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ABSTRACT: Seasonal changes in arsenic and iron accumulation rates were
examined in the sediments of a brook that receives groundwater discharges of
arsenic and reduced iron. Clean glass bead columns were deployed in sediments for
known periods over the annual hydrologic cycle to monitor changes in arsenic and
iron concentrations in bead coatings. The highest accumulation rates occurred
during the dry summer period (July—October) when groundwater discharges were
likely greatest at the sample locations. The intermediate flow period (October—
March), with higher surface water levels, was associated with losses of arsenic and
iron from bead column coatings at depths below 2—6 cm. Batch incubations
indicated iron releases from solids to be induced by biological reduction of iron
(oxy)hydroxide solids. Congruent arsenic releases during incubation were limited by

the high arsenic sorption capacity (0.536 mg,,/mgg.) of unreacted iron oxide solids.

The flooded spring (March—June) with high surface water flows showed the lowest arsenic and iron accumulation rates in the
sediments. Comparisons of accumulation rates across a shoreline transect were consistent with greater rates at regions exposed
above surface water levels for longer times and greater losses at locations submerged below surface water. Iron (oxy)hydroxide
solids in the shallowest sediments likely serve as a passive barrier to sorb arsenic released to pore water at depth by biological iron

reduction.

B INTRODUCTION

The interface between groundwater and surface water systems
is a zone characterized by dynamic biogeochemical processes
that are distinctly different from either the adjacent ground-
water or surface water systems. The groundwater—surface water
interface has been defined formally as the zone in stream
sediments where the pore water concentration of a conservative
tracer is 10—90% of its concentration in either the groundwater
or surface water end members;' however, this zone practically
includes the shallow surface water column, porewater in
sediments below the sediment—water column interface, and
shallow groundwater. The physical location of the mixing zone
between end member waters, relative to the sediment—water
column interface, is a function of both sediment grain size and
porosity” and relative hydrodynamic head of the surface water
and shallow groundwater.l4 Such intermediate mixing of the
end member waters may promote chemical and/or biological
reactions among species that are present in only one of the end
members, giving rise to the biogeochemical processes that
characterize this zone. Stream ecologists have long recognized
the importance of the groundwater—surface water interface
zone to the cycling of carbon and nutrients in stream
channels;*~7 however, the importance of this zone to the
fate of groundwater contaminants has received less emphasis.®
Transect observations of near-shore sediments and pore waters
have documented attenuation of heavy metals originating in
groundwater plumes by sequestration in fresh metal oxide

-4 ACS Publications  © 2013 American Chemical Society

920

precipitates,”’ "> attenuation of chlorinated solvent dis-
charges,''* and suppression of chlorinated solvent biode-
gradation by induced oxic conditions.”'¥'® Few of these studies
have examined temporal changes in these processes arising
from changing contributions of groundwater and surface water
flows.>"

Previously, we have examined the distribution of arsenic in
stream sediments receiving contaminated groundwater dis-
charge from a closed landfill in New England, USA."” As typical
of many former landfill sites located in the area,'® high inputs of
organic carbon from landfill leachate likely induced the
reductive dissolution of aquifer iron oxide solids with
concomitant release of associated arsenic to groundwater. At
the groundwater—surface water interface, arsenic was sorbed to
amorphous iron (oxy)hydroxide precipitates in the sediments."”
(Note that sulfur was not a significant contributor to
biogeochemical processes at this site'” and thus is not
considered herein.) Knowing the close coupling of arsenic
sorption with the redox state of iron species and potential
influence of hydrologic processes on oxidant availability, it was
reasonable to postulate a possible seasonal cycle in arsenic
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accumulation by, or release from, sediments at the ground-
water—surface water interface.

