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Abstract

Fe(III) reduction in the Magothy aquifer of Long Island, NY, results in high dissolved-iron concentrations that degrade water
quality. Geochemical modeling was used to constrain iron-related geochemical processes and redox zonation along a flow path.
The observed increase in dissolved inorganic carbon is consistent with the oxidation of sedimentary organic matter coupled to
the reduction of O, and SO in the aerobic zone, and to the reduction of SO:™ in the anaerobic zone; estimated rates of CO,
production through reduction of Fe(IIl) were relatively minor by comparison. The rates of CO, production calculated from
dissolved inorganic carbon mass transfer (2.55X 107 to 48.6 X 10 mmol 1 yro h generally were comparable to the
calculated rates of CO, production by the combined reduction of O, Fe(Ill) and SOI (1.31x107* 1o 15%
10”* mmol 17 yr~ ). The overall increase in SO; concentrations along the flow path, together with the results of mass-
balance calculations, and variations in 8*'S values along the flow path indicate that SO:~ loss through microbial reduction is
exceeded by SO; gain through diffusion from sediments and through the oxidation of FeS,. Geochemical and microbial data
on cores indicate that Fe(II) oxyhydroxide coatings on sediment grains in local, organic carbon- and SO -rich zones have
been depleted by microbial reduction and resulted in localized SO -reducing zones in which the formation of iron disulfides
decreases dissolved iron concentrations. These localized zones of SO;  reduction, which are important for assessing zones of
low dissolved iron for water-supply development, could be overlooked by aquifer studies that rely only on groundwater data
from well-water samples for geochemical modeling. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction some of the most important chemical processes within
nonmarine coastal-plain deposits (Trapp and Meisler,

Sediments in passive-margin basins generally are 1992). Concentrations of redox-active constituents
older (Veizer and Jansen, 1985), and, therefore, such as iron, sulfur, carbon and oxygen in coastal
more weathered than sediments in other global plain aquifers generally are high and are dependent
tectonic settings. Furthermore, redox reactions are on the distribution of sedimentary organic matter
(SOM). Lignitic organic matter can be mineralized

_*_{_“_‘Un—ggp{mding author. by fermentative bacteria to produce organic acids,
E-mail address: cjbrown@usgs.gov (C.J. Brown). which subsequently are oxidized to CO- by a terminal
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Fig. 1. Pertinent geographic features of study area, Long Island. (Section A-A' depicted in Fig. 2).

electron-accepting process (TEAP) such as microbial
Fe(I1I) reduction, SO:~ reduction, or methanogenesis
(Chapelle et al., 1988; McMahon and Chapelle,
1991).

Rates of SOM metabolism generally are high in
local, aerobic flow systems and near recharge areas
but decrease with increasing distance along flow paths
as the supply of dissolved oxygen is consumed; the
primary electron acceptors then become Fe(I1I), SO;
and CO, (Appelo and Postma, 1993). Many unconso-
lidated aquifers do not conform to this sequential
ordering of TEAPs, however, because their distribu-
tion of SOM and Fe(IIl) coatings in sediments, and
SO;~ concentrations in water, is irregular (Chapelle et
al., 1995). For example, aerobic parts of the Midden-
dorf aquifer of South Carolina contain anaerobic
microenvironments, within and surrounding organic
matter, that mainly support SO; and(or) Fe(IIl)
reduction (Murphy et al.. 1992). In addition, several
researchers have used pore-water chemistry data
together with well-water data from coastal-plain aqui-
fers to show that poorly permeable sediments are a
principal source of SO;~ for microbially induced
SO, reduction (e.g. Chapelle et al., 1987; McMahon
et al., 1990; Pucci et al., 1992). However, many
geochemical-modeling studies of aquifers rely solely

on data from wells and, thus, can overlook localized
processes that affect the biogeochemistry of the aqui-
fer system.

Dissolved iron is a major concern for water suppli-
ers on Long Island, NY (Walter, 1997); therefore, data
on iron sources and sinks, and the effects of TEAP
zones on iron concentrations within the Magothy
aquifer, are needed for sound decisions on water
management and well siting. In 1994, the US Geolo-
gical Survey, in cooperation with Suffolk County
Water Authority, began study of the sources and
fate of iron in the aquifer system in terms of the micro-
bial and geochemical cycles of sulfur, carbon and
oxygen, which are closely related to the iron cycle.
An earlier paper (Brown et al., 1999) describes the
geochemistry of localized SO; -reducing zones in
Magothy sediments as interpreted from analysis of
drill-core and pore-water samples from four sites in
Suffolk County, and from study of groundwater chem-
istry along a flow path along the western boundary of
Suffolk County. The abundance of Fe(IlI) oxyhydrox-
ide coatings in the Magothy aquifer of Long Island
was found to be low in relation to that in other Atlantic
Coastal Plain aquifers, but Fe(Ill) reduction is active
as indicated by TEAP identification of cores
amended with ("*C)-acetate and by isolation of an



C.J. Brown et al. / Journal of Hvdrology 237 (2000) 147-168 149

M&roxi

MER A oumglgc %IW&O' A
- 3 Gardiners clay
Long Island \ Atlantid
Sound ! Ocean|

is

79408 Magothy)|

aquifer

5 MO KO TERS

EXPLANATION [ 10 MBS
J' WELL ALONG MONITORED FLOW PATH (prajected onto a vertical
hydrologic section)--Paired honzontal bars indicate screen zone. Clustered
28778 walls at a site are shown alang one trace. Number {prefix 5 omted)
assigned by New York State Department of Environmental Conservation,

2 [ FLOW-PATH SEGMENT (as modaled in table &)

Fig. 2. Hydrogeologic section A-A’. [Modified from Smolensky et
al., 1989, sheet 1.]

Fe(IIT)-reducing organism, MD612. The large spatial
variation in concentrations of carbon and iron, which
includes the depletion of Fe(Ill) oxyhydroxide coat-
ings by microbial reduction in organic carbon- and
SO7 -rich zones, has resulted in localized SO; -redu-
cing zones in which the formation of FeS, lowers
dissolved iron concentrations (Brown et al., 1999).
Because of the large spatial variation in carbon,
iron, sulfur and TEAPs within the aquifer, further
study of the biogeochemical cycles of carbon, iron
and sulfur, and their interaction was necessary to
understand the sources and sinks of iron.

This paper uses microbial and geochemical data from
four boreholes and wells in Suffolk County (Brown et
al., 1999) together with new data on sediment coatings,
pore-water chemistry, 8*'S and &"°C of groundwater
and solid phases, and H, concentrations in groundwater,
to describe the effects of aquifer mineralogy, TEAPs,
and mass transfer on the distribution of oxygen, iron,
sulfur, carbon along a deep flow path in the Magothy
aquifer. Data collected on both a localized scale (0.1-
10 m) and at a large scale (10-20,000 m) were required
to define overall microbial and geochemical processes
and for mass-transfer modeling of CO, production rates
by the reduction of O,, Fe(ITl) and SO; .

2. Hydrogeologic setting

Long Island consists of a sequence of upper

Cretaceous and Pleistocene sediments that were
deposited on a southeastward dipping bedrock surface
(Figs. 1 and 2). The deposits thicken southeastward
and reach a maximum thickness of over 600 m in
southeastern Long Island. Bedrock is overlain by the
Lloyd Sand Member (Lloyd aquifer) and the clay
member of the Raritan Formation (Raritan confining
unit). The Raritan is overlain by the Matawan Group
and Magothy Formation, undifferentiated, which
comprise the principal aquifer (Magothy), of Cretac-
eous age. Along the southern shore, the Magothy
aquifer is unconformably overlain by the Monmouth
Group (Monmouth greensand) of Cretaceous age;
elsewhere in the southern part of the island, Cretac-
eous deposits are unconformably overlain by the
upper glacial aquifer (Smolensky et al., 1989).

The Magothy aquifer (the focus of this study)
consists of alternating beds and lenses of clay, silt,
sand and some gravel, as well as some mixtures of
these materials (Perlmutter and Geraghty, 1963). The
Magothy was deposited in a transitional fluviodeltaic
environment (Lonnie, 1982). The sand consists
mostly of quartz but contains some lignite, muscovite
and iron concretions and is about 2—-3% heavy miner-
als by weight; it generally has no carbonate minerals
and few other reactive minerals, although organic
carbon in the form of lignite is a reactive electron
donor in redox reactions (Pearson and Friedman,
1970). Lignite is typically found in silts and clays
but may be dispersed through the sand (Smolensky
et al., 1989). Much of the iron in the Magothy aquifer
on Long Island is in the form of Fe(Ill) oxyhydrox-
ides, iron-sulfide minerals (FeS,), iron-rich clay
minerals and other less soluble minerals, including
hematite, leucoxene, ilmenite and magnetite (Brown
et al., 2000). The clays consist mostly of kaolinite,
some illite, and occasional traces of mixed-layer
clays; iron is less abundant in Magothy clays than in
marine clays (Lonnie, 1982).

