenuated transport (from
hexafluoroethane, bromide, or chloride) and the
measured methane concentration (see
fig. C-15b). The loss of methane was not a physi-
cal process inasmuch as both an inert gas and
conservative ions were transported identically.
This attenuation of methane was most likely the
result of methane oxidation by the resident
microbial population. To test this hypothesis,
another tracer test was conducted at the same
site using 13C-enriched methane to look for for-
mation of *C-enriched carbon dioxide. The
breakthough curves for this experiment
(fig. C-15b) demonstrate that methane oxidation
was occurring within this zone of denitrification.
Furthermore, the maximum amount of methane
consumed (7.5 umol/L (micromoles per liter))
was greater than three times the total available
oxygen concentration (2.3 micromoles per liter,
standard error = 0.1). Inasmuch as the ratio of
oxygen consumed to methane consumed is 1.5 to
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2.0 to 1 for aerobic methane oxidation, it appears
that oxygen was not the major electron acceptor
for the methane oxidized within the aquifer. The
symmetry of the methane breakthrough curves
(figs. C-15a, b) suggests that an adaptation
period for methane as a substrate was not
required, even though in situ methane concentra-
tions are less than 0.7 micromoles per liter. For
comparison, we also conducted a tracer test in an
uncontaminated, well oxygenated (greater than
250 micromoles per liter) part of the aquifer and
found that this predisposition for methane
oxidation occurred aerobically as well.

Anoxic methane oxidation has been the focus
of several recent investigations (Reeburgh, 1980;
Lidstrom, 1983; Iversen and Jorgensen, 1985;
Iversen and others, 1987; Ward and others, 1987).
Evidence is growing that indicates that the
process occurs in surface-water systems (marine
and freshwater), both in sediments and in water
columns. Although it has not been directly
proven, sulfate reduction is often considered to
be the electron-accepting step in these habitats
(Devol and Ahmed, 1981; Iversen and Jorgensen,
1985). Little attention has been given to nitrate as
a potential electron acceptor for anoxic methane
oxidation even though it would have more than an
order of magnitude higher energy yield than sul-
fate reduction. There are, however, reports of
methane oxidation by denitrification in the
wastewater-treatment literature (Sollo and
others, 1976). Although the electron acceptor
could not be ascertained in this ground-water
study, nitrate seems to be a likely candidate, given
its availability and energy yield. The denitrifying
zone also contains sulfate (40 micromolar) and
soluble iron (2 micromolar) but no detectable
hydrogen sulfide or ferrous sulfide and no iron
oxyhydroxides (D. Lovley, U.S. Geological Sur-
vey, oral commun., 1988). Hence, sulfate reduc-
tion and iron reduction were not involved. Given
the magnitude of ground-water nitrate con-
tamination in the United States and in Europe,
the potential for anoxic methane oxidation in
ground-water systems may be of widespread
importance in the removal of both nitrate and
organic contaminants and could form the basis
for in sifu decontamination treatments. In addi-
tion, denitrification-coupled methane oxidation
could be important in coastal environments
where nitrate transported by ground water has
been implicated in surface-water eutrophication
(Capone and Bautista, 1985; Slater and Capone,
1987).
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INFLUENCE OF GEOCHEMICAL HETEROGENEITY IN A SAND AND
GRAVEL AQUIFER ON THE SORPTION OF CHLOROBENZENES

By Larry B. Barber, !

ABSTRACT

The partitioning of nonionic-organic solutes
between the aqueous and sediment phases within
an aquifer is a function of the organic-carbon con-
tent of the sediment. It is proposed that naturally
occurring organic compounds (humic substances)
preferentially associate with iron-oxide coated
mineral surfaces as the result of charge interac-
tions. The resulting carbon-enriched iron oxide
surfaces should be a more effective sorbent than the
bulk sediment. A numerical simulation is
presented that demonstrates the potential effect of
sediment-organic carbon association with a par-
ticular mineral phase. A one-dimensional solute-
transport model, coupled with partition theory and
the measured organic-carbon content of particle-
size and mineralogical fractions from the Cape
Cod (Massachusetts) Toxic Waste Research site, is
used to simulate the sediment geochemical effect
on the subsurface transport of a series of
chlorinated benzene compounds.

INTRODUCTION

Previous articles have described the
occurrence, distribution, and fate of organic
contaminants in ground water at the Cape Cod
(Massachusetts) Toxic Wastes Research
(CCTWR) site (Thurman and others, 1986,
Barber, 1988, Barber and others, 1988). These
studies have shown that many recalcitrant
organic compounds have persisted for long
periods in the ground water with little apparent
decrease in concentration because of chemical or
biological processes. Many of the compounds
with moderate to high aqueous solubilities (for
example, surfactants and chlorinated solvents)
appear to be transported at the same velocity as
the ground water, suggesting little sorptive inter-
action with the sediments. This rapid transport is
consistent with a partition-sorption model and
the low-organic carbon content of the aquifer
material (less than 0.1 percent). However, for
compounds with low solubilities, such as alkyl-
phenols, sorption appears to be occurring and
the sequence of retardation is consistent with

lus. Geological Survey, Denver, Colo.
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partitioning (the least soluble compounds have
the most restricted distribution).

The focus of this study is the sorption of
nonionic organic solutes on the CCTWR site
aquifer sediments, and the effect of geochemical
factors (mineralogy and organic grain coatings)
on sorption. Specifically, this paper presents a
simulation of the influence of sediment proper-
ties on the transport of a series of chlorinated
benzenes, based on a one-dimensional solute
transport model (Grove and Stollenwerk, 1984),
and distribution coefficients (Kd’s) calculated
from partition theory (Chiou and others, 1983)
and measured sediment-organic carbon
concentrations.

THEORETICAL DEVELOPMENT

Numerous investigators have shown that the
uptake of nomiomc organic solutes by natural
sediments is dependent on the amount of
sediment-organic carbon present (Schwarzen-
bach and Westall, 1981; Chiou and others, 1983;
Karickhoff, 1984). The uptake can be described
in terms of a distribution coefficient,

Kd=S8

o M

where

Cs is the concentration of the sorbed species on
the sediment phase (M/M), and

Cw is the aqueous concentration of the species
of interest (M/L3).