The possible processes occurring at the groundwater—surface
water interface (Figure 1) are linked dynamically through
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Figure 1. Possible processes affecting the fate of arsenic discharging to
the groundwater—surface water interface. Capital letters denote
sampling locations from the site plan view (Figure 2a) with relative
horizontal and vertical separation distances noted.

groundwater and surface water flows. Groundwater transports
ferrous iron into pore waters to mix and react with oxidants
(e.g, O,) transported from surface water, forming insoluble
poorly ordered iron (oxy)hydroxide precipitates."”*° Iron
oxidation may be mediated by a strictly chemical process
under circumneutral pH conditions*' or mediated by bacteria at
lower pH values and trace oxygen conditions™* (Figure 1(a)).
The product ferric oxide solids provide binding sites*** to
retain arsenic in the sediments.”'"** Such processes may be
enhanced under low surface water flow conditions (Figure
1(d)) if surface sediments are exposed above water levels and
groundwater discharges have direct contact with the atmos-
phere. In contrast, high surface water flow conditions (Figure
1(d)) may inhibit groundwater discharge (no Fe(II) source) or
limit oxidant transfer. The absence of oxidant species favor
biological reduction of iron (oxy)hydroxide solids,”® potentially
releasing iron and associated arsenic back into discharging
groundwater27 (Figure 1(b)). Arsenic releases to pore waters
may be incongruent with iron releases™® if sufficient ferric iron
oxide solids remain in the sediments as sorption sites for
dissolved arsenic™® (Figure 1(c)) or if iron mineralogy changes
(e.g, magnetite®’). Microbial processes that change the

oxidation state of arsenic®® directly may influence the exchange
of arsenic between the solid and aqueous phases because of
somewhat lower binding constants for As(IIl) than As-
(V)23 resulting in solid phase uptake of dissolved As(III)
following oxidation to As(V) and release of solid-phase As(V)
following reduction to As(III).>*** In addition to the influence
of hydrologic conditions (Figure 1(d)) on arsenic accumulation
in the near-surface sediments of the groundwater—surface water
interface, translocation of oxygen by wetland plant roots®*>®
may impart a seasonal influence on oxidant availability in
vegetated shoreline zones.

The purpose of this research was to examine seasonal
changes in arsenic and iron accumulation rates in the sediments
of a stream receiving groundwater discharges of arsenic and
reduced iron. To this end, we employed artificial substrate in
the form of bead columns'' to measure changes in solid-phase-
associated species. Bead columns have been used to delineate
sediment concentration gradients in stream sediments receiving
groundwater discharges of reduced iron and other dissolved
metals;”'" however, they have not been used previously to
quantify rates of contaminant accumulation in bead material
coatings. Because the date of bead column placement is known,
contaminant accumulation rates can be calculated over the
defined time frame of deployment, in contrast to traditional
sediment sampling techniques®® that yield integrated observa-
tions over a period of unknown history. Relative rates of
contaminant accumulation can be identified through the
deployment of bead columns at various locations even though
the absolute rates may differ from those in native sediments
because of surface property differences between the artificial
and natural substrates. Furthermore, deployment of multiple
bead columns at the same time, followed by staggered
collection times, enables the identification of time periods
with net loss of mass from the solid phase. To aid in the
interpretation of our bead column observations, we conducted
laboratory batch experiments to confirm microbial reductive
iron dissolution and to measure arsenic sorption isotherms. We
also collected freeze cores to assess changes in sediment arsenic
and iron concentrations over the study period.

B METHODS

Site Description. The study site (Figure 2) was located on
Cohas Brook, a small stream in Londonderry, NH that
discharges to the Merrimack River and is adjacent to the
Auburn Road Landfill Superfund site.3” Groundwater contains
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Figure 2. (a) Plan view of sample locations at Cohas Brook, NH showing sampling locations A, B, and C, water line (
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(USGS Gauge 01092000) during sampling activities with hydroperiods and bead column deployments (dashed lines) noted.
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Figure 3. Depth profiles of total iron (gray bar, upper abscissa) and arsenic (white bar, lower abscissa) concentrations in bead columns installed in
Cohas Brook sediments on July 2, 2004 and retrieved in July 2004 (27 d), October 2004 (116 d), and March 2005 (267 d). Black symbols (®) show

iron(II)-to-total iron ratios on the inset italicized abscissa (g—i).

84—130 pug/L of arsenic®® and 31,000 ug/L ferrous iron®” and
has remained constant over an extended monitoring period.*’
Groundwater discharges in a seepage zone located in a reach of
the brook that widens out into a shallow wetland area that is
characterized by open channel flow between small grassy
hillocks. Sediments contained on the order of 1000 mg/kg of
arsenic and 100,000 mg/kg of iron in the top 10 cm of the
sediments.”® The seepage zone area was identified by the
characteristically orange staining of iron (oxy)hydroxide solids
in the sediments.