The Long Island groundwater system is recharged
solely by precipitation. Most of the recharge enters the
water table, moves laterally through the upper glacial
aquifer and discharges to streams or to coastal waters.
Precipitation near the mid-island groundwater divide
(Fig. 1) lows downward and recharges the Magothy
and Lloyd aquifers after passing a short distance
through the upper glacial aquifer (in most areas),
and then flows to either the north or south shore.
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Buxten and Modica (1992) concluded that Magothy
water beneath the south shore is several hundred years
old on the basis of a sectional finite-element model
that was used to calculate groundwater travel time
along the Nassau—Suffolk border.

Water in the Magothy aquifer has low ionic
strength and Na" and Cl~ are the dominant ions.
The K'/H™ and Na'/H' ratios and silica content
(Pearson and Friedman, 1970), and an analysis of
clay mineralogy (Lonnie, 1982; B. Sirois, unpublished
data, 1986), indicate that Magothy water is in equili-
brium with kaolinite. Dissolved oxygen concentra-
tions in the Magothy aquifer are as high as
0.28 mmol 1" near the groundwater divide (recharge
area) but decrease to concentrations below detection
along the flow path. Dissolved iron concentrations
commonly exceed 9 wmol 1! near the south shore,
where they contribute to encrustation on well screens
(Walter, 1997) and degradation of water quality.

3. Methods

Groundwater chemistry was studied in well water
along a flow path near the Nassau-Suffolk County
border (Fig. 1). Four Suffolk County Water Authority
(SCWA) borehole sites were selected for study (Fig.
1); although the boreholes are not along the same flow
path, each site represents a different lithology and(or)
position from the ground-water divide and are used
here to evaluate the heterogeneity of the aquifer. The
borehole sites were at supply well fields and were
subsequently used for installation of public-supply
wells,

3.1. Groundwater sampling

Water samples were collected from monitoring
wells and public-supply wells screened along the
deep modeled flow path (Fig. 1) and at inferred flow
paths at each of the four borehole locations. Water-
chemistry data were collected by standard procedures
(Brown et al., 1970). Colorimetric procedures (Hach
Company, 1993) were used onsite to measure concen-
trations of total dissolved sulfide (H,S and HS ),
Fe(Il) and Fe(III) and dissolved oxygen; a dissolved
oxygen meter and the revised Winkler method were
used to measure the dissolved oxygen concentrations
above (0.025 mmol |

The H, concentration in groundwater from selected
wells was measured to identify the TEAP zones. The
concentrations of H, in groundwater, which represent
the intermediate products of microbial metabolism,
are associated with unique predominant terminal elec-
tron-accepting reactions (Lovley and Goodwin,
1988). H, samples were collected by the bubble-
strip method (Chapelle and McMahon, 1991), and
analyzed onsite with a reduction gas analyzer (Trace
Analytical). Several of the public-supply wells used
for H, sampling are steel, which can cause H, contam-
ination, but the high rates of pumping
(~3,800 I min ') from these wells minimize the
contact time between water and steel. Groundwater
SO7~ was collected on an anion-exchange resin
column for sulfur-isotope analysis and was analyzed
for BaSO, precipitates by procedures described in
Carmody et al. (1998). Water samples for 8'°C analy-
sis of dissolved inorganic carbon (DIC) were collected
in 1-1 glass bottles, which were filled from the bottom
up and sealed with a Teflon/silicon septa cap after a
minimum of 3-5 | were allowed to overflow to elim-
inate oxygen.

3.2. Drilling and sediment sampling

Split-spoon cores (3.8 cm diameter) were obtained
from sediments of the Magothy aquifer at the four
SCWA borehole sites (Fig. 1) by a reverse-rotary
drill rig. Several cores from each borehole site were
selected for analysis — five (AD1-ADS5) from
Adams Ave., three (LA1-LA3) from Landscape Dr.,
six (LO1-L0O6) from Locust Dr. and four (MAl-
MA4) from Margin Dr. Detailed sediment lithology
and microbiology of these boreholes and the proce-
dure for the collection of core samples, which were
subsampled under a stream of N, are described in
Brown et al. (1999). Core samples generally yielded
insufficient pore water for analysis; therefore, 30—
50 g of subsampled core were mixed with 2—10 ml
deionized water for 1-3 min, and followed by filter
pressing with N, (Lusczynski, 1961) as described in
Brown et al. (1999),

3.3. Laboratory analyses

Alkalinity of water samples was measured by incre-
mental titration within a few hours after sample
collection. Concentrations of major and minor



Table 1

Concentration of iron and manganese in sediment-coating extractions of core samples from the four boreholes, Suffolk County, NY (site locations shown in Fig. 1. Concentrations in

micromoles per gram of sediment. Altitudes in meters from sea level. — data not available)

Sample No.

Sample altitude  Speciation and extraction method®

Fe (total) 0.5 M HC1"

Fe (II) 0.5 M HCI

Fe (II1) 0.5 M HC!"

Ion-exchangeable Fe(II)*

Fe (total) 5 M HCI'

Mn (total) 5 M HCI'

A. Adams Ave. (AD), land-surface altitude 18.48 m

AD 1 =119 <0.1 <1
AD 2 —125 <0.1 <0.1
AD 3 131 0.28 <0.1
AD 4 —134 0.82 0.74
AD S5 —137 0.89 0.60
B. Landscape Dr. (LA), land-surface altitude 54.36 m

LA 1 —147 <0.1 <0.1
LA 2 —174 1.1 0.79
LA 3a 177a <0.1 <0.1
LA 3b —177b 1.2 0.49
C. Locust Dr. (LO), land-surface altitude 23.2 m

LOla —-124 2.6 1.3
LO1 —145 2.5 0.93
LO2 —148 0.93 0.84
LO3 -152 142 0.98
LO4 —158 0.75 0.68
D. Margin Dr. (MA), land-surface altitude 7.62 m

MA 1 —142 4.3 4.0
MA 2 =173 0.50 0.27
MA 3 176 1.0 0.77
MA 4 -179 0.14 0.10

<01
<0.1

0.19

1.6
0.09
0.07

0.28

0.24

0.28
<0.1

0.22
<0.1

0.11
<0.1
<0.1

1.0
1.2

0.23

0.11
0.39
0.45
0.37
0.47

4.1

0.97
0.28
0.14

57
9.9
3.6
9.1
11

49

9.2
13

11
4.1
55
35

49
33
28

<(.1

<0.1
0.16
.34
0.11

0.43

<0.1
<0.1

* Values are the means of five replicates.

b Measured after extraction with 6.25 M hydroxylamine in 0.5 M HCI (from Brown et al., 1999).

“ Measured after extraction with 0.5 M HCI (from Brown et al., 1999),
9 Calculated as Fe (total) minus Fe(II) (from Brown et al., 1999).

¢ Measured after extraction with 1 M CaCl,0.

! Measured after extraction with 6.25 M hydroxylamine in 5 M HCL

SOI=LE1 (0007) LET £80j0apiy Jo jpwinof /v 12 umodg 1)
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Table 2

Abundances of carbon and total sulfur in core sediments from the four borehole sites (locations shown in Fig. 1. Altitudes in meters from sea

level)

Sample No. Sample altitude

Sedimentary organic

Sedimentary carbonate Total sulfur

carbon (wt %) carbon (wt %) (wt %)
A. Adams Ave. (AD), land-surface altitude 18.48 m
AD 1 119 0.61 <0.01 <0.01
AD 2 125 0.10 <(.01 0.07
AD 3 131 <(0.01 <(.01 <0.01
AD 4 —134 0.10 <0.01 <0.01
AD 5 -137 0.27 <(.01 0.33
B. Landscape Dr. (LA), land-surface altitude 54.36 m
LA 1 —147 8.04 <0.01 0.19
LA 2 —-174 <0.01 <0.01 <0.01
LA3 177 <().01 =101 =<0.01
C. Locust Dr. (LO), land-surface altitude 23.2 m
LO 1 —145 4.51 <0.01 0.28
LO2 —148 0.09 =(.01 =0.01
LO3 -152 0.40 <0.01 0.05
LO4 158 0.05 <0.01 <0.01
D. Margin Dr. (MA), land-surface altitude 7.62 m
MA 1 —142 13.9 0.01 2.05
MA 2 —173 1.46 <0.01 0.63
MA 3 —176 0.27 <0.01 0.11
MA 4 179 0.33 <0.01 0.19

dissolved ions were analyzed by ICP and ion chroma-
tography. Sulfur-isotopic analyses of water and iron
disulfide samples were conducted at the USGS
Geochemistry Laboratory in Reston, Va.; results are
reported (in %e) relative to the Vienna Canyon Diablo
Troilite (VCDT) standard. Carbon isotope analysis of
water samples and lignite samples were conducted at
the University of Waterloo, in Waterloo, Canada, and
are reported (in %o) relative to the Vienna Peedee
Belemnite (VPDB) standard. The uncertainty
associated with &S and 8"°C values is +/
—0.2%¢. Geochemical mass-balance modeling with
NETPATH was used to help estimate mass-transfer
rates.