The Kd for a hypothetical sediment sorbent of 100
percent organic matter (Kom) can be predicted
from the octanol-water partition coefficient
(Kow) of the solute of interest (whichis a function
of aqueous solubility) by the equation of Chiou
and others (1983),

log Kom = 0.904 log Kow - 0.779. 2

The Kom (organic-matter partition
coefficient) can be converted to an organic



carbon basis (Koc) by multiplying Kom by 1.724
(assuming organic matter is approximately 60
percent carbon). The Koc values then can be
used to calculate sediment Kd values by nor-
malizing to the fractional organic-carbon content
of the sediments (foc),

Kd = Koc x foc. 3)

Although partitioning into sediment organic
matter can be adequately described (generally
within a factor of 2) by the above equations, the
actual nature of the sorbent phase in aquifer
systems is poorly understood. Aquifer sediments
are complex chemical matrices, in which the
organic-carbon fraction generally is less than 0.1
percent. At such low carbon levels, the role of
the mineralogical composition of the sediments
may become important (Karickhoff, 1984). A
secondary mineralogical control model has been
proposed (Barber, 1987a, b) that suggests the
chemical composition of the aquifer sediments
can influence the quantity and location of organic
carbon associated with the sediment phase. It
has also been proposed (Barber, 1987a), that
geological processes, such as weathering and
density effects on sedimentation, operate in a
manner such that mineral phases containing
significant sediment-organic carbon can be
preferentially concentrated within certain
particle-size classes and localized stratigraphic
zones; thus, the spatial relation of the various
mineral and particle-size components
(geochemical heterogeneity) may play an impor-
tant role in affecting the transport of organic
contaminants.

TARGET COMPOUNDS

Chlorobenzenes were selected for
investigation because of several factors: (1) They
are an environmentally important class of organic
contaminants, and several chlorobenzene species
are present in the contamination plume at the
CCTWR site; (2) they are nonionic and nonpolar
in character; (3) they exhibit a systematic
increase in Kow (decrease in aqueous solubility)
with increased chlorination; (4) their
physicochemical properties are well known; and
(5) they are readily available in pure form. Table
C-4 lists the aqueous solubility, Kow, and Koc
data for the compounds evaluated in this study.
Only one isomer was selected (with an increment
in Kow as uniform as possible) for each level of
chlorination.
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Table C—4. — Summary of Kow, Kom, Koc, and solubility
data for chlorobenzene compounds considered in this study

[Mg/L, milligrams per liter]

Solu-
Compound log1 log2 log3 bility4
Kow Kom Koc (mg/L)
Chlorobenzene 284 179 203 502.8
1,4-Dichlorobenzene 347 236 259 90.6
1,2,3-Trichlorobenzene 414 296 320 31.5
1,2,3,4-Tetrachlorobenzene 4.60 338 3.62 43
Pentachlorobenzene 520 392 4.16 56
Hexachlorobenzene 550 419 443 .005

Yalues from Pereira and others, 1988.
ZCalculated from equation 2

*Koc = 1.724 Kom.

“Data from YalkowsXky and others, 1979.

SIMULATIONS

The transport of chlorobenzenes was
simulated using the one-dimensional,
equilibrium-controlled sorption model of Grove
and Stollenwerk (1984). The model was used to
predict the relative transport velocities of the
solutes on the basis of calculated Kd values using
the sediment organic-carbon content of the
various size and mineralogy classes (Barber,
1987a).

The transport model is based on the following
one-dimensional differential equation (Grove
and Stollenwerk, 1984),

dCw dCw d’cw _
g teVig —eD 5 =CHEM ()
and
CHEM = - pb®, ®)
where
e iseffective porosity, (dimensionless)
t istime (T),
V s interstitial fluid velocity (L/T),
x isdistance (L),
D is the hydrodynamic dispersion coefficient
(L¥T), and

pb is bulk density of the porous medium (M/L3).
The aquifer properties and other input data used
in the model are listed in table C-5. Table C-6 lists
the measured organic-carbon contents of the

sediment and mineralogical fractions, and the
calculated Kd values.



Table C-5. — Summary of input data for one-dimensional

equilibrium controlled flow model

[Grove and Stollenwerk, 1984]
Input variable Input variable"
Calculati iables:
Type of sorption 0
Concentration boundary condition 1
Number of nodes 101
Time increment 14.48
Pore volumes in simulation 2
Printout increment 1
Fractional cell distance of transport 0.2
Nodes for calculation 101
Aquifer data:
Time of pulse 111 days
Column lengt 100 meters
Fluid vclocity11 0.30 meter per day
Molecular djffusion constant 0
Dispersivi 0.97 meter
Bulk density 1.64 kilograms per
cubic meter
Effective porosity 0.38
Soroti iables:
Linear isotherm slope (Kd) See table C-6
Input solute concentration 20 percent water
solubility

1Al input values not listed here are assumed to be default

values.

YProm Garabedian and others, 1987.

Several assumptions were made in the
application of this model: (1) Partitioning can be
described by a linear isotherm; (2) fluid velocity
is sufficiently low relative to the reaction kmetics
so that equilibrium is attained; (3) molecular dif-
fusion is negligible relative to mechanical disper-
sion; and (4) linear-flow velocity within the
aquifer is constant and does not vary as a function
of time or space.

RESULTS

The results of the numerical simulations are
summarized in table C-7. The effect of particle
size and mineralogy on the relative transport of
the various solutes is shown in figure C-16. These
data were calculated assuming a uniform flow
velocity, which is valid for the different
mineralogical components of a given particle
size. However, the flow velocity will differ
depending on particle size; thus, the data that
show the effect of particle size on retardation are
presented in this manner solely to illustrate the
influence of sediment carbon on sorption and are
not intended to represent actual flow relations in
the aquifer system.