Sampling Schedule. The presented data were collected
during a series of sampling trips between July 2004 and June
2005 (Figure 2). We emphasized a transect perpendicular to
the brook shore to examine differences in the extent of flooding
at each of the locations (Figures 1, 2a). Three bead columns
were installed at each of the locations on July 2, 2004, and
single columns were retrieved from each location on July 29,
2004 (27-day deployment), October 26, 2004 (116-day
deployment), and March 26, 2005 (267-day deployment). A
second set of bead columns was installed at each location on
March 26, 2005 (April 12, 2005 for location A on account of ice
cover) and retrieved on June 20, 2005 (85-day deployment).
Sediment cores were collected for comparison of historical
trends proximate to location A in June 2003 and October 2004
and all locations in June 2005 (Figure 2a).
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Hydroperiod. Hydroperiod at the study site was defined
based on the 68-year averaged daily streamflow measurements
at the Merrimack River USGS gauging station (USGS station
01092000, http://waterdata.usgs.gov/ ), located 6 miles away
(Figure 2b, Supplementary Figure S1). A pressure transducer
deployed to monitor water depth during our study period
malfunctioned; however, comparisons between gauge data and
a pressure transducer (MiniTroll, Professional Version, In-Situ
Inc.) deployed at the study site between November 2005 and
March 2006 showed a high correlation (P < 0.0001, n = 124).%
The integrative nature of the bead column observations (27- to
267-day deployments) likely reflects longer-term influences of
hydrology, rather than short-term events that would be more
variable across the watershed.

Bead Columns. Arsenic and iron accumulation rates at the
groundwater—surface water interface were quantified using
clean glass beads as substrate (2 mm diameter) in slotted
polycarbonate tubing (0.95 cm o0.d., 0.64 cm i.d. and 0.3 cm slot
interval, 0.064 cm slot width, 15—20 cm column length) sealed
with polycarbonate plugs on each end.'” Bead columns were
covered with GoreTex ‘socks’ to prevent sediment entrainment
during column retrieval. Low permeability of the GoreTex
material may reduce flow, relative to surrounding sediments;
however, we were interested in relative changes, not absolute
accumulation rates that will differ from the sediments. Columns
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Figure 4. Depth profiles of total iron (gray bar, upper abscissa) and arsenic (white bar, lower abscissa) concentrations in bead columns retrieved in
June 2005, following an 87-day deployment. Black symbols (@) show iron(II)-to-total iron ratios on the inset italicized abscissa, as per Figure 3.

were installed into sediments with a custom-made stainless steel
coring device consisting of a hollow tube (1.3 cm id.) filled
with a close-fitting, removable rod. The device was inserted to
depth in the sediments, the rod was removed, and the bead
column slid into the hollow device. The hollow tube was
carefully extracted from the sediments that were allowed to
collapse around the bead column. Retrieved bead columns were
subsectioned into 1 cm or greater intervals and extracted with 1
M HCI (trace metal grade) for 2 h, as suitable for the
predominating ferrihydrite phases'” (less than 5% difference
from duplicate Ti(III)-citrate (crystalline) extraction after 267-
day deployment). Arsenic concentrations were obtained by
graphite furnace-AA spectrometry and iron concentrations by
ICP-OES (see Analytical section in Supporting Information).
Mass deposition rates of arsenic and iron were obtained by
dividing the respective total mass recovered per kilogram of
beads by the appropriate deployment time.

Freeze Cores. Freeze cores were collected using a low-
volume (1.27 cm o.d.) freeze corer following our previously
described protocol.'” Freeze core samples were wrapped in
plastic wrap and immediately placed on dry ice for transport
back to the lab where they were stored in a —80 °C freezer.
Freeze cores were cut into 1 cm intervals using a rotary cutter
just prior to chemical digestion in a four-step sequential
extraction procedure'”*' for arsenic and iron analysis with
MgCl, (1 M, pH 8) for loosely sorbed species, NaH,PO, (1 M,
pH $) for strongly sorbed species, HCl (1 M) for amorphous
iron oxide phase dissolution, and Ti(Ill)-citrate (0.05 M) for
crystalline iron oxide phase dissolution.

