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ABSTRACT

This study describes the hydrologic and geochemical factors influencing the fate
and transport of zinc and iron from an industrial waste landfill and dredge spoils area
(BASF Corporation, Williamsburg, Virginia). The industrial landfill contains large
quantities of zinc (approximately 3.0x 107 kilograms) and the nearby dredge spoils area
contains high concentrations of zinc, precipitated iron and has a low pH. The dredge spoils
area and adjacent tributary continue to receive contaminated leachate from the landfill, even
though the landfill has been closed for over 15 years. The acidity and metal contamination
of the dredge spoils area is not found in other unperturbed ponds and creeks of the area.

An groundwater monitoring program combined with laboratory studies were
employed to understand the source and mobility of zinc and iron in this system. Zinc is
directly leached from the industrial waste within the landfill. A majority of the landfill
region is acting as a recharge zone for the groundwater system. Groundwater flows in all
directions from the recharge zone, but predominantly towards the north tributary of Wood
Creek and the James River. The native material was characterized by x-ray diffraction and
wet-chemical techniques and proved to be composed primarily of quartz particles and about
6% iron. Exchangeable clay minerals comprise less than 1% of the bulk and pyrite less
than 0.04%, indicating that ion-exchange mechanisms involving clay minerals and the
oxidation of pyrite are not significant factors in mobilizing iron. The presence of goethite,
tferrihydrite, and favorable redox conditions, including low Ey, low dissolved oxygen. low
nitrate, and high Fe(II) concentrations, suggest that iron is mobilized in the landfill by
microbially-mediated reduction processes of Fe(IIl) phases in the native material.

Current remediation efforts at the spoils pond area include cap improvements of
sections of the landfill adjacent to the spoils area to minimize rainwater infiltration and
liming of the dredge spoils area to neutralize the acid. Three remediation strategies for
removing zinc from the groundwater in the dredge spoils area were tested using
microcosms with: addition of limestone, addition of gypsum, and addition of organic
matter. A control microcosm (natural) tested the effect of sediment mixing. All
microcosms, except the organic, released zinc that the dredge spoils area had naturally
removed from the groundwater system, presumably because they oxygenated the
sediments. The addition of organic matter, to maintain the reducing environment of the
dredge spoils area, was the least damaging treatment. These results are consistent with
previous studies which have shown that maintaining an organic-rich reducing environment
keeps zinc levels low. Thus, remediation efforts for the dredge spoils area should maintain
a reducing environment in sediments through additives or maintain a good growing
environment for the abundant Phragmires spp. to increase sediment organic loading
through natural processes.

X1



LABORATORY AND FIELD INVESTIGATIONS TO DETERMINE THE CHEMICAL
FACTORS AFFECTING ZINC AND IRON TRANSPORT AT AN
INDUSTRIAL WASTE FACILITY



GENERAL INTRODUCTION

BACKGROUND

Understanding the processes influencing metal mobility in groundwater is an
essential prerequisite to effective remediation of contaminated landfill sites. This study
concerns the BASF site south of Williamsburg, Virginia, which includes a landfill
containing large quantities of zinc and an adjacent dredge spoils area with high zinc
concentrations, abundant ferric hydrous oxide precipitates, and a low pH. The source of
iron in relation to the landfill, and the mechanisms responsible for iron mobilization and
release into the surrounding environment were investigated.

The Williamsburg Plant of BASF is located on Wood Creek, a tributary to Skiffes
Creek which flows into the James River (Figure 1). This plant manufactured acrylic fibers
on a 700 acre site. From 1958 to 1980, the plant operated an on-site landfill for the
disposal of process waste, wastewater treatment sludge, and general plant refuse. The
landfill occupies approximately 33 acres of land on a peninsula between the bank of the
James River and the wetland of Wood Creek.

The landfill contains an estimated 123,000 cubic meters of buried waste.
(Summertfield, 1980). Zinc is probably the most environmentally significant material
buried in the landfill (RMT, 1989a). Approximately 1.1x107kg zinc was contained in the
wastewater treatment plant sludge and 1.6x107kg zinc were contained in other materials
buried in the landfill (Summerfield, 1980).

The use of industrial sludges as landfill material introduces the possibility of metal
ion release due to changes in environmental conditions (Slavek and Pickering, 1981). To
minimize leachate problems at the BASF site, a cap was installed in the northern portion of

the landfill. Unfortunately, there is no way to totally control metal leaching from landfill



Figure 1 - Map of BASF facility.
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Figure 2 - Aerial photograph of site (June, 1996). North 1s towards the

bottom of the page.






sites. Nicholson et al. (1983) published the results of a case study of the Borden Landfill

(a refuse waste landfill) in Denmark. Four of their observations and conclusions follow:

I. “The chemical processes affecting landfill leachate can be related to their zone of
occurrence. These zones are: (1) the landfill, which includes the refuse and the geologic
cover material; (2) the geologic deposits at the bottom of the landfill, where their
interaction with the leachate can significantly alter its chemical composition; and (3) the
geologic deposits forming aquifers along the flow path of the contaminated groundwater,
within which both physical and biogeochemical processes can alter the composition of the

leachate and its transport through the aquifer.”

I1. “The composition of the leachate solutions leaving the fill material is dependent on
(1) the materials within the landfill; (2) the nature of the geologic cover material; (3) the
amount and rate of water infiltration; (4) the temperature within the refuse; and (5) the time

the landfill material has been subjected to infiltration and leaching.”

III. “The availability of organic matter in most landfill wastes suggests that
microorganisms are likely to be active and abundant. Microbial metabolism in the main
body of landfills tends to be anaerobic due to the high organic loading, with oxidation
demands exceeding oxygen resupply rates. The formation of carbon dioxide in the early
stage of the landfill's history followed by methane in the latter stages is an important
landfill process. In addition. the microbial decomposition of organic matter in an oxygen-
free system results in the lowering of the redox potential. Therefore, the redox potential is

an important parameter in the development of leachate composition.”

IV.  “As aresult of successive reduction processes within the refuse, the products in the

leachate may include the following reduced species: NHy*, Mn2+*, Fe2+, S2- and CHy.



Dissolved manganese and iron may originate from metallic waste products but the oxide
coatings on the sand grains may be an important, if not predominant, source of these

elements.”

Many of Nicholson's et al. (1983) generalizations (listed above) are relevant to the
BASF landfill; especially the comments on organic matter in the landfill wastes and its
effect on leachate composition. The presence of abundant organic matter and reducing
conditions in the BASF landfill and Fe(II) in 1ts leachate indicates that microbial
decomposition of the landfill wastes may be an important process. Though the source of
Fe(II) 1s a major topic of this research, dissolution from iron oxide coatings on sand grains
must be considered as a potential source.

The groundwater leachate at the BASF site typically has high zinc and iron
concentrations and a low pH (RMT. 1989a). In general. zinc in natural waters low in
sulfide is present as the very soluble Zn(ID) ion! (Baes and Mesmer, 1976), so the high
quantities of zinc in the leachate are not surprising. Surface runoff and groundwater flow
from the landfill area is suspected as a significant source of zinc to the adjacent dredge
spoils area.

Dissolved iron may be present in natural waters in two different oxidation states,
Fe(II) and Fe(ITI). Fe(II) minerals are relatively soluble?, but dissolved Fe(II) oxidizes to
Fe(IIl) in the presence of oxygen. Fe(IIl) is the predominant valence state in oxic
environments, but forms relatively insoluble3 hydrous oxides. The acidity and metal
contamination of the dredge spoils area is unique within the region, and is hypothesized to

result from Fe(II) oxidation in surface waters receiving Fe(Il)-rich leachate discharging

1 Concentration of Zn(ID) in equilibrium with amorphous zinc hydroxide at pH = 7 is 0.09M
2 Concentration of Fe(II) in equilibrium with amorphous Fe(II) hydroxide at pH = 7 is
0.033M

3 Concentration of Fe(II) in equilibrium with amorphous Fe(III) hydroxide at pH = 7 is

1.2x10°10Mm



from groundwater seeps. These general observations lead to the posing of two questions
whose answers are needed for description of the geochemical processes associated with
metals leaching from the landfill, and for guidance of site remediations actions:

1) What is the chemical form of iron in the landfill, and in local geologic solids?

2) How is this iron mobilized from the landfill and transported to the dredge spoils

area?