Table C-6.— Summary of data on sediment organic carbon and calculated chiorobenzene
distribution coefficients as a function of particle size and mineralogy

foc = fraction organic carbon
CB = chlorobenzene

DCB = 14-dichlorobenzene
TriCB = 1,2,3-trichlorobenzene
Tet CB = 1,2,34-tetrachlorobenzene
PCB = pentachlorobenzene

HCB = hexachlorobenzene

nd = not determined

B = bulk sediment sample

M = magnetic mineralogical fraction

NM = nonmagnetic mineralogical fraction
Particle
size! and K¢ Ka&*> K& Ka®2 K& K&
mineralogic foc CB DCB TriCB TetCB PCB HCB
Fraction
<63B 0.00054 006 021 08 223 7.9 14.54
<63M nd nd nd nd nd nd nd
<63 NM nd nd nd nd nd nd nd
63-125 B .00022 .02 .09 35 9 317 593
63-125M .00064 .07 25 102 265 9.23 17.24
63-125 NM .00016 .02 .06 25 .66 2.31 431
125-250 B .00012 .0 .05 19 50 1.73 323
125-250 M .00064 .07 .24 98 256 8.94 16.70
125-250 NM 00010 .01 K 16 41 144 2.69
250-500 B .00008 .01 .03 13 .33 1.15 2.15
250-500 M .00065 07 26 1.03 269 9.37 1751
250-500 NM .00002 <.01 .01 .03 .08 .29 54

Iparticle size given in micrometers.
Distributuion coefficient (Kd = Koc x foc).



1.0 less than 63 microns, bulk

1

1.0 125-250 microns, bulk

"N |
EXPLANATION
X ~chloride
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Figure C-16. — Effect of particle size and mineralogy on the relative rates of transport for a conservative
tracer (chloride) and three chlorobenzene isomers (calculations based on Kd values given in table
C-6 and a uniform flow velocity of 0.3 meters per day).

RELATIVE CONCENTRATION (C/Co)
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Table C-7. —Summary of predicted retardation factors and ground-water flow velocities for chlorobenzenes as a function of

mineralogy and particle size

V = Velocity = 0.30 meter per day
Rf = Relative retardation factor = 1+ (pb*kd/e)

where

pb (bulk density) = 1.64 grams per cubic centimeter,
e (porosity) = 0.38, and
Kd = (distribution coefficient) = values given in table C-6

= chlorobenzene

CB

DCB = dichlorobenzene

TriCB = trichlorobenzene

TetCB = tetrachlorobenzene

PCB = pentachlorobenzene

HCB = hexachliorobenzene

nd = not determined

B = bulk sediment sample

M = magnetic mineralogical fraction

NM = nonmagnetic mineralogical fraction
Particle
size” and Rf \' Rf \'% Rf \'4 Rf \' Rf \'4 Rf A%
mineralogic CB CB DCB DCB TrCB TriCB TetCB TetCB PCB PCB HCB HCB
fraction
<63B 125 0.24 1.92 0.16 4.70 0.06 10.64 0.03 3461 0.01 63.77  0.005
<63M nd nd nd nd nd nd nd nd nd nd nd nd
<63 NM nd nd nd nd nd nd nd nd nd nd nd nd
63-125B 1.10 27 137 22 251 12 493 .06 14.96 02 26.57 .011
63-125M 129 23 2.09 14 538 .06 1242 .02 40.84 .01 75.39 .004
63-125 NM 1.07 28 127 24 2.10 14 3.86 .08 10.96 .03 19.60 015
125-250 B 1.05 28 1.20 25 182 .16 3.14 .10 8.47 .04 14.95 .020
125250 M 128 23 2.05 15 525 06 12.07 02 39.59 01 73.07 .004
125-250 NM 1.05 29 117 .26 1.69 18 2.78 A1 7.22 .04 12.62 .024
250-500 B 1.04 29 114 26 155 19 243 12 598 05 10.30 .029
250-500 M 1.30 .23 2.10 14 545 .06 12.60 02 4146 .01 76.56 .004
250-500 NM 1.01 .30 1.03 29 1.14 .26 136 22 2.24 A3 3.32 .090

'Particle size given in micrometers.

As shown by the data in table C-7, the effect of
variations in carbon content as a function of
mineralogy and particle size potentially can
influence the rates of transport for nonionic
solutes. This model predicts that, with decreas-
ing particle size (increasing organic-carbon con-
tent), the relative retardation (sorption)
increases and the flow velocity decreases. Simul-
taneously, a decrease in flow velocity will occur as
the result of the lower hydraulic conductivity for
the smaller particle size. The net result is that the
fine-gramed material potentially has a greater
capacity for solute interactions than the coarser
material. For a given particle size, the retarda-
tion effect increases with decreasing solubility of
the solute.

The effect of mineralogy is of the same order
of magnitude as that of particle size. For a
given particle size, the bulk of the organic

181

matter appears to be concentrated in the
magnetic-mineral fraction, probably as the result
of interaction between negatively charged natural
organic matter and positively charged surfaces of
iron oxides (Barber, 1987a). As a result, the mag-
netic fraction will have a greater retarding effect
on transport velocities than the bulk material and
the nonmagnetic fraction.

SUMMARY AND CONCLUSION

This paper presents theoretical evidence
showing the potential effect of geochemical
heterogeneity on transport of nonionic organic
solutes in ground water. The sediment-organic
carbon content increases with the fine-grained
particle-size fractions, and with magnetic
minerals within a given particle size. As a result,
sorption affinity is greater in these sediment frac-
tions than in the bulk aquifer material. These



results suggest that further study of the spatial
distribution and sorptive characteristics of the
various mineral substrates within an aquifer, will
improve understanding of chemical interactions
and transport processes in ground-water systems.

FUTURE RESEARCH

The predicted effect of mineralogy and
particle size on sorption of nonionic organic
solutes is presently being evaluated by laboratory
batch and column experiments. Geochemical
heterogeneity at the CCTWR site is also under
investigation. The spatial relations among the
various chemical substrates are being evaluated
by field coring efforts in which detailed
stratigraphic logs of the mineralogical and
particle-size distributions are being developed.
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TRANSPORT OF BACTERIA IN A CONTAMINATED AQUIFER

By Ronald W. Harvcy1

ABSTRACT

The transport of bacteria through contaminated
aquifers is becoming an increasingly important
issue in public health and waste management.
Many factors involved in the transport of bacteria
through ground water are poorly understood and
there is a scarcity of field data. This paper
evaluates two factors: (1) the importance of colloid
filtration theory as a determinant of the extent of
transport and the size distribution of transported
bacteria and (2) the role of secondary pore struc-
ture in observed transport characteristics. Experi-
ments were conducted at a small-scale,
natural-gradient ground water injection site in an
area of organically contaminated ground water
(Cape Cod, Massachusetts) and in the laboratory
by use of flow-through columns packed with
aquifer sediments. Results from these experiments
indicate that secondary pore structure relating to
the manner in which the aquifer sediment particles
are spatially arranged has a substantial effect on
transport characteristics of bacteria-sized particles.
Also, a modified dispersion-corrected, colloid-
filtration model may be used to predict bacterial
immobilization at particle surfaces and changes in
bacterial size distribution that occurs with transport
downgradient through aquifer sediments of Cape
Cod.