Laboratory Experiments. Field processes hypothesized
from the bead column observations were examined with
laboratory experiments using shallow sediments (0—2 cm)
obtained near location A on July 2, 2004. Biological iron
reduction processes were investigated via batch incubations
with autoclaved controls and with amendments of either iron-
reducing bacteria or soluble electron donors. Arsenic sorption
to site sediments was quantified with batch isotherms (details in
Supporting Information).

B RESULTS AND DISCUSSION

Bead Columns: Iron Accumulation Rates. Iron accu-
mulations and losses in bead columns were deduced by
comparing total iron concentrations between the column
retrieval dates (gray bars, Figures 3 and 4). The first set of bead
columns deployed in July 2004 all showed increased iron
concentrations at depths to about 4 cm below ground surface
from July 27 to October 2004 (Figure 3a—c vs Figure 3d—f)
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and from October 2004 to March 2005 (Figure 3d—f vs Figure
3g—i, indicating continued iron accumulation at shallow depths
over the entire deployment time. At depths below about 4 cm,
differences in iron accumulation patterns were observed among
the column locations between the retrieval dates. Location A
showed the most variation in total iron concentrations with
concentrations at depths below 6 cm increasing slightly (6—10
cm), decreasing (10—14 cm), and remaining the same (14—16
cm) from July to October 2004 (Figure 3a,d), and decreasing
(4—10 cm) or increasing (10—12 cm) between October 2004
and March 2005 (Figure 3g,d). Location B showed continued
iron accumulation at all depths between July to October 2004
with large increases in total iron concentrations in bead
columns between the two dates (Figure 3b,e). At depths below
2 cm, location B depths showed lower iron concentrations
between October 2004 and March 2005, indicating losses in
iron inventories over that period (Figure 3eh). Location C
bead columns also showed trends of small increases in
concentration at all depths between July and October 2004
(Figure 3c,f) and at shallow depths to 6 cm between October
2004 and March 2005, but decreased or unchanged
concentrations at depths below 6 cm from October 2004 to
March 2005 (Figure 3fi). The second set of bead columns
deployed for one period from March to June 2005 could only
be used to assess iron accumulations. All locations showed iron
accumulations at all depths (Figure 4); however, the total
concentrations for this 85-day deployment were much less,
even than for the 27-day period in July 2004 (Figure 3a—c).
Bead columns from locations A and C showed markedly higher
iron concentrations at 0—2 cm than at greater depths.
Together, the bead columns show seasonal differences in iron
accumulations of net deposition during the dry summer to early
fall months and losses at depth in the intermediate late fall-to-
early winter months, followed by low iron accumulation in the
flooded spring months.

Integrated iron accumulation rates for the bead columns
were calculated by summing the 16-cm depth inventory of iron
mass and dividing by the deployment time. Although the
preceding depth-by-depth analysis showed both gains and
losses of iron in a single bead column, mismatches between
subsample sizes precluded differential rates from being
calculated at cm-scale resolution. On the other hand, iron
accumulation rates specific to time periods between retrievals
could be obtained from integrated mass inventories (Table 1).
Iron accumulation rates in the early summer period of July
2004 were similar at all locations with somewhat lower values
observed at location B than at locations A and C. Over the
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Table 1. Integrated (0—16 cm below Ground Surface) Iron
and Arsenic Accumulation Rates (mg/kg/d) in Bead
Column Deployments

measurement periods and hydroperiod classifications

7/2=7/29  7/29-10/26 10/26-3/22 3/22—6/20
location dry dry intermediate flood
A: Fe As 42 0.37 32 0.20 -2 0.1S 9 0.04
B: Fe As 34 0.19 64 048 —19 —0.06 6 0.03
C:Fe As 44 0.67 12 0.24 14 0.19 21 021

longer period from late July to October 2004, integrated rates
were still positive (net accumulation) at all locations (Table 1),
but increases were seen at location B (+200%) and decreases at
locations A (—25%) and C (—70%), compared to the month of
July 2004. The indicated loss of iron solids from bead columns
at depth during the late fall/winter period (Figure 3d—f vs
Figure 3g—i) resulted in integrated accumulation rates that
were negative at locations A and B, but still overall positive at
location C (Table 1). The lowest positive iron accumulation
rates were observed at locations A and B between March and
June 2008, being about one-fifth of the values observed over the
month of July 2004. The net iron accumulation rate at location
C between March and June 2005 was greater than for locations
A and B, but still less than observed in July 2004. Thus, loss
processes at depth during the intermediate October to March
period exert a large influence on the total iron inventories in the
top 16-cm of the sediments at Cohas Brook.