Experiments described here were designed to answer these questions, and to be

used to direct remediation activities at the site.
HYPOTHESES FOR IRON MOBILIZATION IN THE LANDFILL

Iron is present in substantial quantities in materials native to the area. but the
structural form and mineralogy of the iron is not known (RMT, 1989a). Based on their
common occurrence, pyrite (FeS,), iron-rich clay minerals, and insoluble iron oxides and
hydroxides (e.g., FeOOH) seem to be the most likely mineral sources of iron. The
hypotheses that follow each provide for iron release from the landfill as soluble ferrous
(Fe(II)) iron and mobilization via groundwater transport. Fe(II) undergoes hydrolysis and
oxidation upon encountering oxygen. either in the aquifer below the landfill or in the

surface water of the dredge spoils area. Amorphous hydrous iron oxide (am-Fe(OH);) is

precipitated and protons are released to produce acidic solutions:

2 —_— 3 ,
Fe™ (aq) + (14) Ogaq) + H (g™ Fe™™ 4q) + (1/2) HaOy,

3+ - -~ +

Three hypotheses concerning the introduction of iron(Il) into the landfill leachate
have been developed. They address whether the iron source is pyrite, iron-rich clay

minerals, or iron oxides and hydroxides occurring naturally in the native material, and the



process by which iron could be released, including natural abiotic processes, cation-
exchange processes, or microbial-mediated processes. The specific hypotheses are as

follows:

H,: The source of iron is the mineral pyrite, occurring in the native material in and

around the landfill. Pyrite is oxidized to soluble Fe(II), and then mobilized through

dissolution with percolating rainwater. The landfill waste is not involved in this process.

H,: The source of iron is iron-rich clay minerals occurring in the native material in
and around the landfill. Fe(II) is released and mobilized from the clay minerals through

cation exchange with zinc leaching from the landfill.

H: The source of iron is insoluble Fe(IID) solids occurring in the native material in

and around the landfill. Fe(III) is reduced to Fe(Il) in the landfill through microbially-
mediated processes, and then is subsequently mobilized through dissolution with

percolating rainwater.

Field measurements and laboratory experiments reported here were designed to test
each of the hypotheses regarding release of iron from the Williamsburg BASF landfill. A
detailed characterization of landfill and native material, and measurements of several redox
constituents in associated groundwaters, were conducted to resolve the mechanisms
controlling the release of high levels of iron in the area.

Current remediation etforts at the site include cap improvements of sections of the
landfill adjacent to the spoils area to minimize rainwater infiltration and liming to neutralize
the acid in the dredge spoils area. Three remediation treatments, for removing zinc from

the groundwater in the dredge spoils area. were tested for their remediation efficiencies.



The addition of limestone was to increase the pH of the system, gypsum to add sulfate, and
organic material to reduce the redox potential.

Results from this work will help identify the basic mechanisms controlling the
environmental fate and transport of zinc and iron from the sediments at this site. This
information may then be used to design an optional remediation strategy which addresses
the mobilization of the contamination directly, thereby limiting the need for expensive,
short term remediation actions. This study may also help in understanding the types of

chemical processes involved in the fate and transport of metals at other landfill sites.



CHAPTER 1 - The Williamsburg BASF Waste Treatment Facility - Site Description and

Groundwater Flow Characteristics

INTRODUCTION

The Williamsburg Plant of BASF (Badische) maintained an industrial waste landtill
using the trench method exclusively, with trenches ot 10 feet wide by 8 feet deep (RMT,
1989a). Two to four feet of soil cover was placed on the top of most trenches; however.
some trenches have less cover and partial exposure of fill material occurs in a few
locauons. The landfill is now partially covered with grass. shrubs and small trees. The
generation rate of waste material slowly increased between 1958 and 1961 (Summerfield,
1980). By 1962, the generation of waste had nearly doubled, to about 5,803 cubic meters
per year, but then stabilized through 1966. With the addition of another production plant in
1966, the waste generation rate doubled again. Two to three trenches were filled during the
first ten vears of operation (1958-1968), and five to six trenches per year during 1969 to
1975 (RMT, 1989a).

Burning of solid waste in the trenches and in piles beside the trenches was common
from inception of landfill operations in 1958 until mid 1973. During this period. about
65% of the burnable waste, including liquid solvents. dry fiber, and wet fiber and polymer.
was disposed of by burning (Summerfield, 1980). A trench burner was installed in 1973
and operated until December 1975 when the State Air Pollution Control Board refused to
issue a permit for its continued use. During this period. an estimated 90% of solid waste,

except treatment plant sludge and filter cake. was burned. In December 1975, commercial



hauling of solid waste to a local county landfill commenced, and the Badische landfill
closed in 1976. It was reopened in 1977 for disposal of acrylonitrile contaminated wastes
only. The Badische landfill was permanently closed in 1980.

Wood Creek was dredged in 1967, in order for the BASF facility to receive barge
traffic. The dredge spoil material was placed in a 15 acre natural marsh area adjacent to the
barge unloading station and immediately downgradient tfrom the landfill area. An earthen
dam was constructed between the marsh and Wood Creek, using native material to contain
the dredged material. This is called the dredge spoils area . Approximately 69,000 cubic
meters of spoil material was removed from the creek and deposited at the site.

The hydrogeology of the landfill site was described by Gerhaty and Miller (1981).
They concluded that there is a 1.5 to 14 foot thick permeable clay layer at the surface of the
site, and that the landfill sits in this clay layer. Beneath the clay layer there is a 15 to 26
toot thick shallow sandy aquifer (the Columbia Aquifer). The bottom of the sand unit is at
sea-level. The Columbia aquifer is separated from the underlying Yorktown aquifer by the
Yorktown clay confining layer (Unger et al., 1993). The uppermost aquifer underlying the
BASEF site is unconfined, indicating that the water table 1s directly recharged from the
surface by water percolation and that much of the water recharging the underlying aquifer
may first percolate through the landfill matenial (Figure 3).

The Columbia aquifer is composed of Holocene and Pleistocene sediments and is a
water-table aquifer throughout its extent (Laczniak and Meng, 1988). The aquifer is only
present in the eastern part of the York-James Peninsula and primarily consists of a thin
series of Pleistocene terrace deposits. These deposits are mostly sand and gravel
interbedded with silt and clay. This unconfined aquifer has a high susceptibility to
contamination from surface pollution. Columbia aquifer groundwater is characterized as a
mixed sodium-calcium bicarbonate type. The average hydraulic conductivity (the volume
of water that will flow under a unit hydraulic gradient, through a unit area of sediment, per

unit time) is 28.1 ft/day.



Figure 3 - Schematic representation of zinc and iron transport from the

landfill.
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A north-northwest trending water table divide is thought to exist along the western
side of the landfill, roughly along the road located there (RMT, 1989a). Groundwater flow
in the aquifer is east to northeast into Wood Creek and the associated wetlands in the area
east of the road. West of this road, the groundwater flows toward the James River.
Groundwater west of the divide slopes toward the James River at 0.023 ft/ft, while
groundwater east of the divide, beneath the landfill, slopes toward Wood Creek between
0.017 tt/ft and 0.009 ft/ft. Flow into Wood Creek is calculated to be approximately 1000
gal/day. Leachate from the landfill enters the dredge spoils area after transport through the
Columbia sandy aquifer. Hydraulic head data indicates that a portion of the surtace water
in the dredge spoils area flows 'Lhrough the northeast portion of the landfill, discharging to a
tributary of Wood Creek (RMT, 1989a).

In a preliminary site assessment (Nalipinski and Senovich, 1983), the Badische
Site was noted to have been identified as a potential hazardous waste site by “supertund
notification” on June 9, 1981. The site had allegedly contaminated the groundwater, was a
potential source of contamination of the food chain and surface water, and was a potential
source ot damage to fauna and flora. In addition, Nalipinski and Senovich (1983) noted
that Badische had violated the zinc discharge level of their NPDES permit on four separate
occastons since 1978.

Hurley (1983a.b) published groundwater and sediment pollution data that had been
collected at the BASF site. He stated that monitoring wells at the site, MW8, MW 4 and
MW 16, contained volatile organics, but the other wells were relatively clean. Hurley
(1983a.b) also reported that zinc levels were well above background in sediment from
Wood Creek, but were not above background levels in sediment from the James River

AWARE (1983) reports that the impact of the BASF Plant on the nearby aquatic
biological communities was limited to Wood Creek, and that the most severely affected
streams were the two tributaries which drain the inactive landfill and receive plant etfluent.

James River and Skiffes Creek did not show significant evidence of impact. However,



Mackenthun (1984) appraised the environmental significance of surface and groundwater
data gathered at the BASF site and found numerous errors and contradictions in the
AWARE (1983) report. Mackenthun (1984) concluded that, at most, the effect of the
BASF discharge on the biological environment in Wood Creek was “minor.” However, he
pointed out that there was a demonstrated biological impact on the tributary stream adjacent
to the inactive landfill.

Unger et al. (1991) support the findings of Mackenthun (1984), reporting no
statistical difference in zinc concentrations between Skiffes Creek fish and those from a
control site. They also show that, although elevated zinc concentrations were present in the
vicinity of Wood Creek, it was not biologically available to brackish water clams.
Furthermore. oysters accumulated zinc to levels that were significantly different from
controls only at the station in Wood Creek receiving the highest dissolved zinc. Finally,
there were no perceivable effects of the zinc contamination on the wetlands in and around
Wood Creek or any adverse relationship between benthic community parameters and zinc
levels (Diaz and Gapcynski, 1991).

Haag (1986) proposed remedial alternatives for the landfill area which combined
three glemems: 1) Keep recharge water out by installing a cap and/or a slurry wall around
all or part of the site; 2) prevent water from carrying zinc out of the area by chemically
decreasing its solubility or by excavating all or part of the contaminated material; and 3)
prevent contaminated water from leaving the area by containing and/or pumping.