INTRODUCTION

Migration of indigenous bacteria through
contaminated aquifers is becoming an increas-
ingly important issue in waste management.
Degradation of highly mobile and persistent
ground-water contaminants may be enhanced by
cotransport of bacteria that have become
acclimated to their degradation. Transport of
nonindigenous bacteria in ground water also is of
environmental concern, inasmuch as the appear-
ance of microbial pathogens in water-supply
wells has contributed significantly to the number
of waterborne discase outbreaks (Keswick,
1984). Also, recent advances in the field of
molecular genetics have enhanced the feasibility
of using genetically engineered microorganisms
in aquifer-restoration experiments. Critical to

1U.S. Geological Survey, Menlo Park, Calif.
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the success of many schemes that employ genetic
technology in in-situ treatment of organically
contaminated aquifers is the ability of the
engineered organism to reach the contaminant-
affected area in the aquifer. Some models can
predict the extent of transport of bacteria
through porous media (Corapcioglu and
Haridas, 1984, 1985); however, these models can
substantially underestimate bacterial transport
that is observed in the field (Germann and
Douglas, 1987), and corroborative experimental
data on bacterial transport are scarce. It is clear
that improvements to models and additional
experimental data on bacterial transport are
needed to predict the movement of indigenous
and nonindigenous bacteria through porous-
media aquifers.

This paper describes a natural-gradient,
ground-water tracer experiment in which
indigenous, ground-water bacteria were stained,
injected into an organically contaminated part of
the Cape Cod (Mass.) aquifer, and recovered
downgradient. Results of a transport experiment
performed with a flow-through column packed
with aquifer sediment are also described. Two
factors are evaluated here: (1) the importance of
colloid filtration theory as a major determinant of
the extent of transport and the size distribution of
transported bacteria in the contaminant plume,
and (2) the importance of secondary pore struc-
ture (macropores) to the transport of bacteria
through sandy aquifer sediments.

MATERIALS AND METHODS

A stainless-steel submersible pump was used
to collect bacteria-laden ground water (Harvey
and others, 1984) from a screened, PVC observa-
tion well (5.0-cm (centimeters) diameter, 250-um
(micrometers) slot width) located 100 meters
downgradient from an on-land, treated-sewage
infiltration bed. A morphologically diverse pop-
ulation of bacteria was concentrated onsite from
600 liters of contaminated ground water to 8 liters
(final volume) by using a hollow-fiber, tangential-
flow filtration device (Kuwabara and Robinson,
1987), which was operated at a processing rate of



2 L/min (liters per minute). Recovery of bacteria
in the 8 liters of retentate was about 33 percent.
Because bacterial recovery was sufficient for the
injection experiment, no attempt was made to
resuspend and recover bacteria that had become
immobilized within the hollow-fiber filters.
Recovered bacteria (0.2-1.6 um long) were
stained with the fluorochrome DAPI
(4',6-diamidino-2-phenylindole) at 5 #M (micro-
molar) final concentration for 24 hours at 4 ° C
(degrees Celsius). The stained bacteria were
diluted with ground water collected from the area
of injection test (500 meters downgradient from
the treated-sewage infiltration bed and 9 meters
below land surface (BLS)) and concentrated to a
final volume of 90 liters. This was done to dilute
the DAPI below its staining threshold. Bromide
was added to the injectate (150 mg/L (milligrams
per liter) final concentration) as a conservative
tracer.

The bacteria and bromide were added slowly
to the aquifer at 8.5 and 9.1 meters BLS and
monitored as they moved with the natural
ground-water flow past a row of multilevel
samplers (6.9 meters downgradient) set perpen-
dicular to the direction of ground-water flow.
Ground water was collected on a daily basis from
sampling ports located in the path of injectate
travel. Bromide was measured with a specific-ion
electrode and confirmed by ion chromatography.
Preparations for enumeration of DAPI-stained
bacteria and fluorescent microspheres were
made with 100 to 200 mL (milliliters) of sample to
obtain accurate counting statistics. The DAPI-
stained bacteria in these samples fluoresced
under incident UV light (340-380 nm
(nanometers) excitation) and were enumerated
on black polycarbonate membrane filters (0.2-#m
pore size, 25-mm (millimeter) diameter) using a
microscope that was fitted for epifluorescence, as
described by Harvey and others (1984).

The applicability of a colloid-filtration theory
to bacterial transport was examined by applying a
colloid-transport model to observed transport
characteristics of bacteria in the small-scale
injection test and to observed changes in
bacterial abundance and size distributions along
the longitudinal axis of the contaminant plume.

Aquifer sediments were collected from the
site, sterilized, and repacked into glass columns
(0.6 meters long, 5.0 cm inside diameter) to
examine the effect of secondary pore structure
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upon transport characteristics of bacteria-sized
particles. This procedure yielded a porosity
similar to that observed in the field tests (0.35).
The columns were packed as uniformly as
possible using a mechanical packer (Soil Physics
Laboratory, U.S. Geological Survey, Menlo Park,
Calif)). The objective was to alter the secondary
pore structure of the aquifer sediments
dramatically from what is observed at the field
site. Columns were initially eluted with filter-
sterilized, degassed 0.005 molar CaSQ4 solution
until permeability stabilized. Flow-through
column experiments were then conducted in the
upflow mode at 20 °C and 40 mL/h (milliliters per
hour) (1.4 m/d (meters per day) linear velocity)
through the column using an 0.5-liter syringe
pump that delivers accurately at low flow rates.
Well-characterized, bacteria-sized microspheres
(carboxylated latex; 0.2, 0.7, and 1.35 um
diameter) and bromide (Br’) (20 mg/L (milli-
grams per liter)) were added as injectate to the
columns. Data on breakthrough of the different
sizes of carboxylated microspheres were com-
pared to data generated in a small-scale forced-
gradient field test reported earlier (Harvey and
others, 1989).