Biological Iron Reduction Processes. Bead column loss
processes were examined via laboratory incubations with Cohas
Brook sediments to evaluate the possible contributions of
biological iron reduction (see details in Supporting Informa-
tion). Biological reduction of iron oxide solids in Cohas Brook
sediments occurred readily (no lag time) by native bacterial
populations upon induction of anaerobic conditions with
sufficient electron donor availability to sustain the process for
11 days (Supplementary Figure S2ab). Iron releases from
sediments were not enhanced by the amendment of either iron-
reducing bacterial cells or lactate and acetate electron donors
(Supplementary Figure S2c,d). Such laboratory observations
suggest that the native iron-reducing bacteria population in the
sediments, which we measured previously to number from
10°-10° cells/ Sdry wt,42 can act to decrease iron inventories
through reduction of iron and release of ferrous iron to pore
waters when favorable anaerobic conditions are induced. In
addition to iron inventory losses, biological reduction processes
also increased the ratio of iron(II) to total iron in the solid
phase from an initial value of 0.2 mgg,(y;)/mgg.ror to values of
0.4—0.5 mgr,r)/mgreror after 11 days (Supplementary Figure
S2(b-d)). Similarly high oxidation ratios were observed in the
bead column coatings retrieved in March 2005 with higher
ratios (>0.4 mgg,()/mgg.ror) occurring at depths where iron
losses occurred between October 2004 and March 2005
(Figure 3g-i, black symbols). Taken together, these laboratory
observations suggest that the decreases in iron concentrations
at depth in bead columns during certain deployment periods
were indicative of established anaerobic conditions.

Interestingly, we also found solid phase iron(II)-to-total iron
ratios in the June 2005 bead columns (Figure 4, black symbols)
to have similar values as those retrieved in March 2005 (Figure
3g—i, black symbols), despite the former columns being
deployed during a period of net iron accumulation (Table 1).
Of the three June 2005 bead columns (Figure 4), only location
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C showed the corresponding trend of decreasing total iron
concentrations with depth and increasing iron(II)-to-total iron
ratio (Figure 4c) that was observed in the March 2005 bead
columns (Figure 3g—i) with documented iron inventory losses.
These trends are suggestive that the June 2005 bead column at
location C was subject to both iron accumulation and loss
processes; however, the single column deployment precluded
the differentiation of iron accumulation and iron loss periods
within the larger 87-day time frame. That high iron(II)-to-total
iron ratios were also observed at locations A and B in June 2005
(Figure 4a,b, black symbols), but in the absence of total iron
concentration ‘loss’ profiles (e.g., March 2005), is suggestive of
co-occurring iron oxidation and iron reduction processes. Such
coupled iron processes could arise with biological iron
oxidation since iron-oxidizing bacteria are known to inhabit
microaerophilic niches that are also favorable to iron-reducing
bacteria’® and we have enumerated both bacterial types to
depths of 20 cm in Cohas Brook sediments.'” We note that
iron(II)-to-total iron ratios were not measured for July and
October 2004 bead columns thus precluding comparisons with
other hydroperiods.

Iron Accumulation Processes. Iron coatings on the bead
columns likely formed through a combination of both
biological and abiotic iron oxidation. We previously enumerated
iron-oxidizing bacteria through depths of 16—20 cm*” in Cohas
Brook sediments, accounting for 1% of total direct bacteria
counts. Efforts to quantify the contributing role of iron-
oxidizing bacteria to the overall accumulations of iron in the
sediments were less successful. We rationalized that a dominant
role of biotic vs abiotic iron (oxy)hydroxide formation might be
evidenced through iron-oxidizing bacterial activity (RNA/DNA
copy pairs) or abundance (DNA/g solids) depth profiles that
were correlated with iron oxide solids concentrations. Parallel
deployments of artificial substrate for genetic analyses
confirmed colonization of media with putative iron-oxidizing
bacteria to depth;* however, activity and abundance ratios
were not strongly correlated with the total iron concentrations
reported herein for our bead columns.** Complementary efforts
to quantify iron-reducing bacteria were not undertaken because
of challenges in developing gene probes at suitable phylogenetic
resolution to exclude other, non-iron-reducing bacteria, from
the assay. Thus, the colonization of iron-oxidizing bacteria on
deployed artificial media indicated contributions of biotic iron
oxidation but could not exclude abiotic oxidation processes.