The purpose of this portion of the study was to collect background information
about the landfill and its effect on the groundwater in the unconfined aquifer below the
landfill. This background information was particularly necessary because recent alterations
(capping) to the landfill may have changed aquifer flow and chemistry from that measured
in earlier studies. The monitoring wells drilled by the Virginia Institute of Marine Science
(VIMS), along with the wells already in existence, were analyzed for zinc, ferrous iron

(Fe(II)) and total iron. Also, in an effort to demonstrate groundwater flow. and to predict



zinc and iron fluxes to the surrounding environment, a groundwater contour map was

produced using measured well water head data and SURFER® v. 5.01 software.

MATERIALS AND METHODS

Seven groundwater sampling wells (V series wells) were drilled in and around the
inactive BASF landfill. These wells were added in selected locations to fill in empty spaces
where the existing wells (MW series wells) did not provide adequate coverage. The well
locations are shown in Figure 4.

Wells V1, V4, V7, V9, and V10 were drilled with a three-inch diameter hand auger
until the well was approximately tive feet into the unconfined aquifer. Two-inch PVC pipe
coupled to approximately five feet of 0.01 inch slotted PVC well screen was used to
construct the well. The hole was filled with #2 well sand to at least one foot above the top
of the well screen and sealed by adding bentonite at the surface. Wells V6 and V8 are
screened directly in the landfill. These wells, constructed with one-inch PVC pipe coupled
to one-inch PVC well screen with a drive point, were driven into water saturated landfill
fibers. Two-inch PVC pipe coupled to two-inch well screen was used to case the one-inch
well pipe.

Groundwater from the wells was sampled using a Waterra inertial pump and was
collected into 50 mL sterile, plastic centrifuge tubes. Samples were returned to the
laboratory for analysis of zinc and iron.

Fe(II) concentrations were analyzed using the ferrozine method (Stookey, 1970).
Groundwater samples were syringe filtered in the tield through a 0.45um filter, and then
immediately mixed with a ferrozine solution. Two different ratios of ferrozine solute to
groundwater sample were employed, depending on the expected Fe(II) concentration. For
the Fe(II) concentrations ot 0.05-10 mg/L, 5 mL of filtered groundwater sample was mixed

with 2 mL ferrozine solution. In the Fe(II) concentration range of 10-500 mg/L, 0.1 mL of

14



Figure 4 - Location of monitoring wells. V series wells were installed by
VIMS, while MW series wells were installed previous to this study. Solid

lines are roads.
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the filtered groundwater sample was mixed with 15 mL ferrozine solution. These sample
volumes were used in preparation of calibration curves. The resulting colored solutions
were then analyzed, the next day, using a Shimadzu UV/Visible Spectrophotometer (Model
UV-1601) at a wavelength of 562 nm. Calibration curves were determined for both ratios.

Quality control procedures were undertaken for the groundwater analysis. All
glassware was washed thoroughly with detergent and rinsed with water trom the Millipore
SUPER-Q High Purity Water System (milli-Q), then soaked in a 10% by volume HCI
bath. The glassware was removed after 24 hours and rinsed with copious amounts of
milli-Q water. If not used immediately, the glassware was covered with parafilm to prevent
contamination from laboratory pdrticulates.

Standard zinc and iron solutions containing known concentrations of 1-100 ppm
zinc and 0.5-30 ppm iron were prepared from sequential dilutions of a commercially
available 1000 ppm ICP standard solution (High Purity Standards). All standards were
prepared in 0.2N HNOs3 (Baker Analyzed) and stored in volumetric flasks. Fresh
standards were prepared for every ICP run.

Standard Reference Materials (SRM) for zinc and iron (Lot #2-3 ICP |) were
obtained from SPEX. Certified concentrations were 10 ppm for both zinc and iron. SRM
samples were periodically processed with groundwater samples to insure the integrity and
validity of the instrument measurements.

A Thermo Jarrell Ash Trace Scan Inductively Coupled Plasma - Atomic Emission
Spectrophotometer (ICP-AES) was used for all total iron and zinc determinations under the
following conditions:

Argon plasma. axial torch

Wavelength - 206.2 nm for zinc, 259.3 nm for iron

Background correction - Automatic

Signal Integration - 4 x 2 seconds for all samples and standards

RF power - 1350 W



Blank - 0.2N HNO3

Calibration curves were generated for every instrument run. Instrument drift was
periodically checked during each run by measuring the concentration of a standard solution
used to prepare the calibration curve. Instrument drift was negligible for all runs and the
calibration curves were linear and had r2 values > 0.98.

Groundwater for the zinc and total iron analyses was filtered using a 0.2 pum filter
upon return to the laboratory. The water samples were then acidified with 3N HCl in a 3:1
ratio (3 parts sample: 1 part 3N HCI).

All the wells were surveyed tor position and well height above mean sea level by
O’Brien and Gere in May, 1996. Water levels in the wells was measured using a water
level indicator by Solinst. SURFER® v. 5.01 software was then used to determine the

groundwater level contours using kriging as the gridding method.

RESULTS AND DISCUSSION

VIMS workers periodically monitored several wells in and around the landfill
region since summer 1994. Sampling of the wells indicated a slight seasonal etfect,
probably due to rainfall variation, but none of the wells experienced major temporal
differences in zinc and iron concentrations over the last three years. Therefore. in order to
evaluate the spatial differences between all functioning wells. a comprehensive sampling
trip was conducted in April 1996. The data from this sampling trip is displayed in Table 1.

Groundwater depths from the top of the wells were also measured during the April
1996 field trip. This data, in combination with the height of the top of the well (TOW)
casing above mean sea level (provided by O'Brien and Gere) allowed a groundwater profile
map to be generated using SURFER® v. 5.01 software (Table 2 and Figure 5). The
contours generated are the difference between the TOW data and the measured water depth

data, and reflect height of water table above sealevel. Groundwater is expected to flow



Table 1 - Groundwater Zinc and

Iron Concentrations (mg/L)

Well Screened Zinc Total Iron | Iron(II)
MW 8 | Shallow aquifer < 1.0 180 210
MW 9 | Shallow aquifer < 1.0 <0.5 1.8
MW 10 | Shallow aquifer < 1.0 < 0.5 2.6

MW 11 | Shallow aquifer < 1.0 3.3 —
MW 12 | Shallow aquifer 3200 520 520
MW 13 Deep aquifer < 1.0 9.8 190
MW [3A | Shallow aquifer 120 4.7 5.5
MW 14 | Shallow aquifer 520 240 260
MW 17 Deep aquifer 4.6 14 32
MW 73 Deep aquifer < 1.0 4.1 21
MW 74 | Shallow aquifer 370 53 150
MW 75 | Shallow aquifer 390 120 130
MW 79 | Shallow aquifer 80 74 63
MW 81 | Shallow aquifer 60 16 47
MW 82 | Shallow aquifer 1700 440 450
MW 83 | Shallow aquifer 120 39 63
MW 84 | Shallow aquifer 660 260 280
MW 85 | Shallow aquifer 95 26 32
MW 86 | Shallow aquifer 26 13 16
MW 87 | Shallow aquifer 6350 220 230
MW 89 | Shallow aquifer 230 <0.5 < 0.05
MW 90 | Shallow aquifer — — —
MW 91 | Shallow aquifer 510 110 8.3
V1 Shallow aquifer 1500 410 410
V4 Shallow aquifer 1900 730 740
V6 Landfill 53 69 110
\% Shallow aquifer 4.0 <0.5 0.24
V38 Landfill 490 < 0.5 0.08
V9 Shallow aquifer 15 6.3 3.7
V10 Shallow aquifer < 1.0 <0.5 2.6
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Table 2 - Groundwater Well Heights

and Water Depths
Well Screened Water Depth (ft) | TOW (ft)
MW 8 | Shallow aquifer 3.7 14.42
MW 9 | Shallow aquifer 16.9 29.29
MW 10 | Shallow aquifer 14.5 29.14
MW 11 | Shallow aquifer 22.8 29.7
MW 12 | Shallow aquifer 16.6 29.47
MW 13 Deep aquifer 29.9 31.17
MW 13A | Shallow aquifer 21.0 30.59
MW 14 | Shallow aquifer 4.0 13.09
MW 17 Deep aquifer 20.0 21.63
MW 73 Deep aquifer 24.4 26.63
MW 74 | Shallow aquifer 17.8 25.05
MW 75 | Shallow aquifer 13.6 23.96
MW 79 | Shallow aquifer 14.3 17.55
MW 81 | Shallow aquifer — 27.11
MW 82 | Shallow aquifer 16.1 25.16
MW 83 | Shallow aquifer 14.3 29.71
MW 84 | Shallow aquifer 14.8 31.39
MW 85 | Shallow aquifer 15.2 29.92
MW 86 | Shallow aquifer 14.3 30.57
MW 87 | Shallow aquifer 16.0 28.04
MW 89 | Shallow aquifer 12.6 26.48
MW 90 | Shallow aquifer 15.2 25.98
MW 91 | Shallow aquifer 16.7 28.98
\2! Shallow aquifer 14.4 27.33
V4 Shallow aquifer 15.8 2943
V6 Landfill — 27.38
V7 Shallow aquifer 13.8 26.07
V8 Landfill — 28.82
V9 Shallow aquifer 16.2 28.63
V10 Shallow aquifer — —




Figure 5 - Groundwater contour map. Contours are in two foot

increments. Solid lines are roads.






along lines normal to the contours generated in the SURFER® plot and directed down the
hydraulic head gradient. The contoured map shows that the bulk of the landfill is acting as
a recharge zone for the groundwater, especially in the area around MW 84 and MW 86.
The heaviest flow appears to be from this recharge region to the northeast (toward MW 14
and Tributary B-1) and to the west (toward MW 13A and the James River). There also
appears to be a flow component to the north, but without wells to the north of MW 85, it
cannot be shown whether groundwater from the landfill is moving in this direction.