RESULTS AND DISCUSSION

Pore Structure

Retardation factors for DAPI-stained bacteria
in the natural-gradient tracer test are listed in
table C-8. These values are compared to the
results of other ground-water tracer experiments
in which transport of microorganisms relative to
bromide were examined. For both the faster (8.5
meters BLS) and slower zones (9.1 meters BLS)
at the small-scale test site, the arrival time
downgradient of the stained bacteria was nearly
coincident with that of Bf. In contrast, calculated
retardation factors (ratio of time required to
reach peak abundance for the microorganisms to
time to peak concentration for Br) for all of the
other injection tests employing microorganisms
were substantially less than 1.0. However, a
retardation factor just slightly less than 1.0 at a
point 1.7 meters downgradient was obtained in a
previous forced-gradient experiment with stained
indigenous bacteria that was done at another site
in the Cape Cod aquifer.

Retardation factors substantially less than 1.0
indicate that transport of microorganisms not
attenuated by the medium is, on the average,



Table C-8.—Differences in

{Distance is between points of injection and recovery. Retardation factor (dimensionless) calculated as the ratio of time
required to reach peak abundance for microorganism to time to peak concentration for bromide]

Type of Distance Retardation

Reference Microbe Aquifer test (meters) factor

Champ and Escherichia Fractured Forced- 12.7 0.13
Schroeter, coli crystalline gradient
1988 rock

Wood and Saccharomyces Sand and gravel Forced- 15 n
Ehrlich, cerevisiae (with clay and gradient
1978 (yeast carbonate

Harvey and Indigenous Well-sorted Forced- 1.7 95
others, bacterial sand and gravel gradient 32 56
1989

This Indigenous Well-sorted Natural- 6.7 97
experiment bacterial sand and gravel gradient 6.7 none

significantly faster than that of BTand,
presumably, mean ground-water flow. The
apparent enhancement in transport velocity of
the unattenuated microorganisms was greatest in
the experiment that involved a fractured crystal-
line-rock aquifer. It is hypothesized that this
phenomenon is caused by preferential transport
of the microbes along preferred flow paths (large
pores and channels), because they may be
excluded from the smaller pores on the basis of
size. The near absence of rapid transport of the
indigenous bacteria relative to bromide at the
small-scale, natural-gradient tests may be caused
by the absence of much secondary pore structure;
this is consistent with the tightly packed, well-
sorted nature of the aquifer sediments.

The importance of secondary pore structure
to the transport characteristics of bacteria-sized
particles in the Cape Cod aquifer may be
examined by employing repacked aquifer sedi-
ments in flow-through column experiments.
Results of a transport experiment using three size
classes of bacteria-sized, carboxylated micro-
spheres and a column repacked with aquifer sedi-
ments from the Cape Cod site are listed in table
C-9. Also listed in table C-9 are results of micro-
sphere transport in an earlier small-scale,
natural-gradient ground water tracer test (values
calculated from Harvey and others, 1989).
Immobilization of microspheres in the column
was inversely related to size, that is, the smaller
microspheres were attenuated by the media to a
lesser degree than the larger microspheres. It is
not clear why the smaller microspheres are
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preferentially transported relative to larger
microspheres through the column, although
straining may be a possibility. This was in direct
contrast to their transport characteristics in the
aquifer, where the smaller microspheres were
immobilized in aquifer sediments to a greater
degree than were the larger microspheres. This
observation is consistent with colloid-filtration
theory, which predicts that smaller bacteria-sized
particles being transported through porous
media should become immobilised at stationary
solid surfaces faster than larger bacteria-sized
particles. The reason for this is that small-scale
particle movement, and the likelihood that par-
ticles will encounter a solid surface, are governed
largely by diffusion or Brownian motion, which
increases with decreasing particle size.

Table C-9.—Retardation factors and maximum dimension-
less concentrations for breakthrough of selected carboxy-
lated mi I in col 1 field .

[(C/Co) max is the maximum dimensionless concentration at
the downgradient sampling point. Retardation factor
(dimensionless) is the time to peak breakthrough for the
microspheres normalized to time to peak breakthrough
for bromide]

Microsphere Retardation
diameter (C/Co) max X 106 factor
(micrometers) Field Column Field Column
0.2 6.0 303.0 14 0.53
05 440 1290 14 1s7
13 65.0 18.0 11 .63

ISize class for column was 0.7 micrometers.



In the aquifer material of Cape Cod, the
carboxylated microspheres are retarded some-
what relative to bromide, apparently because of
their surface characteristics (Harvey and others,
1989). The more rapid transport of the micro-
spheres relative to bromide in the column experi-
ment suggests that substantial secondary pore
structure was created when the column was
packed with aquifer material or resaturated with
water. It has been observed, from previous flow-
through column experiments (R.W. Harvey, U.S.
Geological Survey, unpublished data on file,
Menlo Park, Calif.) that transport characteristics
of both bacteria and microspheres is partially
dependent on the manner in which the columns
are packed. Therefore, transport characteristics
of bacteria and bacteria-sized particles through
columns that have been repacked with subsurface
sediments can be quite complex and it appears
that a great deal of caution must be exercised
when extrapolating results of particle transport
studies performed with columns to the ground
water environments.