The abundance of various types of iron coatings
was evaluated in the samples taken. Iron coatings on
sediments were identified through 5 M HCl extraction
(Heron et al., 1994b) for comparison with 0.5 M HCI-
hydroxylamine-extractable iron (Lovley and Phillips,
1987) measured by Brown et al. (1999). The amount
of Fe(1I) soluble in 1 M CaCl, at pH 7.0, which yields
ion-exchangeable Fe(Il), was measured by an

anaerobic 24-h extraction at 20°C followed by colori-
metric analysis of dissolved Fe(Il) (Heron et al.,
1994a).

[ron-sulfide minerals were hand separated from
bulk samples, ground to a powder, and identified as
either pyrite or marcasite by powder X-ray diffraction
(Scintag). Scanning electron microscopy (SEM) and
reflected light microscopy were used to define crystal
morphology of the selected samples.

4. Results and discussion

Results are presented in two sections — aquifer
geochemistry, which discusses lithology, water
quality, and chemical reactions, and mass-transfer
modeling, which discusses mass-transfer rates of
carbon, oxygen, iron and sulfur,

4.1. Aquifer geochemistry

Concentrations of 5M HCI extractable iron
(total) coatings (3.5-49 pM g_] of sediment) and
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Table 3

153

Concentrations of major constituents and pH in pore-water samples from two of the four borehole sites, Suffolk County, NY (concentrations in
millimoles per liter. Altitudes in meters from sea level. Site locations shown in Fig. 1)

Borehole location Core altitude pH Fe, dissolved Ca™” Mg“" Na™ SO;~ Cl Br Silica
Landscape Dr. (LA)

LAl —146.9 473 0.0180 0.014 0.012 0.267 0.154 0.168 0.002 0.388
LA2 —1743 5.32 0.0050 0.154 0.085 0.472 0.668 1.15 0.011 0.378
LA3 177.4 5.05 0.0090 0.261 0.146 0.527 0.281 0.482 0.004 0.428
Margin Dr. (MA)

MAI1 —142.4 5.06 0.0010 0.009 0.0217 0.174 0.420 0.693 0.005 0.064
MA2 172.9 6.24 0.0002 0.038 0.0462 0.274 0.343 0.500 0.0045 0.203
MA3 175.9 4.39 0.0034 0.168 0.214 0.315 0.405 1.52 0.0027 0.151
MA4 =179.0 7.22 0.0027 0.022 0.027 1.81 0.953 0.690 0.0048 0.275

ion-exchangeable Fe(Il) (<0.1-4.1 pM g ' of sedi-
ment) are low (Table 1) and relatively consistent
with the low concentrations of 0.5 M HCI extractable
iron coatings (<0.1-4.3 pM g~') measured by
Brown et al. (1999). The 5 M HCI extractable iron
(total) indicates the amounts of both crystalline and
poorly crystalline iron coating and generally was at
least an order of magnitude greater than the 0.5 M
HCl extractable iron (Table 1). The 0.5 M HC] extrac-
tion indicates the amount of poorly crystalline Fe(III)
in the sample and also. presumably, the most micro-
bially reactive iron fraction. Concentrations of 5 M
HCI extractable manganese (total) coatings (<(0.1-
0.46 pM g ' of sediment) generally were 1-2 orders
of magnitude lower than the 5 M HCI extractable iron
(total) coatings (Table 1). and consistent with relative
concentrations of dissolved iron and manganese in
groundwater.

Percentages of organic carbon and total sulfur differ
widely among the four sites (Table 2) and are consis-
tent with these data from a borehole in western
Suffolk County (Brown et al., 2000). The uneven
distribution of Fe(lll) concentrations, carbon and
total sulfur in Magothy aquifer sediments indicates
that localized microenvironments are prevalent
throughout the Magothy aquifer.

4.1.1. Well-water and pore-water chemistry
Concentrations of pore-water constituents (Table 3)
were significantly higher than in water (Table 4) from
nearby wells screened in the Magothy aquifer (Brown
et al., 1999), but were much lower than in seawater.
Pore-water samples from a short interval, particularly

in poorly permeable sediments, were likely to be more
representative of a single lithology than were ground-
water samples (from wells screened over distances of
5-27 m), which reflect a far greater thickness of sedi-
ment. Concentrations of major ions in pore-water
samples were from 10 to 100 times greater than
those in groundwater samples and can result in loca-
lized microbial and geochemical reactions that are not
apparent in large-scale aquifer studies based solely on
well-water analyses.

Dissolved-oxygen concentrations in the Magothy
aquifer can be high (up to 0.34 mmol 1 ') near the
groundwater divide of western Suffolk County but
decrease with distance along the deep flow path
(Fig. 3A), whereas dissolved iron concentrations are
low near the divide and increase with distance (Fig.
3B). Sulfate concentrations also increase downgradi-
ent (Fig. 3C), despite the predominance of SO; -redu-
cing TEAPs along much of the flow path. The
concentrations of dissolved inorganic carbon (DIC)
(Fig. 3D) and pH also increase along the flow path.

The low ionic strength of Magothy waters, coupled
with the saturation of the aquifer sediment with sea
water during sediment deposition or during later sea-
water transgression (Brown, 1998), has resulted in a
chemical gradient where sorbed constituents such as
SO represent an in situ ion source. A study of anion
exchange on Magothy sediments (Brown, 1998)
shows that in areas of low pH or high-ionic-strength
water, significant amounts of ClI~ and SO;  (3.7-
20ugg ' and 44-130 pg g ' of sediment, respec-
tively) can be sorbed in fine-grained sediments in
the Magothy aquifer, particularly those with high



Table 4

Concentrations of major elements, chemical species, 8 °C, and 8>S, in water samples from selected wells, Suffolk County, NY, sampled from 1995-1997 (dissolved concentrations
in millimeles per liter. Screen interval in meters from sea level. — data not available. Locations shown in Fig. 1)

Well site  Screen interval pH O Sl Mg -Nat K HCO, H.S so; Silica NO, asN  Fe Mn DOC sbc  s¥%s
547220  26.3-294 1.8 08 034 0.0039 0.0017 012 0010 0040 - 0.0042 012 0088 00036 00020 000040 0050 -214 132
§95963 -3t —62 129 499 029 0032 005 019 0021 0054 - 0.0028 0.19  0.12 0.16 0.00022 0.00011  0.017 8.8
595964 —6891t0 —719 I14 019 022 0024 0014 013 0012 016 0.0022 0.11 0096 0.020 0.00014 000038 0017 216 6.7
§95965  —133t0 —136 I15 000 010 0021 0014 014 00077 0080 =00002 0012 012 010 0037 0.035 000046 0017 = ~4.6
§20776  —1581 —161 125 040 0066 0013 0013 0.095 00060 0.20 - 0018 0079 010 <00036 00037 000020  0.0083 - -36
529777 59210 —622 119 044  0.11 0.030 0014 017 0012 0.14 0.0094 011 010  0.093 0.00011 0.00030 <0.0083 - -1
$34031  —12210 —142 110 492 0.056 00087 0.0082 0.14 00094 0040 - 0.022 012 012 0.0071 0.0017  0.00050 - -222 -37
S48193  —121 10 —139 109 040 012 0014 0.0090 010 00069 0053 - 0.0094 0087 011  <00036 00011 - 0.033 = -6.7
S75034  —1841t0 —185 125 089 0088 00095 0.0090 011 00082 012  <0.0002 00094 0082 010 00036 0036 000062 0038 -21.1 -84
S74586  —10610 —107 129 010 0074 0022 0013 012 00076 0054 - 0018 013 0.1 0.022 0.00014 0.00004  0.033 - -
S47886  —11910 —143 115 450 <0003 0018 0016 0070 0012 0020 000032 0041 012 012 <00036 00043 000009 - = -47
S47887 16410 —191 113 444 00034 00037 00074 0070 00079 0032  0.00025 0026 010 011 <00036 00056 000009 - X -4.7
$22351  —1371w0 —163 117 535 00025 0035 0036 014 0013 0.040 000073 0080 0.3 014  <00036 0011 000027 0033 -210 —17
S79408  —20210 —203 122 543 <0.0003 00095 0.014 011 00077 0.066 <0.0002 0029 010 012 <0.0036 00053 000011 0017 - 27
S36803 881w —93 131 567 <0003 00044 0019 027 014 014  <00002 0064 021 012  <00036 0020 000026  0.042 = 9.8
S36460°  — 13410 —162 110 550 00016 0037 0030 (.13 00094 0082 00020 0057 010 015 <00036 00040 000009 - —21.2 39
S10069° —15510 —162 150 026 00008 0090 0070 021 - 0.40 0.00076 0046 0.13 016 <00036 00042 000007 - -212 -134
~166 10 — 176