In the simple model of rain recharging groundwater, rain percolates vertically until
it reaches a nearly horizontally flowing aquifer. Adapting this model to the landfill
suggests that the zinc observed in the wells is derived both by leaching from above and
trom groundwater flowing horizontally through the well. Figure 6 depicts the zinc
concentrations for the shallow aquifer wells. Well V10, with zinc concentrations below
1.0 ppm and iron concentrations of 2.5 ppm, was used to indicate background zinc and
iron levels in the groundwater. Therefore, wells that had higher levels of zinc (= 1 ppm)
are probably experiencing some intluence from the landfill leachate. The fact that MW [3A
shows a high level of zinc, 120 ppm. indicates that zinc and the landfill leachate is flowing
towards the James River. Zinc is also flowing towards Tributary B-1, as indicated by MW
14, but this fact has been illustrated previously (RMT, 1989a).

With the exception of MW 91, wells to the south and southwest ot MW 89 show
little, if any, influence from landfill leachate. This is supported by the groundwater contour
map which shows these wells have no significant water source flowing towards them. and
suggests that the major water source for these wells is percolating rainwater. The landfill is
not homogeneous. so zinc may not be found throughout the landfill and wells located close
each other can have very different zinc concentrations.

Iron concentrations in groundwater show a similar pattern as zinc (Figure 7). This
suggests that the two constituents may be coupled, but closer examinations of the data

shows that not all of the wells that have high zinc concentrations have high iron



Figure 6 - Groundwater zinc concentrations. Larger circles represent

higher concentrations.
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Figure 7 - Groundwater iron concentrations. Larger circles represent

higher concentrations.
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concentrations. MW 89 and MW 91 are two prime examples. MW 89 had 230 ppm Zn
and less than 0.05 ppm Fe while MW 91 had 510 ppm zinc and 8.0 ppm iron. These two
wells, along with the wells south and southwest of Well V4 had very low iron
concentrations. Again, the wells in this area do not appear to be influenced by water north
of Well V4 and due to the heterogeneity of the landfill, the processes leaching iron do not

appear to be operating in this area.

CONCLUSIONS

Contrary to earlier reports about the BASF landfill and its surrounding
environment, there appears to be a flow component of the landfill leachate toward the
James River. Additional monitoring is required to confirm this. This leachate flow is
greater toward the northern end, as seen by MW 13A, than the southern end, as seen by
MW 11. There also appears to be a heavy leachate tflow toward Tributary B-1, which is in
support of the earlier work (RMT, 1989a). Finally, probably due to the heterogeneity of
the landfill, groundwater to the southern end of the landfill is not as heavily contaminated

with zinc as areas to the northern end.



CHAPTER 2 - Characterization of the Native Material

INTRODUCTION

As noted in Chapter !, groundwater at the BASF site has high concentrations of
iron, presumably Fe(II). Oxidation of this iron is thought to be the primary cause for the
acidity found in the groundwater and dredge spoils area. The precise source of this iron is
not fully understood. This chapter, along with Chapter 3, investigates the iron source by
examining the three hypotheses stated earlier.

Acidic waters, such as those in acid mine drainage, commonly result from sulfuric
acid produced by the oxidation of sulfide minerals. The most abundant and widespread of
the sulfide minerals is pyrite, FeSo. It is present in amounts ranging from trace to major in
virtually every coal and sulfide mineral deposit. The process describing pyrite oxidation

may be represented by the following reactions (Stumm and Morgan, 1981) :

FeS 2t (7/2)0 2(aq) + HZO(I) —— Fe:+(aq) + 25042-(aq) + 2H+(aq) (D

Fe™ g + (/)0 + HT

(aq) Feo* o) + (1/2DH,0, (2)

Fe' 4q)+ 3H:0q) === Fe(OH)y, + 3H"

3 P - al 2.
FeS 5 +14Fe™™ q) +8H0 ) 2= [5Fe™ ) + 250,74, + 16H 1y (4)

Pyrite is oxidized directly by oxygen or is dissolved and then oxidized to yield

sulfate and protons. The ferrous iron formed (Rxn. 1) is oxidized, slowly under acidic



conditions, to yield ferric iron (Rxn. 2). Beds of streams afflicted with acid mine drainage
often are covered with "yellowboy", an unsightly deposit of amorphous Fe(OH)3(s) (Rxn.
3). Ferric iron further dissolves pyrite (Rxn. 4), which in conjunction with reaction 2
constitutes a cycle for the dissolution of pyrite (Figure 8). Since the dredge spoils area
characteristically has a high iron concentration and a low pH, pyrite oxidation was
proposed as one possible source.

The rate limiting step in this process is oxidation of ferrous iron (Rxn 2). The rate
of oxidation of ferrous iron under chemical conditions analogous to those found in mine
waters is very slow, indeed considerably slower than the oxidation of iron pyrite by ferric
iron (Rxn 4). At pH 3, half-lives for the abiotic oxidation of ferrous iron are on the order
of 1000 days. while in the case of the oxidation of pyrite by ferric iron, half-lives are on the
order of 20 to 1000 minutes (Garrels and Thompson. 1960).

The oxidation of terrous iron can occur both chemically and microbially. The

abiotic chemical reaction tollows the rate law (Bunce, 1991):

PdDL < yFen)[OH (0,

This rate law predicts that chemical oxidation of ferrous iron should be extremely slow
below pH = 3. Experimental data fit the rate iaw for chemical oxidation of ferrous iron
above pH 5 (Figure 9). However, below pH 4. the reaction is noticeably faster than the
chemical rate law predicts, suggesting the occurrence of microbial oxidation at low pH.
The landfill region is believed to be mostly anoxic. Chemical oxidation of pyrite
cannot readily occur in an anoxic environment, but it certainly can at the edges of this
environment. There is also no definitive evidence for the existence of pyrite in native
material. Unger et al. (1991) suggested that, based on local geologic conditions, the

presence of pyrite in the upper formations of the BASF site is highly improbable.



Figure 8 - Cyclic model tfor the oxidation of pyrite (adapted from

Stumm and Morgan, 1981).
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Figure 9 - Oxidation rate of ferrous iron as a function of pH (adapted
from Stumm and Morgan, 1981). At low pH, the oxidation rate is

independent of pH, while in the high pH range, the rate law is fulfilled.
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A second possible source of iron was proposed by RMT (1989a). After reviewing
historical landfill records, RMT concluded that there were no quantifiable iron sources in
the landfill waste. This fact drew thetr attention to the native clay soils. Laboratory
leaching studies found approximately 5000 mg/kg iron in the surficial native clay soils
(RMT, 1989a). This finding, along with the observation that the native soil is clayey,
resulted in the development of a scenario which describes possible physical and chemical
processes occurring in the landfill which release iron. The major steps in the RMT (1989a)
model are as follows (Figure 10):

1) Rainwater percolates through the landfill cover into the waste trenches

2) Zn(ID) leaches from the waste fiber and polymer

3) Zn(I) is exchanged for Fe(Il) associated with native clays in the landtill

4) As leachate approaches discharge areas, the ferrous iron comes in contact with

oxygen, oxidizes, hydrolyzes and precipitates

5) Ferric hydroxide precipitation refeases protons that lower the pH in the

groundwater and spoils area surtace water to the 3.0 - 3.5 range
It is important to note that RMT is ambiguous regarding its reference to clays, in that the
clay minerals involved are not specified. They state thqt (RMT, 1989a, page 5-40), “The
iron within the clays is subject to cation exchange which would provide for attenuation of
zinc on the clay in exchange for the ferrous iron in the clay matrix.” This statement
strongly implicates clay minerals as the source of exchangeable iron, though ferrous iron
sorbed to the surface of clay size particles could also undergo the before-mentioned cation
exchange.

Clay-sized particles are operationally defined as those smaller than 2 pm in effective
diameter. However, not all clay-sized particles are clay minerals. Clay minerals,
presumably the clays that RMT (1989a) describe in their proposed ion-exchange
mechanism, are classified as phyllosilicates, or layered silicates. They are constructed from

two modular unit types: (1) a sheet of corner-linked tetrahedra and (2) a sheet of edge-



Figure 10 - Iron leaching model developed by RMT (1989a) in which

cation-exchange mechanisms predominate.
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linked octahedra (Figure 11a). In the tetrahedral sheet, the dominant cation is Si*++, but
Al3+ substitutes for it frequently and Fe3+ occasionally. The octahedral sheet can be
thought of as two planes of closest-packed oxygens with cations occupying the resulting
octahedral site between the two planes. The cations are typically Al3+, Mg2+, Fe2+ or
Fe3+ Cations in the matrix of the tetrahedral and octahedral sheets are not available for
cation exchange.