Filtration Theory

A colloid filtration model (Yao and others,
1971) was applied to the breakthrough data for
DAPI-stained bacteria in the small-scale injec-
tion test. An important factor in the application
of this model is the efficiency with which col-
lisions between bacteria and stationary solid sur-
faces result in the immobilization or sorption of
the bacteria. This dimensionless factor («) was
estimated from measured aquifer properties and
observed transport characteristics of the stained
bacteria. Two methods were used to correct for
macroscopic (nonchemical dispersion). The first
was to normalize the integral of the dimension-
less concentration history for the bacteria
appearing at the downgradient samplers to that
of bromide. The second method involved
inclusion of a one-dimensional solution of the
advection-dispersion equation (Freeze and
Cherry, 1979) and a longitudinal dispersivity
calculated from observed transport charac-
teristics of bromide (S.P. Garabedian, U.S.
Geological Survey, written commun., 1988).
Both methods yielded similar estimates for a.
Estlmatcs ofa usmg the first method were 8.1 x
10”3 and 9.7x 10 for the faster and slower layers,
respectively. Estlmates of a using the second
method were 6.6 x 10 and 9.5 x 102, These
calculated values are likely to be underestimates.
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Although the DAPI-stained bacteria did not ap-
pear to be reproducing within the timeframe of
the injection experiment, they likely were subject
to predation by protozoa. Significant predation
would cause an overestimation of the rate at
which the bacteria were being sorbed by particle
surfaces.

An estimate of a also was obtained from

.reported (Harvey and George, 1987) distribu-

tions of free-living bacteria within the con-
taminant plume along a longitudinal transect
from 0.26 to 1.0 km (kilometers) downgradient
from the on-land, treated-sewage disposal beds.
The alpha value calculated from these data (4.3 x
10% ) likely represents an upper estimate, because
it is assumed in the model that there was no net
bacterial productivity; that is, that total gain in
biomass resulting from growth is completely of-
fset by losses from predation and lysis. Because
the zero net growth assumption is not consistent
with estimated in-situ growth rates reported for
the contaminant plume (Harvey and George,
1987), it would appear that the magmtude of
alpha may lie between 7x 10" 3and 4x10°. How-
ever, because a depends, in part, on aquifer
properties, its value may have substantial spatial
variability.

Inasmuch as the colloid-filtration model
predicts differential transport on the basis of par-
ticle size, a dispersion-corrected colloid filtration
model was applied to observed size distributions
of the free-living bacterial population in con-
taminated ground water adjacent to the sewage-
infiltration beds. The objective was to compare
predicted size distributions with observed values
at various distances downgradient. Because a
may differ spatially, a range of estimates were
used in this model. The results are summarized
in table C-10. An alpha value of 10, which falls
within the range of estimates calculated in this
study, resulted in predicted size distributions for
unattached bacteria that were quite similar to
those that were observed, particularly in ground
water 0.65 km downgradient.

The observed and predicted decreases in
average cell size with increasing distance
downgradient from the source of contamination
is not what would be predicted on the basis of
nutrient availability. This is because average cell
size commonly is directly related to nutrient con-
tent of the environment. Therefore, free-living
bacteria in high-nutrient ground water close to



Table C-10.— Observed average cell sizes for free-living bac-
mmmmw L 2nd Lesti i fhici

[Distances are downgradient from well F314; NC, cannot be
calculated because rate of attenuation would preclude
population from reaching the downgradient observation
wells; km, kilometer; #m, micrometer]

Average cell size for

Distance free-living bacteria
Okm __ 038km__ 0.65km
Observed: 046um 0S5um 0.71um
Predicted:!
Alpha = 43x10° 053um  057um
Alpha = 85x10° NC NC
Alpha = 1.0x10™ 061um  0.71um

1Using dispersion-corrected, colloid-filtration model.

the sewage loading beds may be expected to have
a larger average cell size than bacteria in
nutrient-depleted ground water further
downgradient. It is possible that the observed
changes in cell-size distribution is a result of a
shift in the makeup of the bacterial population
with increasing distance downgradient. How-
ever, substantial increases in average diameter of
polydispersed populations of bacteria-sized
microspheres have been observed during
transport in ground-water injection experiments.
Therefore, it seems reasonable to invoke an
abiotic mechamsm, at least in part, to explain
observed increases in bacterial size during
transport through the aquifer. Because the
transport process may depend on the bacterial
size class, bacterial size may be a factor to con-
sider in aquifer-restoration experiments in which
selected or genetically engineered bacteria are
injected into organic-contaminated ground
water.

In summary, there are many factors, both
biotic and abiotic, that can affect transport of
bacteria through contaminated aquifers. The
importance of secondary pore structure and
colloid filtration cannot be ignored. Additional
data on bacterial transport are needed, pref-
erably from a variety of aquifers and hydrologic
conditions.
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FIELD AND LABORATORY STUDIES OF COUPLED FLOW AND
CHEMICAL REACTIONS IN THE GROUND-WATER ENVIRONMENT

By James A. Davisl, Douglas B. Kentl, and Brigid A. Real

ABSTRACT

A new research effort is described that em-
phasizes the use of laboratory and field approaches
to understand the principal processes governing the
transport of metals that undergo significant chemi-
cal reactions in the ground-water environment.
The research approach will stimulate the develop-
ment of transport models that couple the mathe-
matical description of advection and
hydrodynamic dispersion with relevant chemical
relations for reactive metal ions in ground waters.
Primary objectives include an improved under-
standing of (1) the rates of sorption processes and
their inclusion in coupled transport models and (2)
the importance of complexation and oxidation-
reduction reactions in the transport of solutes. The
research will make significant contributions toward
assessing risks arising from industrial, nuclear, and
municipal contamination of aquifers.

INTRODUCTION

The developed nations of the world continue
to experience an ever-increasing need to predict
the movement and fate of chemical substances in
the ground-water environment. This need is
being driven today largely by problems in assess-
ing the suitability of sites for nuclear-waste dis-
posal and problems in industrial and municipal
pollution. Reliable assessment of hazards or
risks arising from ground-water contamination in
these environments and the design of efficient
and effective means of dealing with contaminated
sites require a capability to predict the behavior
of dissolved solutes in flowing ground water.
Reliable and quantitative predictions of con-
taminant movement require an integration of the
processes controlling transport, hydrodynamic
dispersion, and chemical and biological reactions
affecting soluble species in ground water. In the
general case, represented by most field settings,
these processes are coupled — that is, they are not
independent of each other.