* Well is not along southwestern Suffolk County flowpath.
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Fig. 3. Concentrations of dissolved (A) oxygen, (B) iron, (C) sulfate, and

clay and(or) SOM content. In addition, SO; can be
released by oxidation of FeS,, anaerobically, by
aqueous Fe(IIl). The method used for pore-water
extraction, therefore, probably resulted in some deso-
rption from sediments, and the results of pore-water
analysis (Table 3) probably refiect the desorbed ions
in addition to dissolved ions in pore water. Further-
more, some of the measured sulfate may result from
oxidation of FeS-.

4.1.2. TEAP distribution

Groundwater along the Magothy flow path (Fig. 1)
becomes anaerobic and Fe(IIT) reducing at 8—10 km
south of the groundwater divide, as indicated by the
downgradient decrease in dissolved oxygen concen-
trations (Fig. 3A) and increase in dissolved iron (Fig.
3B) concentrations. Nitrate reduction (denitrification)
probably occurs before the reduction of Fe(lll), but

L | 1 I — L
) VT, BT AIE T R 1
DISTANCE ALONG FLOW PATH (KM)

(D) inorganic carbon, in groundwater along the modeled flow path.

the initial nitrate concentrations generally are low
because most of the water in the deep-flow system
entered before the onset of development in western
Suffolk County (Buxton and Modica, 1992). Mn(1V)
is reduced after NO; and before Fe(III). Although the
spatial distribution of manganese concentrations in
wells of Suffolk County is similar to that of iron
(Walter, 1997), concentrations are lower (0.04—
0.62 pmol 1" and reflect the lower concentrations
in sediment coatings. Dissolved iron represents only
a small part of the total iron within an aquifer (Heron
and Christensen, 1995) — as much as 98% of the
Fe(Il) produced by iron reduction is sequestered in
sediments in the form of iron-rich clays such as illite,
Fe(1I)-rich oxides such as magnetite, or sulfides such
as pyrite (Chapelle, 1993). The amounts of 0.5 M HCI
extractable Fe(Il) and ion-exchangeable Fe(Il) gener-
ally were greater in cores from the anaerobic part of
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Well no.

Ho
concentration
(A1)

822351
566136
547887
547886
536460
529491
537681
531038
5100691

1.5-49
B4
1.8
96

12-.57
3.6
23
2.0
.73

Fig. 4. Locations of well sites and the dominant TEAPs at these sites, as indicated by H, concentrations in groundwater. H, concentration range
for TEAPs: 0.1-0.8 nM = Fe(I1l) reduction; 1 to 4 nM = SO.” reduction; 6 to 25 nM = methanogenesis (Lovley and Goodwin, 1988).

the aquifer or in locally reducing sediments (Table 1;
Brown et al., 1999).

Concentrations of H, in water from wells along the
modeled flow path indicate the presence of both
SO; - and Fe(IT)-reducing TEAPs (Fig. 4). The H,
concentrations 1indicated SOi reduction at most
wells, iron reduction at two wells, and both SO7
and iron reduction at two wells. The predominance
of SOf_ reduction, and the local variation in TEAPs
and the lack of evidence for their sequential zonation,
along the flow path are consistent with the TEAP
identification in core samples by (''C)-acetate proce-
dures (Brown et al., 1999), Nevertheless, most supply-
well screens are more than 15 m in length and can tap
several TEAP microenvironments. Microbial analyses
of core samples from anaerobic parts of flow paths
indicated the presence of both SO; - and Fe(III)-redu-
cing bacteria, and analysis of sandy sediments with
Fe(Ill) coatings indicated zones of Fe(Ill)-reducing
TEAPs (Brown et al., 1999). Concentrations of H,
in groundwater were not indicative of methanogen-
esis, probably because SO; reduction yields greater
energy than does the reduction of CO, (Lovley and
Goodwin, 1988) and SO; is abundant in the
Magothy. Furthermore, TEAP assays of core sedi-
ments showed no evidence of methanogenesis
(Brown et al., 1999). H, concentrations in water
from well S100691 in the southeastern part of the

study area at MA were within the Fe(lll)-reducing
range (0.1-0.8 nM; Fig. 4) and were consistent with
results from the TEAP identification of sediments. H,
concentrations in water from well S36460 at LO, indi-
cated Fe(IIl) reduction, contrary to TEAP identifica-
tion of core sediments, which indicated S(Jf'
reduction. This apparent discrepancy could result if
water pumped from the well is preferentially removed
from the permeable (sand) sediments, including sedi-
ments below the screen, which probably contain
Fe(IIl) reducing TEAPs. Water from the wells at the
AD and LA sites (Fig. 4) was not analyzed for H,
because it contained dissolved oxygen. Supply well
§$22351, which is in the anaerobic zone near the
modeled flow path and is pumped continuously, indi-
cated an alternation between SO; - and Fe(IIl)-redu-
cing TEAPs (Fig. 4) and suggests that water is
pumped from different parts of the formation as
local hydrologic stresses vary. Although SO; -redu-
cing TEAPs predominate in anaerobic parts of the
Magothy aquifer, Fe(Ill)-reducing TEAPs are also
present and contribute to the high concentrations of
dissolved iron observed (Table 4; Fig. 3B) in water at
the downgradient end of the flow path.

4.2. Mass-transfer modeling

Mass transfer of carbon, oxygen, iron and sulfur
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Table 5
Chemical equations used to describe reactions in the Magothy aqui-
fer, Suffolk County, NY

Organic carbon oxidation
CH,0y, + Oy — CO, + HyO (1

2aq)

CH,0,,, + 4Fe(OH)y,, + 7TH™ — 4Fe’" + HCO; + 10H,0 (2)

CH,COO,,, + 8Fe’" + 3H,0 — 8Fe’" + HCO; + CO, + 8H'

(3)
CH,;COOH + SO} + 2H' — H,S + 2CO; 2H,0 4
Mass transfer
AMe = meq, (5)
Rp = AMv/L, where : (6)
Ry = rate of CO, production, in mmol 1" yr ! (6a)
v = velocity of groundwater flow, in m yr ! (6h)
L = flow path length, in m (6c)
AS = (Skes 00 + Suir) — Sso,e0 = ASO;, where (7)
Skes.on = mass of sulfur from FeS, oxidation (Ta)
Syire = mass of sulfur leached by diffusion from poorly
permeable sediments (7b)
Ss0ired = SO; removed by reduction of SO .
which can react with iron to form FeS, (7¢)
Pyrite oxidation
FeSy, + Hy0 + 7/20,,,, — Fe’* + 2805 + 2H' (8)
FeS,., + 14Fe’™ + 8H,0 — 15Fe*" + 280] + 16H' (9)
Fe'' + 1/40,,, + H' — Fe'" + 1/2H,0 (10)
Sulfur mass transfer
As"s = (’nsl'l'.‘i_-l\\{S-“S"'I‘H_‘I'\ + ”fsdm&usrlif'.] B ’”Sn‘.mﬁ"qsium
= AmS0,5" S, (11)

Table 5 (continued)

ASO; = (80] FeS,,, + SO; diff) — SO} red (12)

Sulfare reduction
50'4I red = (80; FeS,ox + SOi diff) SOi mass transfer

(13)
co, pmduc'ﬁr}n‘
COy50, = 2-80; red (14
COyg, =0, (15)
COypeqp = 4-Fe(ll) (16)

along the modeled flow path from the groundwater
divide south to the barrier island (Fig. 1) was studied
to identify spatial trends and local chemical processes.
Data from several of the wells were selected for
computation of mass transfer rates (Figs. 1 and 2).
Major element and chemical-species concentrations
and stable isotope compositions of sulfur and carbon
species in water samples from 17 wells are given in
Table 4. Mass-transfer rates for carbon, oxygen, iron
and sulfur between several points along the flow path
were calculated from estimated rates of mass transfer
and groundwater flow. Mass-transfer rates could not
always be determined for each constituent along the
same flow path segments because of interferences
from anthropogenic effects or steel well screens. In
such cases, a nearby well was substituted for the
problem well. Major constituents that were not
involved in redox reactions, including Na', Ca™",
Mg”" and C1, showed minor concentration changes
associated with clay-mineral weathering and ion
exchange along the flow path (Brown, 1998).