The basic structure of a clay mineral is visualized by linking an octahedral and
tetrahedral sheet (Figure [1a). The apical oxygens of the tetrahedra can be seen as
replacing two out of three of the hydroxyl ions in the lower plane of the octahedral sheet.
This arrangement is called a L1 layer silicate structure. A 2:1 layer silicate structure
involves the addition of another tetrahedral sheet to the [:1 layer silicate structure to make a
tetrahedral-octahedral-tetrahedral sandwich. The 1:1 and 2:1 structures can be viewed as
monomeric units (Moore and Reynolds, 1989).

When the tetrahedral and octahedral sheets are assembled into units, they may be
electrically neutral or negatively charged. Neutrality is obtained if an octahedral sheet
contains R3+ cations in two out of three octahedral sites. or R2+ cations are in all octahedral
sites, combined with tetrahedral sheets containing Si#* in all its sites. Deviations from
neutrality occur when Al3* substitutes for Si* in the tetrahedral sheets or a M(n-D+ cation
substitutes for a M+ cation in the octahedral laver. This gives a net negative charge.
unless tetrahedral charge deficiencies are compensated for by the octahedral layer.
Neutrality is restored by having either single ions or ionic groups in the space between the
lavers, called the interlayer space. Potassium, sodium and calcium are the most common
interlayer ions.

Clay minerals are constructed from the 1:1 or 2:1 monomeric units (Figure 11b),
and are held together by hydrogen bonding and the attraction between positive cations in
the interlayer space and negative charges on the monomeric units. The cations located in

the interlayer space may be exchangeable and, thus. are the cations important to RMT’s
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Figure 11a - Schematic of a sheet of corner linked tetrahedra and edge
linked octahedra, joining together to form a 1:1 layer silicate. The isolated
octahedron has a four-fold axis perpendicular to the page. Those in the
tetrahedral sheet have a three-fold axis perpendicular to the page (adapted
tfrom Moore and Reynolds, 1989).

Figure 11b - The 1:1 layer and 2:1 layer with interlayer cation clay

structures (adapted from Moore and Reynolds, 1989).
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model. Cations may be exchanged when the clay minerals come in contact with a solution
rich in other cations with a strong affinity for the clay. A large cation exchange capacity
and high relative concentrations of Fe(II) in exchangeable sites of abundant clay minerals
are essential to the plausibility of RMT’s model.

A third possible source of iron is Fe(III) solids found naturally in the native
material. Fe(III) solids can be reduced to soluble Fe(Il) enzymatically or non-
enzymatically, usually in the presence of organic matter in anaerobic systems. Since the
landtill region is believed to be mostly anaerobic and contain large quantities of organic
matter, reduction of Fe(III) solids is a likely process. This hypothesis is discussed further
in Chapter 3.

The three hypotheses tested differ in the form of iron and its subsequent release.
RMT (1989a) reports that there is no quantifiable iron source placed directly in the landfill.
Therefore, attention was switched to the material native to the area. This chapter describes
the detailed characterization of this native material, focusing on the different phases of iron

present.

MATERIAL AND METHODS

Sediment for characterization of native material was collected at three different sites
to the west of the landfill at depths of two. five. and eight feet. After collection using a
three-inch hand auger, the native material was immediately transterred to an acid washed
mason jar. The jar was purged with nitrogen for five minutes in order to maintain an
anaerobic environment. Upon returning to the laboratory, the native material was placed in
an anaerobic glovebox. In the glovebox. the sediment from the three different depths was

homogenized by mixing and used in the various experiments outlined below.



Pyrite Extraction

The procedure used for the chemical extraction of pyrite has been described in
detail by Heron et al. (1994). The first of two steps in this sequential extraction used a
mixture of 150 mL of 57% HI, 32.5 mL of 50% H3PO», and 75 mL of 97% CH,0O5. This
reagent mixture was gently simmered (115-117°C) for 30 minutes under a nitrogen
atmosphere and stored under subdued light. Three grams sediment and eight mL reagent
were then boiled in 25 mL Erlenmeyer flasks for one hour under nitrogen purging. Three
pyrite spiked samples were analyzed along with the native material samples to test the pyrite
extraction procedure. Three samples of native material were spiked with 0.01 grams, 0.03
grams and 0.05 grams pyrite (#46 E 6445 - Ward’s Natural Science Establishment)
respectively. This extraction is designed to remove FeS, S°, SO42-, and ester SO42-,
permitting the subsequent determination of pyrite by Cr(II)-HCI attack. All samples were
washed with milli-Q water between the two steps.

The second step in the sequential pyrite determination used the residual sediment
from the first extraction. This sediment was mixed with 2 mL ethanol, 12 mL of 1M Cr(Il)
in 0.5M HCI, and 3 mL of 12M HCI and boiled for 1.5 hours, avoiding air contact. Pyrite
present should react with the acidic Cr(Il), dissolve and release Fe(II). The dissolved iron

from both extractions was analyzed using the ferrozine method outlined in Chapter 1.

Cation-Exchange Measurements

To test the cation-exchange model of RMT (1989a), another procedure described by
Heron et al. (1994) was used, in which one gram native material was mixed with ten mL of
IM CaCl» at pH = 7 in a 50 mL sterile, plastic centrifuge tube, and shaken for 24 hours in
an anaerobic glovebox. Filtrates from this extraction were analyzed for Fe(II)

concentrations using the ferrozine method outlined in Chapter 1. An additonal extraction



of the native material using 0.03M Zn(II) (= 2000 ppm), to mimic conditions encountered
in the landfill, was used to directly test the cation exchange capacity of the sediment by high
zinc concentrations (RMT's (1989a) model). Again, one gram of native material was
mixed with ten mL of Zn(II) solution, pH = 7, under anaerobic conditions for 24 hours.

Fe(Il) in the filtrate was analyzed using the ferrozine method.

Size-Fractionation

In order to concentrate clay-sized particles from bulk native material samples for x-
ray diffraction (XRD) analysis. a size fractionation by centrifugation was performed based
on Stokes Law. Two grams of native material were placed into a 40 mL centrifuge tube.
Milli-Q water was added to a height of 9 cm and vigorously mixed with the sediment. The
suspension was then centrifuged at 20°C for three minutes at 1000 rpm (IEC PR7000M
centrifuge, 966 rotorhead). The supernatant was decanted and milli-Q water was again
added to a height of 9 cm and mixed with the remaining sediment. These steps were
repeated two more times untl the supernatant was cloudy. The first three rinses were
necessary to remove salts in the sediment that flocculated the clay-sized particles. The
above procedure was followed three more times with the cloudy supernatant being saved
after each spin. The remaining sediment was labeled as the silt/sand traction (0.002-2 mm)
while the supernatant saved contained the clay-sized fraction (< 0.002 mm). The clay-sized
fraction was collected by centrifuging the supernatant at 20°C tor 40 minutes at 4500 rpm,
repeating the procedure three times. The solids collected were then air-dried and stored in

glass vials for XRD analysis.



X-Ray Diffraction (Singer et al., 1984; Srodon, 1984; Schwertmann et al., 1985)

The samples for XRD analysis were lightly ground with a mortar and pestle to a
fine powder. The dry powders were loaded onto quartz plates in metal sample holders.
The samples were spread with a glass slide which induces preferred orientation. This
preferred orientation may result in relative peak intensities which do not match those in the
ICDD database, however the peak positions should be correct. XRD data were collected
on a Scintag X1 Advanced Diffraction System X-Ray Diffractometer with a Peltier-cooled
Si(L1) detector using Fe Ka radiation, which is optimal for analysis of iron-containing
minerals.

Scan parameters were modified depending on the objective of the analysis. The
XRD data for the silt/sand and clay-sized fractions were collected with 0.02 °28 steps, 3
sec/step, over the range of 4 to 120 "20. The clay-sized fraction was treated with ethylene
glycol to identify expandable clay minerals. Specifically, a 50:30 ethylene glycol:ethanol
mixture was dropped directly on the samples, allowed to sit for a few minutes, and then the
excess moisture wicked away (Moore and Reynolds, 1989). These scans have a detection
limit of < 0.5%.

Data collection parameters were modified to more closely look for pyrite.
Specitically, larger slits were used and scans were conducted over very narrow ranges
corresponding to the three major pyrite peaks (0.02 °28 steps, 60 sec/step, ranges of 40-
43, 46-49, and 70.5-73.5 °28). This procedure allows for a detection limit of less than

0.1% and possibly as low as 0.04% pyvrite (Robie, 1996).