Through use of the convection-dispersion
solute-transport equation, considerable advances

lus. Geological Survey, Menlo Park, Calif.
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have been made over the past 20 years in the
ability to model the transport of dissolved con-
stituents that neither undergo reactions in the
aqueous phase nor interact with the solids
(Freeze and Cherry, 1979). Other advances have
been made in modeling solute transport coupled
with a few relatively simple reactions, such as
first-order decay, ion exchange, and simple sorp-
tion reactions, using the assumption of local
chemical equilibrium (Rubin and James, 1973;
Valocchi and others, 1981; Reynolds and others,
1982). The problem of fully coupled transport
with multiple reactions has only been addressed
in a general mathematical framework (Rubin,
1983), and considerable work is still needed that
use a variety of approaches, including laboratory
studies, field studies, and the development of
more general and computationally efficient
solute-transport models. A new research effort is
underway to address some of these needs, with an
emphasis on transport coupled with sorption
processes.

The purpose of this paper is to review some of
the important literature relevant to the topic of
transport coupled with sorption reactions and to
provide a detailed overview of research objec-
tives in new investigations at the Otis Air Force
Base field site. Specific chemical reactions will
be studied in this new effort, but the findings are
expected to be of general significance.

The results of this research, if successful, will
provide guidance to modelers working on the
general problem of transport of reactive solutes.

BACKGROUND

Chemical Reactions on Mineral Surfaces

The concentrations of many elements in
ground waters commonly reflect undersaturation
with respect to pure solid phases of known
composition and structure, and aqueous concen-
trations of these elements are often thought to be
controlled by sorption reactions (Davis and
Hayes, 1986).



The most common inorganic adsorbents in
geological materials are hydrous metal oxides (as
discrete minerals or as coatings), carbonates,
clays, and other aluminosilicates, whereas the
most common organic adsorbents consist of
detrital plant material and humic coatings on
mineral surfaces. Many studies of transition-
metal sorption onto geological materials have
concluded that the iron and manganese hydrous

oxides and organic matter are the predominant .

adsorbents (Jenne, 1968, 1977; Lion and others,
1982; Davis, 1984; and Tessier and others, 1985),
although Fuller and Davis (1987) have recently
shown that calcite dominated the sorption of Cd
on an aquifer sand. Among the inorganic adsor-
bents, hydrous metal oxides may have the
greatest affinity for ions because of their charged,
reactive hydroxyl surface groups, and their large
specific surface area. The oxides of iron, man-
ganese, aluminum, and silicon are of major
importance in ground waters.

Assessment of the long-term fate of toxic
substances that enter ground water requires the
identification and understanding of processes
controlling the release, movement, and retention
of individual solutes within the range of possible
geochemical settings. Processes involving reac-
tions on mineral surfaces —for example, adsorp-
tion and surface precipitation—are likely to
occur and need to be understood in order to
model transport properly. A variety of empirical
approaches have frequently been used to model
solute binding by mineral surfaces, including use
of partition coefficients, isotherm equations
(such as those of Freundlich and Langmuir) and
Kurbatov plots (Honeyman and Leckie, 1986),
but these empirical fitting parameters have little
transfer value for describing sorption processes.
For example, values for radionuclide retardation
factors used in radiological risk-assessment
models are almost always conservative (small)
because the processes causing retardation are
poorly understood and few field data are avail-
able (Kent and others, 1986). Many assessment
models in current use rely on distribution coeffi-
cients (Kqg) or sorption ratios (Rq) and do not
explicitly incorporate the physical-chemical char-
acteristics of the systems being studied (Cranwell
and others, 1982; Till and Meyer, 1983). K4 and
Ry are defined as the amount of solute taken up
per gram of adsorbent divided by the amount of
solute per cubic centimeter of water. Distribu-
tion coefficients evaluated for site-specific
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materials are observed to vary over several orders
of magnitude without providing any insight as to
why such variability might be expected and, thus,
predicted (Daniels and others, 1982). Such coef-
ficients are necessarily limited to particular con-
ditions and are not easily extrapolated to other
conditions of reactant concentration, pH, or ionic
strength.

A more fundamental, mechanistic approach
that uses the surface-ionization and complexation
concept in conjunction with classical Gouy-
Chapman double-layer theory and its extensions
(Stern-Grahame) is now widely accepted in
modeling the interactions of solute ions with
mineral surfaces (Davis and others, 1978;
Schindler, 1981; James and Parks, 1982;
Langmuir, 1987). For example, this model has
been successfully used to (1) explain the adsorp-
tion of uranium(VI) by ferrihydrite, of thorium
and radium by quartz and kaolinite, and of lead
by birnessite (Catts and Langmuir, 1986; Hsi and
Langmuir, 1985), (2) interpret the effect of
carbonate alkalinity on thorium speciation in the
presence of goethite (LaFlamme and Murray,
1987), and (3) rationalize the effects of ionic-
strength variations on the adsorption of cadmium
and lead by goethite (Hayes and Leckie, 1987).

Current experimental procedures for collect-
ing partitioning and retardation data for toxic
compounds and site-specific geological materials
usually involve studies with short contact times
(reaction period between the geological material
and the solutes), small samples (less than 1 kg
(kilogram)) and, for column studies, short path
lengths (1 meter or less), as compared to the time
and space dimensions of real-world applications.
Questions remain concerning the applicability of
batch studies of adsorption to transport
parameters in column studies and the scale-up
from laboratory column experiments to field
applications.

Field Studies

Although laboratory column and batch studies
can be used to test the coupling of physical and
chemical processes in the transport of reactive
solutes, the difficuities in extrapolating to multi-
dimensional problems of much greater scale are
severe. The apparent dispersivity of solutes
transported in aquifers has been found from field
tests to be much larger than that expected from
laboratory column tests. Although this dis-
crepancy can, to some degree, be explained by



the scale of the investigation, it appears that
enhanced mixing is occurring in many aquifers
compared to that observed in laboratory column
experiments. The enhanced mixing of conserva-
tive solutes in aquifers has been attributed to
fluid-velocity variations induced by the
heterogeneity of hydraulic conductivity in the
aquifer (Gelhar and Axness, 1983). An even
greater degree of dispersion is observed for reac-
tive solutes, which can be explained by either a
state of disequilibrium of sorption-desorption
processes during transport, or if the local equi-
librium assumption is believed to be applicable,
the enhanced dispersion can still be explained by
the physical heterogenity of the system’s adsorp-
tive properties (Garabedian, 1987).