4.2.1. Carbon

The increase in dissolved inorganic carbon (DIC)
along the flow path (Fig. 3D) is consistent with oxida-
tion of SOM coupled to the reduction of oxygen,
Fe(Ill) and SO7 . The values for 8"C of DIC,
which are isotopically light in the recharge area,
remain light along the flow path (Fig. 6) despite the
doubling of DIC values and support the oxidation of
the isotopically light lignite as the source for the DIC
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increase. Dissolved oxygen in the aerobic part of the
Magothy is a major electron acceptor for production
of DIC and can be represented by Eq. (1) (Table 5).
One mole of O,, therefore, is consumed for every
mole of CO, that is produced. Calcite dissolution is
unlikely to contribute to the DIC increase because the
Magothy contains little or no carbonate minerals
(Pearson and Friedman, 1970).

The trend of DIC along the modeled flow path (Fig.
3D) indicates an increase of DIC in both the aerobic
zone and in the anaerobic zone. Locally high concen-
trations of DIC in aerobic parts of the Magothy prob-
ably result from human activities, such as liming and
sewering. Water from wells S34031, S47886 and
S47887 had relatively high concentrations of DIC
that may result from locally rapid oxidation of
lignite; the associated low pH probably results

from oxidation of FeS, caused by drawdown of

shallow, oxygenated waters. Oxygen reduction is
probably the major TEAP that is coupled to the
oxidation of lignite in the aerobic zone. Sulfate
reduction occurs in anaerobic microenvironments
within the aerobic part of the Magothy aquifer
(Brown et al., 1999), however, and contributes to
the oxidation of SOM and to the overall DIC
increase along the modeled flow path. Anaerobic
microenvironments in aerobic parts of the Midden-
dorf aquifer of South Carolina were described by
Murphy et al. (1992), and zones with the highest
SOM had relatively low populations of aerobic
heterotrophs (Fredrickson et al., 1991).

The rate of DIC increase beyond about 8-10 km
along the flow path, where groundwater becomes
anaerobic, probably reflects Fe(lll) reduction and
SO7 reduction as the dominant TEAPs that are
coupled to lignite oxidation. Oxidation of organic
matter by iron reduction can be represented by Egs.
(2) and (3) (Table 5). The low solubility of Fe(lll)
may require Fe(Ill)-reducing organisms to come into
direct contact with Fe(Ill)-bearing solids (Lovley,
1987) unless either the Fe(Ill) is complexed with
other compounds (e.g. Lovley et al., 1996), or the
pH is low enough (< ~ 3) that Fe(Ill) is soluble.
Only | mol of bicarbonate is produced for every
4 mol of Fe(OH)(s) that are reduced: therefore, a
large amount of ferrous iron can be produced by
oxidation of a small amount of lignite. The oxidation
of organic matter by SO;~ reduction, represented by

Eq. (4) (Table 5), produces 2 mol of bicarbonate for
every mole of SO:  that is reduced.

The mass of CO, produced through oxidation of
organic matter within four segments of the modeled
flow path was estimated to range from 0.071 to
0.402 mmol 1" as C, with a total of 0.763 mmol 1 '
for the entire length of the flow path (Fig. 1 and Table
6). The change in DIC concentration along a flow path
segment can be represented by Eq. (5) (Table 5),
where m, is the concentration of CO,. The annual
rate of CO, production from lignite oxidation in the
Magothy aquifer was calculated from Eq. (6).

Mass transfer in the recharge area between two
wells within a cluster at the groundwater divide
(S47220 and 595965) was calculated with vertical
groundwater velocities of 1.1-11.1 myr ' (Buxton
and Modica, 1992). Carbon dioxide production rates
between wells farther along the flow path were esti-
mated from published horizontal hydraulic conductiv-
ity values (Table 6) for the Magothy aquifer in Suffolk
County, which range from 5.35X 10 ° to 6.10 %
10 myr ' (McClymonds and Franke. 1972). The
estimated rates of CO, production from organic
matter (lignite) oxidation (Table 6; Fig. 5A) ranged
from 2.55X 10 * to 486X 10 * mmol 1" yr ' and
are comparable to those obtained from geochemical
modeling in the Magothy/Upper Patapsco aquifer of
Maryland (10 to 10 mmol 1™ yr~'; Chapelle et
al., 1987), and the upper range of values obtained
for the Lower Patapsco aquifer of Maryland (10 to
10 *mmol 1 " yr'; Chapelle et al., 1987), and the
Madison aquifer system in parts of Wyoming,
Montana, and South Dakota (107" to 10~ mmol -
1" yr ' Plummer, 1988). but are considerably higher
than the simulated rates for the Black Creek, Midden-
dorf and Cape Fear aquifers of South Carolina (107°
to 10" mmol 1" yr . Chapelle and Lovley, 1990).

The largest increase in DIC per meter of flow path
and the highest mass-transfer rate (Table 6; Fig. 5A)
was in the first flow-path segment (at the groundwater
divide) between S47220 and S95965; this location
indicates that the oxidation of lignite is primarily
coupled to the reduction of oxygen. The high NOy
concentration (0.037 mmol 1~' as N) in water from
the latter well is probably derived from human activ-
ities — Buxton and Modica (1992) found a strong
correlation between nitrate concentrations (which
can be related to effects of human activity since the



Table 6
Hydraulic values used in calculation of mass-transfer rates of CO,, O,, Fe(Il), and SO;  in segments of Magothy aquifer flow path (AM,, mass-transfer rate of constituent x, numbers
in parentheses are based on flow rates given in Buxton and Modica (1992). Aquifer porosity (n,) = 0.25 (Faust, 1963). Dashes indicate value was not calculated)

Flow-path segment (@)  Computation of AM, per meter (b/c) Computation of groundwater velocity Mass-transfer rate
(e X f10.25) (mmol 1 yr ' %10 ) idx g)
A concentration  Flow-path AM, per meter of Hydraulic Hydraulic Groundwater
(mmol1 ") length (m) flow path x 10°° conductivity  gradient velocity (m yr )
(b) (c) (d) myr ey (X 10H(H (g
CO, production
(1) S47220-595965 0.071 160 438 - - Li1-11.1*" 4.86-48.6 (9.11)
(2) 895965-875034 0.242 6.460 374 5,350-6,100  0.768 16.4-18.7 6.16-7.02
(3) 875034522351 0.048 6,940 6.92 5.350-6,100  1.72 36.8-42.0 2.55-2.90
(4) §22351-836803 0.402 6,960 578 5.350-6,100  0.289 6.18-7.05 3.57-4.07
(T) S47220-836803 0.763 20,520 372 5.350-6,100 1.5 32.1-36.6 11.9-13.6
) consumption
(1) 8§95963-595965 0.184 130 1.424 - - L11-11.1*" 15.8-158 (29.6)
(2b)S95964—S75034 0.132 6,500 20.2 5.350-6,100  1.05 22.5-25.6 4.54-5.17
(2a)895965-575034 0.0156 6.460 242 0.78 16.7-18.7 0.404-0.453
(3) S§75034-547887 0.084 6.750 12.45 5,350-6,100  1.65 35.2-40.2 4.38-5.00
(4) S47887-S36803 0.0018 7.150 0.262 5,350-6,100  0.406 8.68-9.91 0.0228-0.0260
(T) 595963 -S47887 0.284 13,340 21.3 5.350-6,100  1.39 29.8-33.9 6.33-7.22
Fe(ll) production
(1) 895963595964 —0.00005 70 —0.816 - - LI1-11.1* —0.0091 to —0.091 (—0.017)
(2) 895964574586 0 6.440 0 5.350-6,100  1.37 22.2-253 0
(3) S74586-S22351 0.0108 7,020 1.54 5.350-6,100 1.75 37.5-427 0.575-0.656
(4) 822351836803 0.00895 6,960 1.29 5,350-6,100  0.289 6.18-7.05 0.079-0.091
(T) 895963536803 0.0197 20.480 0.961 5,350-6,100  1.03 22.0-25.1 0.212-0.242
S0; production
(1) S95963-595965 0.0097 130 74.7 - = 1.11-11.1** 0.829-8.29 (1.55)
(2) S95965-575034 —(L.0031 6,460 —(1.483 5,350-6,100  0.768 16.4-18.7 —0.079-0.091
(3) 875034547887 0.0167 6,750 247 5,350-6,100  1.65 35.2-40.2 0.869-0.991
(4) S47887-S36803 0.0375 7,150 5.24 5.350-6,100  0.406 8.68-9.91 0.455-0.519
(T) §95963-536803 0.0607 20,480 2.96 5.350-6,100  1.03 22.0-25.1 0.653-0.744

* From Buxton and Modica (1992).
" Value is 2.08 m yr " when based on assumptions from Buxton and Modica (1992), as described in text.
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Fig. 5. Estimated mass-transfer rates of dissolved (A) CO,, (B) O, (C) Fe(II), and (D) SO,~ along segments of Magothy flow path.

early 1900s), and the 75-yr age line defined by their
flownet and traveltime analyses, and concluded that
every well screened in water older than 75 yr had
nitrate  concentrations less than or equal to
0.037 mmol 1 ' as N. Therefore, if nitrate reduction
1s assumed to occur at a relatively constant rate, water
at the screen zone of well S95965 is no less than 75 yr
old, and flow rates in this zone would be no greater
than 2.08 myr '. This revised flow-rate estimate
narrows the range of mass-transfer rates in the first
flow-path segment (Table 6; Fig. SA).