Seasonal Cycling of Sediment Iron Accumulations.
The seasonal cycling of iron accumulation in bead columns, and
by inference the Cohas Brook sediments, appears to be
controlled by hydrologic processes induced by the flow
hydroperiod in Cohas Brook itself. From our conceptual site
model (Figure 1), iron accumulation in sediments requires co-
location of groundwater ferrous iron and oxidants, whereas iron
losses occur in the absence of oxidant species. The trends in
bead column total iron concentrations, iron accumulation rates
(both positive and negative), and the iron(II)-to-total iron
ratios are consistent with rising surface water levels in Cohas
Brook inducing higher hydrostatic pressures that inhibit the
discharge of groundwater* past our observation locations.
Rising surface water levels through the transition from the dry
to intermediate hydroperiod (Figure 2b) would submerge
location A first, followed by location B and finally location C,
according to both their proximities to the Cohas Brook
shoreline (Figure 2a) and their relative vertical elevations
(Figure 1). Iron accumulation rates were similar at all of the
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locations during the month of July 2004 (Table 1) when
surface water levels are at their lowest (Figure 2b), suggesting
uniform availability of ferrous iron through the entire study
zone. We note that oxidation of groundwater ferrous iron was
effectively greater at location A than reported in Table 1 (16-
cm integrated iron accumulation) because the shallowest 4 cm
of the bead column retrieved on July 27, 2004 were dried out
and total iron concentrations at depths below 4 cm were greater
in this column (Figure 3a) than those from locations B and C
(Figure 3b,c). The location of greatest iron accumulation then
transitioned to location B in October 2004 and location C in
March 2005 (Table 1), suggesting that rising surface water
levels focus oxidation processes at points closest to the actual
water level shoreline. These trends are suggestive that the
groundwater source of ferrous iron discharges to the stream at
an elevation close to the surface of the streamwater level.
Hydroperiod transitions into intermediate conditions in late fall
that arise from reduced evapotranspiration withdrawals from
the watershed would be accompanied by similarly higher
groundwater table levels in shallow aquifers, and hence
discharges at higher elevation shoreline locations (e.g, C)
would be expected.

The June 2005 bead columns also demonstrated similarly
consistent trends with the recession of surface water levels
following spring flooding. Spring flooding occurred after the
deployment of bead columns in March 2005 with sufficiently
high water levels to submerge the study area. After flooding
conditions had ended, location C would be expected to dry out
first with restored groundwater discharges, followed by
locations B and A as the surface water level fell. Iron
accumulations mirrored these trends with higher total iron
concentrations (Figure 4c) and iron accumulation rates (Table
1) at location C than locations B and A (Figure 4a,b, Table 1).
If the iron accumulation rates of 30—40 mg/kg/d obtained
during the dry period of July 2004 were representative of iron
accumulations during dry periods in summer 2005, the
observed bead column accumulations in June 2005 would
correspond to the flooded-to-dry transition occurring about 30
days before bead column retrieval at location C and only about
10 days beforehand at locations B and A. The sampling
locations had no standing water when the bead columns were
retrieved on June 20, 2005; however, the sediments were fully
saturated as pressure on the surface of the sediments caused
water to be expelled from the pore space.