A limited number of field tests of sufficient
detail and reliability have been performed that
enable satisfactory examination of the factors
mentioned previously. Of these, only the tracer
studies at Borden Air Force Base in Canada
(Criddle and others, 1986; Curtis and others,
1986; Freyberg, 1986; Mackay, Ball, and Durant,
1986; Mackay, Freyberg, Roberts, and Cherry,
1986; Roberts and others, 1986; Sudicky, 1986)
and Otis Air Force Base (Garabedian, 1987, Stol-
lenwerk and Grove, 1987) have been particularly
comprehensive. The tracer test at Otis Air Force
Base was designed to test the relation between
field-scale dispersion and aquifer heterogenity
developed by Gelhar and Axness (1983).
Injected tracers were bromide, lithium, and
molybdenum ions. Major conclusions of the
study were that (1) longitudinal mixing was the
dominant dispersion process, which reached a
Fickian limit after 40 meters of travel; (2)
transverse horizontal and vertical dispersion
were relatively small; and (3) horizontal displace-
ment of the injected solute cloud was accurately
predicted using estimates of the hydraulic
conductivity, porosity, and measured hydraulic
gradient (Garabedian, 1987). Solute concentra-
tions were highly variable and difficult to predict
on a small scale but the average characteristics
(the spatial moments) could be predicted.
Lithium transport was retarded relative to
bromide by a factor of approximately 1.6, but
batch sorption studies showed a very slow rate of
equilibration with the aquifer material (a medium
to coarse sand), indicating the need for a non-
equilibrium modeling approach. Molybdenum
transport depended on many factors, including
pH and the concentration of other anions—for

example, phosphate and sulfate —and the
sorption isotherm was nonlinear (Stollenwerk
and Grove, 1987), indicating the need for a multi-
species modeling approach to account for the
effects of competitive adsorption.

Solute Transport Modeling

The mathematical formulation and solution of
coupled transport equations depends consider-
ably upon whether the chemical processes can be
described by kinetic or equilibrium approaches
(Rubin, 1983). The appropriate choice depends
on the rates of chemical and physical processes
relative to the bulk fluid flow rate and a subjective
assessment of the permissible level of error for
the model (Jennings and Kirkner, 1984; Valocchi,
1985; Bahr and Rubin, 1987). Because an equi-
librium approach greatly simplifies the mathe-
matical and conceptual framework of the
solute-transport problem, and there is evidence
that microscopic adsorption reactions of many
solutes are rapid (Hayes and Leckie, 1986), the
local-equilibrium assumption commonly has
been used in both field and laboratory models of
solute transport. However, numerous studies
have shown that the local equilibrium approach
does not always provide an adequate model for
solute transport through porous media (James

~and Rubin, 1979; Reynolds and others, 1982;
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Valocchi, 1985). Interest in nonequilibrium
transport models has been growing as a result
(van Eijkeren and Loch, 1984; Kirkner and
others, 1985), but few data are available that
demonstrate whether the rates or solute sorption
on geological materials are controlled by dif-
fusive transport or by rates of chemical reactions
(Fuller and Davis, 1987). Although significant
advances are being made in the ability to model
coupled reaction and flow (Narasimhan and
others, 1986; Lewis and others, 1987), this ap-
proach is still limited by a lack of relevant kinetic
and thermodynamic data for appropriate interac-
tions in the environment. Further advances in
this field will require the combination of detailed
laboratory and field investigations with additional
refinement of mathematical modeling ap-
proaches.

RESEARCH APPROACH

Laboratory Studies

The purpose of these studies is to assess the
primary mineral phases that contribute to sorp-
tion of the trace elements zinc (Zn), chromium



(Cr), and selenium (Se) onto Otis sand. A
preliminary study with a simple mineral
assemblage of quartz and iron oxyhydroxides will
be conducted because these minerals are
believed to be the most important adsorbent
phases in the sand. The simple mineral
assemblage approach also will allow modeling of
transport in laboratory column experiments using
material that can be well characterized in terms
of its physical and chemical properties. Both
equilibrium and kinetic aspects of the sorption
processes will be investigated. Equilibrium
aspects that will be studied include (1) a charac-
terization of the adsorption properties in single
mineral systems and mixtures of the minerals; (2)
the effect of a wide range of solution conditions
on the extent of adsorption (for example, pH,
ionic strength, concentration of a complexing
ligand (EDTA), concentration of a competing
ions (Ca and POy4), and solute concentration);
and (3) the effect of water: solid ratio on adsorp-
tion. Rate studies in stirred suspensions will be
performed to constrain the rate expressions that
describe the sorption processes. Transport of the
adsorbing solutes through columns packed with
the same adsorbents (simple mineral
assemblages or natural materials) will be studied
over a wide range of solution compositions and
fluid flow rates. The primary objective is to gain
an improved understanding of the rates of sorp-
tion processes in porous media and their impor-
tance in transport modeling. Additionally,
methods for characterizing the adsorption
properties of the natural materials will be
developed. The chemical composition of the sur-
ficial material of Otis sand will be determined by
surface spectroscopy, and the sorption behavior
of Zn and Cr(VI) on the sand will be compared to
that predicted from a model of their sorption on
pure mineral phases.

Field Investigation

The previous injection experiment at Otis Air
Force Base (Garabedian, 1987; Stollenwerk and
Grove, 1987) has characterized the hydrologic
properties of the site in great detail, which allows
an opportunity to explore more complex geo-
chemical transport experiments with other reac-
tive tracers. The approach at this site will be to
inject bromide as a conservative tracer in addi-
tion to three reactive tracers (Zn, Cr, Se), whose
transport is expected to be considerably
influenced by chemical reactions. Three small-
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scale experiments (observation of tracer move-
ment for approximately 13 meters) were begun in
July 1988 to test the rates of transport of these
tracers.

The reactive tracers (Zn, Cr, Se) were injected
as single pulses into the sand and gravel aquifer
and are being monitored as the tracer clouds
move downgradient. The Cr and Se were
injected as dissolved salts (K2CrO4, NazSeOs),
whereas the Zn was injected as the EDTA che-
late. A major objective in usin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>