The second highest mass-transfer rate was along the
second flow-path segment (S95965 to S75034), which
also is predominantly aerobic (Table 6). The high
mass-transfer rate of CO, relative to the O, consump-
tion rates suggests that production rates of SO; and

Fe(IT) were actually higher than is indicated by
groundwater chemistry. The oxidation of lignite and
the resulting production of CO, with distance from the
groundwater divide should correspond with the
consumption of electron acceptors, including O-,

e(1ll) and SO; . Concentrations of Fe(Il) increase,
as expected from Fe(I1I) reduction, but the decrease in
SO;  concentrations typically expected with SO;~
reduction is masked (Fig. 3C) by the increase in
SO leaching from silt and clay (Brown et al., 1999).

The 8"°C values for DIC in groundwater samples
range from —22.2 to —21.0%¢: these are somewhat
“heavier” than &"°C values for lignite samples from
Magothy sediments (—24.3 to —22.5%¢; Table 7) and
the value for groundwater at a recharge area (—25%o)
reported by Pearson and Friedman (1970), perhaps



C.J. Brown et al. / Jowrnal of Hydrology 237 (2000) 147-168 161

Table 7

88 of FeS, samples and 8''C of lignite samples from core samples at the four borehole sites (borehole locations shown in Fig. 1, altitudes in

meters from sea level)

1D Borehole location” Sample altitude a's Sample description

Iron-sulfide mineral samples

IS-1 AD —109.6 -36.3 Marcasite-cemented sand

1S-2 LA 146.9 —28.2 Pyrite-replaced lignite

I1S-3 LO —=118.0 8.41 Marcasite-cemented sand

1S-4 LO —158.8 10.6 Pyrite-replaced lignite

IS-5 LO 159.4 3.52 Marcasite-cemented sand

IS-6 MA 141.5 —40.2 Marcasite-cemented sand

18-7 MA 142.1 —-44.1 Pyrite-replaced lignite

1S-8 MA 166.8 25.0 Pyrite-replaced lignite

1S-9 MO <1971 —1.94 Marcasite- and pyrite-
cemented sand

Lignite samples s''c

LI-1 AD -109.6 —23.49 Lignite

LI-2 AD 117.2 22,93 Lignite

LI-3 LA —146.9 —24.26 Lignite

LI-4 LO —118.0 —=22.54 Lignite

LI-5 MA -142.4 —23.83 Lignite

LI-6 MA —175.6 —23.99 Lignite

* AD, Adams Ave. LA, Landscape Dr. LO, Locust Dr. MA, Margin Dr.

this is because the samples contained a greater contri-
bution from atmospheric CO, (—7%¢) or because
human-related activities, such as soil liming, contri-
bute DIC from calcite or dolomite (0%¢). The 8"C
range of DIC was only 1.2%e, and despite minor varia-
tions along the flow path (Fig. 6), the local differences
were not much more than the precision of the analysis
(0.2%c). The 8"C of DIC initially decreases with
depth in the recharge area and reaches —21.6%0 well
S95964. Well S34031, which is located to the east and
about 4 km south of the divide (Figs. 1 and 2), has the

lowest 8'"°C value of —22.2%c (Fig. 6); this lighter
8"C of DIC could be caused by autotrophs such as
Thiobacillus ferrooxidans, a pyrite oxidizer (Cravotta,
1998) that can fix CO, in the aerobic zone and cause
depletion of "*C in DIC. Aerobic heterotrophs also can
deplete “C in DIC by oxidation of organic carbon;
Blair et al. (1985) measured a 3.4%¢ depletion in the
3°C of CO; respired by E. Coli relative to CO; in its
glucose substrate. Farther along the flow path, 8 "C of
DIC becomes enriched and remains at about —21.2%,
a value similar to those for the Middendorf aquifer of

A. 5'3C OF DIC B. 5°'s OF sO,*
& 47220
212 n e [m] 100691
“?bdotl'o 22351 (MA]
47220
-21.6
r'__(f) B5964
[7-]
1
22.0
B Opagevoose
|AD) B WELLS NOT ALONG MODELED 7“8“ 75034
-22.4 FLOW PATH :
[ 12 16 20

i 8
DISTANCE ALONG FLOW PATH (KM)

FRE B i Rraiaico 20
DISTANCE ALONG FLOW PATH (KM)

Fig. 6. Isotope composition of groundwater along Magothy flow path from the groundwater divide: A. 8"C of DIC. B. 8%'S of SO,".
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South Carolina (Murphy et al., 1992). Even though
carbon isotopes, theoretically, should not fractionate
during reduction of Fe(IIT) or SO; ~ by acetate because
both carbon molecules in the acetate generally are
converted to CO, (Murphy et al., 1992), the low
8"°C values in basal Magothy groundwater probably
results from some form of fractionation associated
with lignite oxidation, because 8"°C of lignite is rela-
tively “light” compared to that of DIC in groundwater
and because carbon from calcite is absent in the
Magothy aquifer. The CO, in water from deep
coastal-plain aquifers in South Carolina was enriched
in ""C by about 5%¢ relative to CO, in water from
updip sediments and only part of this enrichment
could be attributed to local variability in isotopic
composition of the SOM (McMahon et al., 1990).
Fractionation may result from differences between
the degradability of aliphatic and aromatic
compounds of SOM under aerobic conditions and
that under anaerobic conditions.

4.2.2. Oxygen

Dissolved oxygen concentrations decrease from
0.288 mmol 1" at the recharge area ($95963) to
below 0.003 mmol 1" about 11 km downgradient at
S47886 (Fig. 3A). The position of the dissolved
oxygen front in the Magothy aquifer is affected by
the distribution and abundance of SOM in the
Magothy and by the permeability of sediments along
individual flow paths, although gradients induced by
water-supply pumping during the past 50 yr has
caused localized mixing of deep groundwater with
shallow, oxygenated water in some areas (Bennett et
al., 1996). As a result, O, concentrations and mass-
transfer rates vary locally along the flow path. For
example, dissolved oxygen concentrations about
5 km south of the groundwater divide range from
0.0016 mmol 1 " at well S$36460 (site LO) to
0.125 mmol 1" at well S48193, near the modeled
flow path (Figs. 3A and 5B; Table 6). In addition,
well §75034, midway along the flow path, had high
dissolved oxygen concentrations that may result from
downward flow of shallow, oxic water by pumping of
nearby supply wells. Because of the variability of
dissolved oxygen concentrations in the aerobic zone,
mass-balance rates were determined for two segments
of flow path 2: §95964 to $75034 (flow-path 2a) and
$95965 to S75034 (flow-path 2b; Table 6). The mass-

transfer (or “consumption”) rates of dissolved oxygen
in the Magothy were estimated in the same manner as
CO; production rates (Eq. (6), Table 5) and ranged
from 4.86 to 48.6x 10 * mmol | "yro! near the
divide (595963 to S§95965), and ranged from 6.33 X
10! t0 7.22x 10"  mmol 1" yr™' along the entire
aerobic segment of the flow path (S95963 to
S47887). These latter rates are lower than those calcu-
lated for the organic-rich Hawthorne aquifer in South
Carolina (10 *mmol 1 'yr'; Chapelle, 1993) but
are close to the values calculated for the Patuxent
aquifer in the coastal plain of Maryland (about
10" mmol 1™ yr™'; Chapelle, 1993).