Closer examination of the bead column total iron
concentrations suggest that there is little to no active
groundwater discharge to the sampling zone in Cohas Brook
when surface water levels rise during intermediate flow
conditions. The transition to higher surface water levels
between October 2004 and March 2005 was associated with
iron accumulation in the shallow sediment zones (Figure 3g—i
vs Figure 3d—f), indicating oxidant availability despite the
reductive loss processes occurring in the deeper zone. If
iron(II) were discharging through our sample locations during
this time, it should still be oxidized in the shallowest sediment
depths that contact overlying surface water, even if oxidizing
conditions are not present in deeper sediments.'> Equivalent
accumulation rates if all discharging iron were precipitated in
the 0—2 cm depth of the bead columns would be 330 mg/kg/d,
whereas measured accumulation rates in the top 2 cm of the
bead columns between October 2004 and March 2005 were
less than 75 mg/kg/d and so appear to be inconsistent with
flow interception during intermediate flow periods, based on
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upgradient iron(Il) discharge fluxes. At location A, the
integrated iron accumulation rate between October 2004 and
March 2005 was close to zero, suggesting that iron released to
pore water by reductive processes at depth may be sequestered
by oxidation processes in the shallow sediments. At the other
locations, however, some imbalance was observed with negative
accumulation rates at location B indicating that net loss of iron
at depth was greater than net accumulation in shallow depths,
while the opposite trend was observed for location C (Table 1).
Thus, iron accumulations at shallow bead column depths are
consistent with secondary precipitation of iron oxide solids
during intermediate flow.

Groundwater discharges of ferrous iron appear to control the
balance of biological iron oxidation and reduction processes.
We did enumerate bacterial populations in a freeze core
obtained on July 29, 2004; iron-oxidizing bacteria abundances
opposed those of iron-reducing bacteria with the former
decreasing (100X) in concentration with depth and the latter
increasing (100X) with depth.** At times when groundwater
ferrous iron discharge occurs at our study location, the iron-
oxidizing bacterial activity (mgpe oxidized/Kgsonias/d) is likely
greater than that of the iron-reducing bacteria and net iron
accumulation occurs in the sediments. On the other hand,
times of low or minimal groundwater discharge are likely
characterized by iron-reducing bacteria activity (mgp, requced/
kg,oia/d) being greater than iron-oxidizing bacteria so net iron
loss occurs in the sediments. Confirmation of such relationships
between biological iron oxidation and reduction processes and
net iron accumulation or release from the solid phase are not
well-known because comparative studies of iron-oxidizing and
iron-reducing bacteria population dynamic influences on iron
cycling have been undertaken only for equal abundance
population levels** (iron oxide formation).

The alternate description of bead column concentration
trends arising from oxidant availability through oxygen
translocation into plant roots is inconsistent with high iron
accumulations at location A in July 2004 and location B in
October 2004. Both of these locations are furthest from the
vegetated shoreline. Furthermore, oxygen translocation should
enhance iron oxidation processes to depth in the bead columns
at location C in July and October 2004, since our efforts to
sample at other locations showed thick root mats down to 12 or
16 cm.

Bead Columns: Arsenic Accumulation Rates. Changes
in arsenic concentration patterns in the bead columns generally
followed those of iron between corresponding retrieval dates.
Total arsenic concentrations were greater in the shallow bead
column depths (<6 cm) with each successive retrieval time
(Figure 3), while total arsenic concentrations increased
somewhat at deeper depths below about 6 cm between July
and October 2004 (Figure 3a—c vs Figure 3d—f) and decreased
at depths below 6 cm between October 2004 and March 2005
(Figure 3d—f vs Figure 3g—i). The similarity of these trends in
total arsenic concentration to those observed for total iron
concentrations are indicative of the expected coupling of
arsenic phase transfer with iron oxidation state (Figure 1(a),
(b)). However, the integrated arsenic accumulation rates
exhibited more variability than iron accumulation rates and
did not always follow the same relative trends with location. For
example, arsenic accumulation rates in July 2004 varied by a
factor of 3.5 across the three locations while iron accumulation
rates varied by only 30% (Table 1). During the intermediate
period, integrated arsenic accumulation rates were negative (net
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Figure S. Depth distributions of arsenic and iron concentrations in freeze cores of Cohas Brook sediments showing variations as a function of
location in June 2005 (a—f) and as a function of time at location A (g—1). Plots are presented pairwise vertically with the upper plot showing iron
(note the 10° factor in the abscissa scale) and the lower plot showing arsenic. Greyscale shading (left to right) indicates the proportion of total
element mass extracted in the sequential MgCl, weakly sorbed (black), NaH,PO, strongly sorbed (light gray), HCl amorphous oxide (white), and
Ti(III)-citrate crystalline oxide (dark gray) extractions. Italicized values indicate the total mass of iron or arsenic in the freeze core.