RESULTS AND DISCUSSION

Results from the pyrite wet chemical extractions are shown in Table 3. The first

part of the extraction removes sulfur compounds such as elemental sulfur, FeS and



Table 3 - Results from the
Sequential Pyrite Extraction

Extraction 1 - HI reduction

Sample Fe(II) (mg/L)
Native a 62
Native a 63
Native b 53
Native b 54
Native ¢ 59
Native ¢ 59
0.01 g pyrite spike 58
0.01 g pyrite spike 53
0.03 g pyrite spike 60
0.03 g pyrite spike 59
0.05 g pyrite spike 53
0.05 g pyrite spike 54

Extraction 2 - Cr(II)-HCI reduction

Sample Fe(II) (mg/L)
Native a 4.6
Native a 4.6
Native b 3.3
Native b 3.5
Native ¢ 4.1
Native ¢ 4.1
0.01 g pyrite spike 6.8
0.01 g pyrite spike 7.0
0.03 g pyrite spike 7.3
0.03 g pyrite spike 7.5
0.05 g pyrite spike 9.8
0.05 g pyrite spike 10.0




sulfates, but also attacks most other crystalline and amorphous iron compounds (Heron et
al., 1994). In fact, it removes up to 64% of Fe304, magnetite, which is one of the most
stable of the crystalline iron compounds. Therefore, the HI-reducing extraction is a good
procedure to determine total iron content in sediments. Using this method, it was
determined that the average iron content in the native material was 58.19 mg/g or about 6%.

The second half of the pyrite extraction, Cr(II)-HCI reduction, attacks pyrite, but
also attacks other remaining iron compounds besides sulfur species. This extraction
removed an additional 4.03 mg iron/g sediment from the native material. The samples
spiked with pyrite contained higher concentrations of iron than the native material samples,
but only the lowest spiked sample, 0.01 g pyrite, produced near quantitative recovery of
the spike (87% recovery). The 0.03 gram and 0.05 gram spiked samples showed 34% and
35% recovery of the pyrite respectively. The low recoveries could be due to the high pyrite
content of the spike used in this work. In the Heron et al. (1994} study, the largest pyrite
content used in their analyses was 0.84 mg/g. The lowest spike used in this experiment
was 3.33 mg/g with 87% recovery. Increasing the pyrite content without adjusting the
method accordingly could account for the low yields in the higher pyrite spikes.

Unfortunately, since sulfur(Il) was not analyzed, there is no way of concluding
definitively whether the iron extracted from the native material during the second extraction
step was from dissolution of pyrite or from dissolution of other iron species left over from
the first extraction. Based on this analysis, the native material is composed of 0.4% or less
pvrite (4.03 mg/g). In an attempt to verifv this result, the alternative method of x-ray
diffraction analvsis was performed.

Powder X-ray diffraction (XRD) is commonly used to identify crvstalline materials
in a solid sample. Since pyrite and clay minerals are crystalline phases, XRD may be used
to analyze sediments for these compounds. In order to concentrate the pyrite and clay
minerals from the bulk material. a size fractionation of the native material was performed.

Pyrite is likely to concentrate in the large size traction while the clay minerals should mainly



Figure 12 - Silt/sand sized fraction XRD. Quartz standard peaks, from
the ICDD database, are in green while pyrite standard peaks are in red.
Relative intensities ot the ICDD standard peaks may be different than those

tor the XRD sample because of preferred orientation of the sample.
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Figure 13 - XRD diffractogram for silt/sand sized fraction scan for
pyrite. XRD scan parameters were altered in order to lower the detection
limit for pyrite to < 0.04%. Pyrite standard peaks, from the ICDD

database are in blue, quartz are in red.
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Figure 14 - XRD diffractogram for the clay-sized fraction. Illite
standard peaks, from the ICDD database, are in green, nontronite in red
and kaolinite in blue. Relative intensities of the ICDD standard peaks may
be different than those for the XRD sample because of preferred

orientation of the sample.
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Figure 15 - [dentification of major phases in the clay-sized fraction XRD.

Includes illite, nontronite, kaolinite, goethite, territhydrite and quartz.
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be in the clay-sized fraction. The size fractionation indicated that the native material is
approximately 19% clay-sized particles (< 2 um diameter) and 81% silt/sand (2 pm-2 mm).
There are no particles larger than sand sized (2 mm diameter based on dry sieving). This
high percentage of clay-sized particles is consistent with reports that the material around the
BASEF facility is clayey.

The silt/sand fraction is dominated by quartz particles (Figure 12). The XRD

diffractogram is largely accounted for by comparison to peaks in the quartz ICDD card

green lines) in Figure 12. In contrast, peaks for the ICDD pyrite card (red lines) do not
match up with peaks on the diffractogram. This indicates that, if there is pyrite in the
sample, it is below the detection limit of this method (0.5%).

In order to lower the detection limit in the XRD analysis for pyrite, scan parameters
were changed and the resulting diffractogram is shown in Figure 13. Scans were
performed over specific ranges where pyrite standard peaks from the ICDD database are
strongest. With this method, the detection limit was lowered to about 0.04%, and pyrite
was still not detected.

XRD diffractogram for the clay-sized fraction are shown in Figures 14 and 15.
Figure 14 compares the XRD diffractogram with clay minerals identified in the fraction:
illite, kaolinite and nontronite (Powell, 1996). Illite and kaolinite, the green and blue lines
respectively, are clearly present in the sample, but both are non-exchangeable clays. The d-
spacing of the third clay mineral, in red, is indicative of a smectite clay. Furthermore, the
primary peak, (at 19 "20) shifted to a lower "26 upon treatment with ethylene glycol, again
indicating a smectite was present. The d-spacing of the peak (14.9A) is larger than that
typical of montmorillonite, an aluminum-rich smectite. Nontronite, an iron-rich smectite.
has a larger d-spacing (lower "26) than aluminum-rich smectites. so it was concluded that
the third clay mineral is an iron-rich smectite (Chisholm-Brause, 1996). Nontronite is an
exchangeable clay, however, though it is iron rich, the iron in nontronite is primarily

structural and not necessarily in an exchange site.



In Figure 15, the peaks of the XRD diffractogram for the clay-sized fraction are
identified with different minerals based on comparisons to the ICDD database. The XRD
pattern is still dominated by quartz peaks. In addition to the clay minerals, goethite is also
identified. There also may be broad peaks in the diffractogram with positions
corresponding to those of amorphous Fe(OH)3 (ferrihydrite). The apparent coexistence of
ferrihydrite and goethite suggests that these two phases are intimately related. Amorphous
Fe(OH)j3 crystallizes to form goethite (Schwertmann, 1988) and perhaps this is why we see
both phases. A second possible cause of the broad peaks may be the amorphous character
the surtaces of the goethite crystals possess. Alternatively, a third possible cause of broad
peaks is the size of the goethite crystals. Peaks are known to broaden due to very small
particle size (Schwertmann, 1988).

A semi-quantitative analysis of the major species in the clay-sized fraction of the
native material was based on the heights (counts per second in Figure 15) of the largest
diffraction peak. Phases which easily orient, such as phyllosilicates, may be over-
estimated by this simple quantification method. Quartz was by far the dominant species,
accounting for 62% of the signal. The second most prominent species was goethite, which
comprised 13% of the clay-sized fraction. The three clay minerals, nontronite, illite and
kaolinite accounted tor 9%, 7% and 9% respectively. Converting these values to the bulk
sample give quantities of 2.5%, 1.7%, and 1.33% for goethite, nontronite and kaolinite,
and illite respectively. Amorphous phases. such as ferrithydrite, do not show sharp peaks
and, therefore, cannot be quantified by this method. In summary, XRD results indicate
that the native material is predominantly quartz with minor quantities of clay minerals,
terrihydrite and goethite. Pyrite was not detected.

The cation-exchange results are shown in Table 4. The procedure described by
Heron et al. (1994) has been shown to release > 96% of the Fe(II) available for cation
exchange. This method found between 2 and 68 g Fe(II)/g sediment in aquifer material.

The Fe(Il) concentration in the BASF native material was below calibrated limits for all



Table 4 - Cation-Exchange
Experiment Results

Sample Fe(Il) (ug/g)
Ca(II) extraction <1.0
Ca(II) extraction < 1.0
Ca(Il) extraction < 1.0
Ca(II) extraction < 1.0
Zn(Il) extraction <1.0
Zn(II) extraction <1.0
Zn(II) extraction <1.0
Zn(II) extraction <1.0
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samples analyzed (< 1 pg/g). In order to simulate zinc exchange of the iron (RMT's
(1989a) model), a 2000 ppm Zn(II) solution was used in place of the 1M CaClj solution.

Again, ail results were below the ferrozine calibration limit.

CONCLUSIONS

In depth characterization of the material native to the BASF facility was conducted
using chemical and optical techniques. This material was used in constructing the landfill
and is interbedded within it. Therefore, it is an important participant in the processes
occurring there. The native material was found to be very clayey and composed ot > 6%
iron. Though pyrite was implicated as a possible source of the iron contamination, no
pyrite above the < 0.04% detection limit was tound in the native material. Clay minerals,
also implicated as a source of iron, were found, but comprised only about 6% of the total
bulk native material and those clay minerals identified are mostly non-exchangeable forms.
Instead, the native material appears to be predominantly quartz particles ranging from clay-
sized to sandy particles. Goethite and ferrihydrite. common iron phases, were also
identified and goethite accounts for 2.5% of the native material. Finally, the native material

did not readily exchange iron, even in a concentrated zinc solution.