4.2.3. Iron

The net rate of Fe(ll) mass transfer along
the modeled flow path from S95963 at the divide
to 536803 on the barrier island was estimated
to range between 0.212x10°* and 0.242x
10" mmol 1" yr™', although much of the Fe(II) is
sequestered in sediments and probably results in
significant underestimation of Fe(II) mass transfer.
Most of the dissolved iron is produced under anaero-
bic conditions by Fe(Ill)-reducing organisms, which
couple the oxidation of organic matter to Fe(IIl)
reduction (Lovley et al., 1990) and release Fe(Il)
and bicarbonate to solution (Egs. (2) and (3), Table
5). Amorphous or poorly ordered Fe(III) oxyhydrox-
ide is considered microbially reducible (Chukhrov et
al., 1973; Lovley and Phillips, 1986a), whereas other
iron forms, including Fe,O; (hematite) and Fe 0,
(magnetite), are not (Lovley and Phillips, 1986b).
The amount of Fe(Ill) oxyhydroxide coating on
Magothy sediments is small (<0.1-0.28 pgg "),
and even though they probably have been depleted
throughout post-depositional time by Fe(1II) reduction
(Brown et al., 1999), enough Fe(Ill) remains to
account for the high Fe(1I) concentrations in ground-
water at the south shore (Fig. 3B). The amount of ion-
exchangeable Fe(Il) in the Magothy also is low:
although concentrations of 5 M HCl-extractable iron
are considerably higher, neither of these fractions is
immediately available for microbial reduction.

Mass transfer of Fe(II) along the first two flow-path
segments (which are aerobic) was negligible, as
expected (Fig. 5C and Table 6), but increased down-
gradient. A significant amount of iron in FeS, miner-
als is released in aerobic parts of the aquifer by
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oxidative dissolution, as discussed later, but generally
is tied up in sediments. Well 74586, midway along
the flow path (Figs. 1 and 2) was selected as a study
point for Fe(Il) mass-balance modeling in place of
well S75034 (at the same location), which was
contaminated by iron from the steel casing. The
third flow-path segment (S74586 to S22351) had the
largest Fe(Il)-production rate, but this does not
account for the high CO,-production rate (Table 6)
because 4 mol of Fe(Ill) are required to oxidize
I mol of CO, (Eq. (2). Table 5), and this amount
(0.144x 10 " t0 0.164 X 10 * mmol 1 ' yr ') would
account for only 5-6% of the CO, produced. Thus,
because O, reduction is negligible in the anaerobic
parts of the flow path, SO reduction and Fe(IIl)
reduction that is not reflected in Fe(Il) mass
transfer values may account for the remainder of the
CO, production through lignite oxidation. The last
flow-path segment (522351 to S36803) had a rela-
tively lower mass-transfer rate than the third segment
(Fig. 5C; Table 6) as a result of its lower hydraulic
gradient and slower flow rates than in the third
segment.

4.2.4. Sulfur

Sulfur in the Magothy aquifer is derived from SO;~
in atmospheric deposition, from oxidation of FeS,
minerals, and from SO diffusion from poorly
permeable sediments within the Magothy aquifer.
The increase in total sulfur (AS) along the flow path
from the point of recharge can be represented by Eq.
(7) (Table 5). Sulfate is the major form of sulfur in
water from wells: therefore, AS = ASO; . Low
aqueous-sulfide concentrations (<<0.25-0.7 pmol 1
as H,S) in water from wells in the anaerobic part of
the flow path indicate that Fe(Il) in the water reacts
with sulfide to form FeS,.

An overall increase in S(Jf concentrations down-
ward along the flow path from S95963, near the
divide, to S36803 at the southern barrier island indi-
cates that much more SO} is produced by leaching of
SO; in poorly permeable zones and through pyrite
oxidation than is removed by SO; reduction and
mineral precipitation. Sulfate concentrations showed
an overall increase along the first flow-path segment
(895963 to $95965) and SO: -production rates were
from 0.829 10 8.29 X 10" mmol 1”" yr™", but showed
little or no further increase until the end of the second

segment (S75034), where anaerobic conditions predo-
minate (Figs. 3C and 6D; Table 6). Sulfate concen-
trations again increased along the third and fourth
flow-path segments and the relatively high mass trans-
fer values may result from the southward lithologic
progression from a predominantly transitional-
nonmarine depositional environment of Magothy
sediments at the center of the Long Island, to some
area of increasing marine influence near the south
shore with a transitional-marine depositional environ-
ment. Clay lenses could have retained the anion-
exchange complex from this marine influence either
during sediment deposition or during sea transgres-
sion at a later time (Brown, 1998). The fourth flow-
path segment had a higher mass transfer than the third
segment, but a lower SO; -production rate because it
has a lower hydraulic gradient and, therefore, slower
flow rates (Table 6).

The %S of SOI in the Magothy was used to
determine the sources and processes associated with
sulfur, including the increase of sulfate concentrations
in the anaerobic zone. The trend of 8"'S of SO
along the modeled flow path consists of an abrupt
decrease near the divide, followed by a more gradual
increase with distance toward the south shore (Fig.
6B). The 8"S of SO:™ is “heavy” (about 13%0) at
the shallowest well (S47220) in the recharge area
and is indicative of atmospheric SO -the 86*'S of
atmospheric precipitation ranges from about 20%¢ in
regions containing only sea-spray SO; to about 0%
in highly industrialized regions (Coplen, 1993); there-
fore, recharge at S47220 probably represents a
mixture of SO; from both sources. Groundwater
moving downgradient from the point of recharge
abruptly becomes “lighter” with depth (about — 8%
at §75034), probably as a result of the oxidative disso-
lution of FeS, (pyrite or marcasite). Oxidative disso-
lution of isotopically “light” pyrite and(or) marcasite
in sediments near the recharge area (such as IS-1 and
IS-2, Table 7) could cause the shift to depleted 8*S of
SO:  within 4 km of the recharge area (Fig. 6B).
Because initial SO;™ concentrations are low, and
because sulfide oxidation does not produce significant
fractionation (Taylor et al., 1984), only a small addi-
tion of “light” sulfur is needed to cause the depletion.
In contrast, SO;~ reduction can produce significant
fractionation of 30-60%e¢ (Canfield et al., 1992)
because SO -reducing organisms along a flow path
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will preferentially metabolize the lighter isotope (*°S).
Therefore, FeS, minerals typically are depleted in
58S and the remaining dissolved SO; becomes
enriched in *'S. The effect of this enrichment through
isotopic fractionation is enhanced in poorly permeable
sediments that can act as a closed system in which
mixing with other water is minimal. In addition, **S-
enriched SO;  from connate sea water is probably
desorbed from clayey sediments (Brown, 1998).
Consequently, the 'S compositions of pyrite and
marcasite from Magothy aquifer boreholes vary
widely (from —44.1 to 10.6%¢, Table 7). Water
from S47887 has a lower 8'S (—4.7%c) than other
waters at similar distances along the flow path (Fig.
6B); this, together with the low pH (4.44) of these
waters, indicate the oxidation of FeS,.

Pyrite oxidation can be represented by either of the
reactions described in Egs. (8) or (9). Fe(I11) has been
found to be the more effective oxidant of pyrite (Eq.
(9), Table 5) in laboratory experiments, but oxidation
of Fe(Il) to Fe(IIl) requires dissolved oxygen (Eq.
(10)) (McKibben and Barnes, 1986; Moses et al.,
1987). Substituting 8°'S for S in Eq. (7) and subtract-
ing the sulfate derived from precipitation recharge
(Mm® 'Sum) yields Eq. (11).

The 'S value of pyrite is generally “light” in the
upper sediments near the recharge area, as represented
by pyrite from Landscape Dr. (IS2) and by marcasite
from Adams Ave. (IS1) (Table 7). Results of
geochemical mass-balance modeling with NETPATH
for estimates of FeS, oxidation from 8*'S values
(Brown, 1998) were revised to reflect several multiple
flow-path segments in the aerobic zone and yielded a
range from 40 to 84% of the SO~ that is derived from
the oxidation of FeS,. The increase in 6'S of SO;
after its initial decrease (Fig. 6B) probably results
from: (1) infusion of “heavier” seawater-derived
SO;  desorbed from poorly-permeable sediments;
and (2) SO; ™ reduction and the subsequent formation
of FeS,. Assuming that a source of heavy sulfate is
derived from sea water, some oxidation of FeS, is
necessary to give the 'S of SO!™ value of 9.8%
found at S36803. Results of geochemical mass-
balance modeling for estimates of FeS, oxidation
along an anaerobic part of the modeled flow path
(Brown, 1998) were revised using several flow-path
segments and yielded a range from 19 to 34%. Pyrite
can be oxidized by dissolved ferric ions under low pH

conditions (Eq. (9), Table 5), provided that oxygen is
present initially to begin the reaction (Eq. (8)) and to
produce acid.

The nonuniform distribution of pore-water SO,
sediment texture, and SOM is evident through a
chemical comparison (8*'S of SO; and iron concen-
trations) in water from two wells at similar distances
from the groundwater divide. Water from supply well
S48193, 4.6 km south of the groundwater divide (Fig.
1), has a “light” 8™'S of —6.7%¢, water from supply
well 836460 at site LO, 4.1 km south of the divide
(Fig. 1) along a parallel flow path about 13 km east of
the modeled one, has a relatively “heavy” 'S of
3.9%ec. Although the two flow paths cannot be
compared directly, the much heavier 'S at $36460
than at S48193 would be consistent with the greater
SO; -reducing activity at site LO despite the some-
what shorter flow path. The 8*'S compositions of
pyrite and marcasite samples from site LO are also
much “heavier” than those of corresponding samples
from sites LA and MA (Table 7), or of samples
formed in open systems. Clay lenses are present at
several depths in Magothy sand at site LO and can
form isolated microenvironments in the sand in which
S of pore water becomes depleted with increasing
depth and (or) time, and the residual SO; becomes
progressively enriched in #S. Reduction of this
“heavy” SO; . and its subsequent reaction with
Fe(IT), would form FeS; minerals that are enriched
in *'S.

The unknown SO;~ flux from clays makes the rela-
tive contribution of SO;~ as an electron acceptor for
the oxidation of lignite difficult to determine. The
SO; mass transfer can be described in Eq. (12) by
rearranging Eq. (7) (Table 5). Sulfate reduction can be
estimated by first calculating the rate of SO~ diffu-
sion. Chapelle and McMahon (1991) accounted for a
deficit of electron acceptors in the Black Creek aqui-
fer of South Carolina by estimating rates of SO;~
leaching from marine beds on the assumption that
this SO;  is sufficient to account for observable CO,
production in the system. These estimates also assume
that the rate of SO;~ diffusion greatly exceeds the rate
of SO; removal through advection and that SO;
diffusing from sediments is continuously utilized by
SO: -reducing bacteria. The SO; -diffusion flux was
estimated in the present study through Fick's first
law and using SO; -concentration gradients from
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Table 8§

Rates of SO; reduction and CO; production, as estimated from SO;  diffusion, SO_f -mass transfer, and FeS; oxidation at three sampling sites

in the Magothy aquifer (borehole locations shown in Fig. 1)

Sample location Rates (mmol I "yr ' x 107

SO; diffusion” SO;  mass transfer FeS, oxidation” S0; reduction CO4 504, production
Near recharge area, aerobic
LA3/LA2 0.320-3.9 0.233-0.266 0.158-0.181 0.148-3.89 0.296-7.78
LA3/LAL
Near south shore, anaerobic
LO1/LO2 1.07-6.15 0.455-0.519 0.086-0.176 0.064-5.87 1.27-11.7
MA4/MA2

* Details of SO; -diffusion calculations presented in Brown (1998).

" Estimated to be 40—84% in the aerobic zone and 19—34% in the anaerobic zone (revised from Brown, 1998).

pore-water chemistry data (Table 3), as described in
Brown (1998). Resulting values ranged from 0.320 X
10" 103.90x 10 " mmol 1 ' yr ' near the recharge
area (site LA) and from 1.07x 107" to 6.15x
10 mmol 1" yr ! near the south shore (site MA)
(Table 8). The SO; -diffusion flux was then equated
to CO, production rates (Table 8).

4.2.5. Oxidation of SOM

The amount of reduction of dissolved oxygen,
SO;  and Fe(Ill) that is required for production of
the observed CO, along the modeled flow path can
be conservatively estimated. Microbial SO;  reduc-
tion can be calculated by rearranging Eq. (12) (Table
5) to obtain Eq. (13) and applying the estimated rate of
SO;  reduction that was obtained for the sediment at
site LA. Estimates of FeS, oxidation were obtained by
multiplying the calculated percentage of SOZ
derived from Fe$§, oxidation in the flow-path segment
(5895963 to §75034), which is assumed to be aerobic

Table 9

(40-84%), and in the fourth segment (S47887 to
S$36803), which is anaerobic (19-34%), by the rates
of SO~ mass transfer. The estimate of SO; ™ reduc-
tion was estimated along the aerobic part of the flow
path (site LA) and along the anaerobic part (site MA)
(Table 8). Under the assumption that SO;~ diffusing
to groundwater is continuously utilized by SO! -redu-
cing bacteria, the estimate for microbial SO;  reduc-
tion can be converted to CO, production (CO; g2-)
by Eq. (14), where the “2” is the stoichiometric coef-
ficient of CO, in Eq. (4) (Table 9). Results indicate
that (CO; g2 ) (Table 9) is close to the estimated DIC
mass transfer under anaerobic conditions (Table 6)
and is consistent with the notion that SO;  reduction
is the dominant TEAP coupled to lignite oxidation in
the anaerobic part of the flow path.

CO--production rates also were calculated from
estimated mass-transfer rates of O, and Fe(IIl) for
aerobic and anaerobic parts of the flow path (Table
9) with the stoichiometry shown in Eqs. (15) and (16).

CO,-production rates in Magothy aquifer, Suffolk County, NY, as calculated from estimated SO; -reduction rates and from estimated mass-
transfer rates for SO; , O,, and Fe(Il) (SO; -reduction-rate calculations shown in Table 8)

Redox CO; production, CO, production, calculated from mass-transfer-rate estimates of electron acceptors
status of caleulated from CO, (mmol1 "yr "x10 %
flow path mass transfer
segment (mmol 1 "yr 'x 10
CO5 5, production COs ey production CO, 50, production Total CO,,,, production
Aerobic 12.2-14.0 6.33-7.22 0 0.296-7.78 6.63-15
Anaerobic 3.57-4.07 0.0228-0.026 0.0198-0.0227 1.27-11.7 1.31-11.7
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Estimates of SOM oxidized by O, in the aerobic zone
(S95963 to S47887) are extremely high, as expected,
and those in the anaerobic zone (S47887 to S36803)
are low (Table 9). Estimates of SOM oxidized by
Fe(Il) (CO; pqypy) may be underestimated by 1 or 2
orders of magnitude because Fe(Il) is sequestered in
sediments or reoxidized after Fe(lll) reduction.
Despite the uncertainty in these calculations, the
total estimated CO, from organic matters that is
oxidized by electron acceptors along the Magothy
flow path is similar to CO, production rates obtained
in DIC mass transfer calculations (Table 9). The smal-
ler increase in SO_% concentration within the aerobic
zone relative to the anaerobic zone (Fig. 3D) contra-
dicts the somewhat constant rates of SO;  diffusion
calculated for both parts (Table 8) and may result
from the difficulty in comparing chemistry of pore
water with chemistry of water from wells.

5. Conclusions

Estimated mass-transfer rates indicate that the prin-
cipal electron-acceptors are O, and SO; near the
recharge area and SO; in the anaerobic, distal parts
of the flow path. Measured H, concentrations in
groundwater confirm the predominance of SO; ™ -redu-
cing TEAPs along the anaerobic part of the flow path
and indicate a non-uniform distribution of SO; - and
Fe(Ill)-reducing zones in the Magothy. The predomi-
nance of SO; ™ reduction in the anaerobic part of the
aquifer is supported by low concentrations of Fe(III)
coatings on sediments, and the abundance of SO;
leached from poorly permeable sediments. The over-
all increase in SO;  concentrations, and the SO
mass-transfer rates, along the flow path indicate that
SO; reduction is exceeded by the production of SO;
through diffusion from transitional-marine clays and
by oxidation of FeS,. The 8'S of groundwater SO?
becomes “lighter” with depth at the recharge area
through the oxidation of FeS,. Away from the
recharge area, 8°'S of water gradually becomes
“heavier” as a result of: (1) mixing with “heavier”
SO;  that originates from seawater anion complexes
sorbed in poorly permeable sediments; and (2) SO;
reduction and the subsequent formation of FeS,.
Fe(Ill) reduction is active locally in the Magothy

aquifer, and the high dissolved iron concentrations
that result pose a costly problem for water suppliers.

Microenvironments can locally affect the concen-
trations of iron or other contaminants in coastal plain
aquifers and may require detailed study of redox-
active constituents, including O, Fe, S and C. For
example, sulfate-reducing zones may yield water
with low dissolved iron concentrations, and would,
therefore, be suitable for water-supply development.
The effects of localized microbial and geochemical
processes can be vastly obscured by dilution and
mixing by pumping, however, and water samples
from wells are unlikely to reflect these processes.
Therefore, detailed analysis of pore water and sedi-
ment geochemistry is needed in addition to ground-
water sampling from wells to determine the effects of
local microbial and geochemical reactions on ground-
water.
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