CHAPTER 3 - Mobilization of Iron Through Microbially-Mediated Reduction Processes

INTRODUCTION

Microbially mediated reactions are well documented in organic-rich, shallow marine
environments (Back and Baedecker, 1989). These environments are characterized by depth
zonation of processes driven by microbial oxidation of organic matter. With increasing
depth below the sediment-water interface, a series of redox zones reflecting the ecological
succession of progressively less etficient modes of metabolism will develop (Claypool and
Kaplan, 1974) (Figure 16). Oxidation ot organic matter is observed to occur tirst by
reduction of oxygen. As free dissolved oxygen is depleted, an anaerobic environment
develops. With sufficient organic matter present, reduction of nitrate occurs next, followed
by reduction of manganese(IV) oxides, Fe(IIl) oxides, sultate, and CO». A lower local
redox potential exists at each successive metabolic level.

The sequence of heterogeneous redox reactions involving excess organics in a
system initially oxygenated and then closed to oxygen was adapted from aquatic sediments
to a landfill environment by Baedecker and Back (1979). Due to the available organic
matter in most landfill wastes, microorganisms should be relatively active and abundant.
Except for a brief period immediately after emplacement of the refuse, microbial
decomposition in landfills tends to be anaerobic (Farquhar and Rovers, 1973). As a result
of reduction processes in the landfill, a strongly reduced leachate may enter the underlying
groundwater aquifer. This leachate typically includes high levels of NHy+, Mn2+, FeZ+,

S2- and CHy, depending on the availability of their oxidized counterparts. In municipal
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Figure 16 - Redox processes in a closed system (adapted from Champ et

al., 1979).
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landfills, organic nitrogen, mainly in food wastes, is the probable source of NH4* in the
leachate. Manganese and iron may originate from metallic waste products, but the oxide
coatings on sand grains also can be an important, if not exclusive, source of these
constituents (Suarez and Langmuir, 1976).

The oxidation of organic matter coupled to the reduction of Fe(III) can be a very
important degradation process in anaerobic sediments. Models involving enzymatic and
nonenzymatic mechanisms have been proposed (Lovley, 1991). The most commonly cited
mechanisms for nonenzymatic Fe(III) reduction in dark. nonsultidogenic environments are
referred to as the redox model and the direct reduction model (Lovley, 1991). In the redox
model, the decomposition of organic matter and removal of dissolved oxygen and nitrate by
microorganisms lowers the redox potential. According to equilibrium thermodynamics, as
the redox potential decreases, the Fe(II)/Fe(III) equlibria is shifted in favor of the
production of Fe(II). Thus, as microbial metabolism lowers the redox potential, Fe(III) is
nonenzymatically converted to Fe(II) in order to maintain equilibrium. The direct reduction
model is much simpler, in that many of the organic compounds in sedimentary
environments are thought to react directly with Fe(III) to reduce it to Fe(I).

In his review of dissimilatory Fe(IIl) and Mn(IV) reduction, Lovley (1991) notes
that none of the studies that treated Fe(III) reduction as part of a reversible redox reaction
(Hem, 1972; Ponnamperuma, 1972; Stumm and Morgan, 1981; Hem, 1985: Zehnder
and Stumm, 1988) demonstrated that Fe(III) could be nonenzymatically reduced by mere
changes in redox potential. For example, when a strain of Escherichia coli was grown 1n
an anaerobic glucose-Fe(IIl) oxide medium, there was no detectable Fe(IIl) reduction, even
though the metabolism of £. coli in the anaerobic medium could be expected to lower the
redox potential to -600 mV (Lovley et al., 1991). The available evidence also indicates that
direct reduction of Fe(IIl) by organic compounds in sediments is trivial in comparison with
enzymatic reduction of Fe(III} by microorganisms (Lovley, 1991). At the circumneutral

pHs of 6 to 8 that are typical of most anaerobic sediments (Ponnamperuma, 1972), very



few organic compounds nonenzymatically reduce Fe(IIl). Many of the more reactive
microbial metabolites, such as formate, citrate, pyruvate, oxalate and malate, which are
frequently cited as being able to nonenzymatically reduce Fe(III) oxides at low pH
(Jauregui and Reisenauer, 1982; Jones, 1986; Ghiorse, 1988; Ehrlich, 1990), do not
nonenzymaticaily reduce Fe(III) at circumneutral pHs (Lovley and Phillips, 1988; Lovley
et al., 1989a; Lovley et al., 1991).

The action of microorganisms coupling the oxidation of organic compounds to the
reduction of Fe(IlI) has been termed the most important chemical change that takes place in
the development of anaerobic soils and sediments (Ponnamperuma, 1972). Organic
carbon, in the form of organic acids (Lovley et al., 1987; Lovley and Phillips, 1988;
Lovley et al., 1990) and aromatic compounds (Lovley et al., 1989b; Lovley and Lonergan,
1990; Lonergan and Lovley, 1991; Lovley et al., 1991) have been shown to be degraded
completely to carbon dioxide using Fe(III) as the terminal electron acceptor. Microbial
oxidation of aromatic compounds coupled to Fe(III) reduction can result in the reduction of
10 to 20 tmes as much Fe(III) as nonenzymatic pathways, and can completely oxidize
aromatic compounds to carbon dioxide (Lovley et al., 1991). Lovley (1991), therefore,
concludes that Fe(IlI) reduction by nonenzymatic mechanisms, in general, is very slow,
and that any nonenzymatic reduction of Fe(IIl) is minor in comparison to the rapid,
complete oxidation of organic compounds in the presence of Fe(1Il)-reducing
microorganisms. Thus, just as other anaerobic processes for organic matter oxidation such
as nitrate reduction, sulfate reduction, and carbon dioxide reduction (methanogenisis) are
enzymatically catalyzed, it appears that most of the oxidation ot organic matter coupled to
Fe(IIT) reduction in aquatic sediments is the direct result of enzymatically catalyzed
reactions.

Two studies have developed redox criteria schemes for the assignment of a redox
status to groundwater. These schemes were developed according to thermodynamic

principles and local groundwater conditions. Lyngkilde and Christensen (1992) developed



the criteria for the leachate plume at the Vejen Landfill in Denmark (Figure 17). Bjerg et al.
(1995) applied these criteria to a leachate plume in the Grindsted Landfill, Denmark. The
redox criteria were completely transferable for the aerobic part and partly transferable for
the denitrifying portion of the aquifer. In the strongly anaerobic part of the aquifer, the
criteria developed by Lyngkilde and Christensen (1992) were violated due to very high
concentrations of methane, iron and manganese and the presence of sulfide. This points
out that a redox criteria scheme for the assignment ot redox status based on concentrations
of redox-sensitive groundwater properties in a dynamic system is site specific. Theretore,
Bjerg et al. (1995) developed their own redox criteria scheme (Figure 17).

The work pertormed at the BASF landfill involved the monitoring of redox
sensitive species in the underlying aquifer and sediment characterizations ot the native and
landfill material. As will be shown, the BASF study site is unique when compared to other
landfill study sites described previously. BASF's landfill facks a large nitrogen pool uniike
most waste sites. This site also has an unusually high iron pool provided by local native
material, as explained in Chapter 2. These peculiar circumstances, along with a large
organic carbon loading, provide a more than suitable environment for iron reducing
microorganisms. The compilation of this data is used to propose the mechanisms of iron

release from the landfill.

MATERIALS AND METHODS

Groundwater at the BASF facility was sampled using a Waterra inertial handpump.
Water was collected into 50 mL sterile, plastic centrifuge tubes. NOs3-, NH4*, dissolved
organic carbon (DOC) and total iron were analyzed for in the laboratory. Redox potential
(En), pH and Fe(II) were measured in the field. Ep was measured using a combination
platinum electrode (Orion model 9678BN), while pH was measured with a Ross

combination glass electrode (Orion model 8103). A portable Orion meter (model 290A)
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Figure 17 - Criteria for groundwater redox parameters - Lyngkilde and

Christensen (1992) and Bjerg et al. (1995).
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was used for both analyses. The pH electrode was calibrated with two buffer solutions
(pH=7, pH=4). The platinum electrode was calibrated against a solution of
K4Fe(CN)g+3H20 (0.1M) and K3Fe(CN)g (0.05M). Fe(Il) concentrations were analyzed
using the ferrozine method described in Chapter 1.

Groundwater for the lab analysis was filtered using a 0.2pm filter upon return to
the laboratory. Total iron samples were acidified with 3N HCI and then analyzed using a
Thermo Jarrell Ash TraceScan ICP-AES (Analytical wavelength - 259.3 nm, Calibration
range - 0.5-50 mg/L).

NOj3-, NH4*, DOC and total organic carbon (TOC) were analyzed by the Virginia
Institute of Marine Science Nutrient Laboratory. Nitrate and ammonium were analyzed
using a Skalar SANP/4S Continuous Flow Analyzer. Nitrate samples were adjusted to a
pH 7-9. Calibration range for the nitrate analysis was 0.05-1.2 mg/L, while for the
ammonium analysis, it was 0.1-2.0 mg/L. DOC was analyzed using a Shimadzu TOC-
5000, with high temperature combustion at 680°C, platinum catalyzed. DOC samples were
acidified with 5 drops of 6N ultra pure HCl. The DOC calibration range was 4-20 mg/L.

Sediments for total organic carbon (TOC) analysis were collected in zip-lock
storage bags during well drilling operations (Chapter 1), and then stored in a constant
temperature cold room. Before analysis, sediment samples were air dried and then passed
through a 2 mm sieve to remove large objects. 20 mg of sample was weighed into a silver
cup and then one or two drops of 25% HCI was added to remove carbonates. The amount
added depended on the height of effervescence in the cup. After HCI addition, the samples
were dried in a 70°C oven. After drying, another drop of HCl was added. If effervescence
occurred, the procedure was repeated until there was no effervescence upon addition of
acid. After final drying, the silver cup was closed and compressed. The samples were
then analyzed using a Carlo Erba Carbon/Nitrogen Analyzer (Model 1500) with high

temperature chromium/cobalt catalyzed combustion at 1050°C.




The constituent analysis of the DOC fraction was performed by the Virginia
Institute of Marine Science Environmental Chemistry Laboratory. Groundwater samples
were collected from two wells, Wells V6 and V3, in clean, four liter, amber bottles. Upon
arrival at the laboratory, the pH of the two samples was adjusted to <2.0 using 6N HCI,
and then the samples were stored in a refrigerator at 2°C. A 1.0 liter aliquot from each
bottle was transferred to a precleaned 2 liter separatory funnel for extraction. 1.0 liter of
mulli-Q water was also prepared to serve as a laboratory extraction blank. Each separatory
tunnel was spiked with the surrogate standards 1,1’ binaphthyl, perinaphthenone, pcb 30,
pcb 65, and pcb 204. Samples were extracted with 50 mL of dichloromethane by shaking
for 3 minutes, allowing the phases to separate, and draining the dichloromethane into a
precleaned 250 mL boiling tlask. This procedure was repeated twice for a total of three
extractions and then labeled as the acid neutral (A/N) fractions. The remaining water
sample in the separatory funnel was increased in pH to = 12 using 5.0 mL 6N NaOH. It
was then extracted with 50 mL dichloromethane for 3 minutes, three successive times.
This extract was labeled the base fraction.

The sample extracts were reduced in volume using a rotary evaporator,
quantitatively transferred to a 15 mL centrifuge tube and reduced in volume to 0.2 mL
using a water bath with a gentle stream of nitrogen. The internal standard p-terphenyl was
added to each sample extract in preparation for analysis.

The extracts were analyzed on a Varian 3300 gas chromatograph with flame
ionization detector and the data was collected via an analog/digital intertace connected to a
Hewlett-Packard 1000 Automated Laboratory Data System. Additional analyses were
performed on a Finnigan INCOS XL gas chromatograph/mass spectrometer in full scan
mode to aid in identification of the analytes.

Dissolved oxygen (DO) was analyzed in the groundwater using a YSI DO probe
(Model 58). Since it is very easy to contaminate anoxic groundwater with oxygen, the

probe was lowered directly into the well water instead of using a pump to bring the water to



the surface. Measurements were made before and after pumping of the well. It was
determined that there was no difference in DO measurements between the two sampling

procedures.

RESULTS AND DISCUSSION

In order to gain an understanding of the conditions in the BASF landfill and the
underlying aquifer, groundwater in monitoring wells were sampled at various intervals.
The locations of the wells are shown in Figure 18. The groundwater in the V-series wells
(emplaced by VIMS) was first sampled in July 1995 for total iron, nitrate and ammonium
(Tables 5 and 6). Due to the high iron content in Well V9, it was decided it might be
receiving landfill leachate, and thus could not serve as a control. Well V10, which is
outside the presumed hydrologic effect range of the landfill, was drilled in March 1996 to
act as a control well. It was then sampled. along with several other monitoring wells (MW
series), and the groundwater analyzed for nitrate, Fe(II) and total iron (Tables 5 and 6).
Groundwater in all functioning monitoring wells in the area were sampled in April 1996
and analyzed for nitrate. Fe(Il) and total iron (Tables 5 and 6). Ep and pH measurements
were also taken at that time (Table 7). To check the relationship between Ep and dissolved
oxvgen (DO), DO was measured in groundwater at selected wells in May 1996 (Table 8).

Iron in groundwaters is believed to be mostly dissolved Fe(Il) (Lovley, 1991),
though Fe(III) can be mobile if sorbed to other mobile species in the groundwater,
complexed to organics, or present as colloidal solids. To test this. Fe(Il) as well as total
iron measurements were taken. Consistently throughout the study, Fe(Il) values were
higher than total iron values. In order to explain this difference, water from a selected well,
MW 81, was treated using two different filter sizes, 0.45 um and 0.20 um. An Fe(ID)
analysis of both filtrations provided the same result, so it was concluded that the loss of

total iron in previous analyses was probably due to iron precipitation. Previously, samples



Figure 18 - Location of monitoring wells. V series wells were drilled by
VIMS, while MW series wells were drilled by BASF. Solid lines are

roads.






Table S - Groundwater Nitrogen Concentrations (mg/L)

Well Nitrate 7/95 | Ammonium 7/95 | Nitrate 3/96 | Nitrate 4/96
MW 8 — — 0.02 0.01
MW 9 — — < 0.01 < 0.01

MW 10 — — — <0.01
MW 11 — —_ — 0.02
MW 12 — — — <0.01
MW 13 — — — < 0.01
MW 13A — — 0.17
MW 14 — — 0.01 0.02
MW 17 — — <0.01
MW 73 — — — < 0.01
MW 74 — —_— — <0.01
MW 75 — —_ 0.02 0.03
MW 79 — —_— < 0.01 0.01
MW 81 — — — <0.01
MW 82 — — — < 0.01
MW 83 — — — 0.01
MW 84 — —_— — 0.01
MW 85 o — — 0.47
MW 86 — — — 0.05
MW 87 —_ — <0.01 < 0.01
MW 89 — — 1.7 2.0
MW 91 — —_ — 0.01
Vi 0.02 41.7 —_ <0.01
V4 0.02 32.4 — < 0.01
V6 0.11 8.3 — <0.01
V7 2.9 0.16 — 39
V8 0.01 1.8 0.17 <0.01
V9 0.20 0.35 — <0.01
V10 — — 0.08 0.02
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Table 6 - Groundwater Iron Concentrations (mg/L.)

Well Fe total 3/96 |Fe(II) 3/96 |Fe total 4/96 |Fe(II) 4/96
MW 8 130 220 180 210
MW 9 11 16 <0.5 1.9
MW 10 — — <0.5 2.6
MW 11 — — 3.3 —
MW 12 — — 520 520

MW 13 — — 9.8 190
MW 13A — —_ 4.7 5.5
MW 14 230 280 240 260
MW 17 — — 14 32
MW 73 — — 4.1 21
MW 74 — — 53 150
MW 75 100 120 120 130
MW 79 41 61 75 63
MW 81 — — 16 47
MW 82 — — 440 450
MW 8§83 — — 60 68
MW 84 — — 260 280
MW 85 — — 26 32
MW 86 — — 13 16
MW 87 220 250 220 230
MW 89 <0.5 0.44 <0.5 <0.05
MW 91 — — 110 8.3
V1 — — 410 410
V4 — — 730 740
V6 — — 69 110
V7 — — <0.5 0.24
V8 <0.5 <0.05 <0.5 0.08
A% — — 6.3 3.7
V10 0.05 <0.05 <0.5 2.6




Table 7 - BASF Groundwater

Eh (mV) and pH
Well Eh (mV) pH
MW 8 -33 6.4
MW 9 345 3.7
MW 10 290 4.1
MW 11 131 4.6
MW 12 296 3.6
MW 13 -81 6.0
MW 13A 396 3.4
MW 14 131 4.7
MW 17 -112 6.4
MW 73 -63 6.4
MW 74 130 5.0
MW 75 267 3.9
MW 79 323 3.8
MW 81 -37 6.4
MW 82 230 4.1
MW 83 78 5.7
MW 84 276 4.0
MW 85 357 3.8
MW 86 370 3.7
MW 87 242 4.0
MW 89 200 5.9
MW 91 392 3.2
V1 250 3.7
VZ! 209 3.9
V6 -26 6.3
V7 353 4.1
V8 147 6.1
VO 353 3.6
V10 250 5.1




Table 8 - Groundwater DO

Concentrations (mg/L)

Well Screened DO
MW 8 | Shallow aquifer 3.0
MW 17 Deep aquifer 1.0
MW 73 Deep aquifer 0.6
MW 81 | Shallow aquifer 3.0
MW 91 | Shallow aquifer 3.6
Well V6 Landfill 1.4
Well V7 | Shallow aquifer 3.0
Well V8 Landfill 2.2
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