loss of inventory) only at location B, while accumulations were
positive at location A and similar to location C; overall loss of
iron was observed at both locations A and B during the
intermediate period (Table 1). Arsenic accumulation rates in
newly formed bead column coatings between March and June
2005 showed similar trends to iron accumulation rates both
among columns retrieved at this date and between columns
retrieved at earlier dates, namely, having the lowest positive
integrated accumulation rates of all of the bead columns (Table
1).

The mismatch between bead column arsenic and iron
concentration trends is suggestive that arsenic is susceptible to
additional fate processes at the groundwater—surface water
interface beyond dynamic formation (Figure 1(a)) and
dissolution (Figure 1(b)) of sorptive iron (oxy)hydroxide
solids. Comparison of the relative lengths of the white arsenic
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concentration bars to the gray iron concentration bars in
Figures 3 and 4 reveals some striking differences: Arsenic
concentrations were proportionately higher than iron concen-
trations at location C during the dry season (Figure 3c vs
Figure 3ab), at the end of the flooded period (Figure 4c vs
Figure 4a,b) and in the shallow bead column depths during the
intermediate periods (Figure 3g—i). Calculated arsenic-to-iron
mass ratios (Supplementary Figure S3) at location A in June
2005 with the shortest deployment time of iron accumulation
were close to the 0.0032 mg,,/mgg, to be expected for iron
(oxy)hydroxides freshly precipitated in the presence of arsenic,
either abiotically***” or biotically.*® Larger mass ratios (0.01—
0.02 mg,,/mg) were associated with longer dry periods
(location C) or secondary iron precipitation during inter-
mediate flow periods (March 2005). Iron reduction processes
at depth in the bead columns released dissolved solutes with
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similar arsenic-to-mass ratios as the solid materials undergoing
reduction, and hence translocation of these solutes to shallow
depths should result in secondary precipitates with similar mass
ratios as the starting materials.** On the other hand, if
groundwater were discharging through sediment zones that
were reducing or transitioning to reducing conditions, ferrous
iron accumulation in sediments would be limited, but arsenic
sorption to previously formed iron (oxy)hydroxides could still
occur.

Arsenic Sorption Processes. The capacity for pre-existing
iron (oxy)hydroxide solids in shallow sediments to complex
arsenic released through biological iron reduction at depth was
verified with batch sorption studies (see Supporting Informa-
tion for details). The maximum sediment sorption capacity for
arsenic was found to be 0.536 + 0.03 mg,,/mgg,.. This value
exceeds the expected ratio of arsenic mass to iron mass if all of
the arsenic mass from bead column depths below 2 cm in
October 2004 were to sorb to iron (oxy)hydroxide solids
between 0 and 2 cm (Figure 3d—f). We note this assessment
underestimates sediment sorption capacity for arsenic because
iron(Il) in sediment pore waters has the potential to provide
additional complexation sites if oxygen is available in shallow
sediments to initiate iron oxidation and subsequent precip-
itation reactions, creating more oxide material. Additionally, the
arsenic sorption curve profile indicates that the mass ratios on
the order of 0.01 mg,,/mg, that were observed for location C
(Figure 3c) or during March 2005 (Figure 3g—i) are consistent
with seven pore volume equivalents of groundwater containing
100 pg/L arsenic equilibrating with freshly formed iron oxide
solids (0.0032 mg,,/mgg.). Thus, releases of arsenic from solids
at depth in the sediments during the intermediate hydroperiod
or with groundwater during oxidizing-to-reducing transitions
can be mitigated by sorption to iron (oxy)hydroxide solids
proximate to the sediment-water boundary.

We note that sorptive equilibration of groundwater
containing 100 ug/L arsenic with sediment solids results in
near quantitative mass transfer to the solid phase. Thus,
evaporative drying of pore water under low surface water
conditions will have little effect on the solid phase arsenic
concentration resulting from arsenic repartitioning to oxide
surfaces as drying effectively increases the solid phase iron
mass-to-aqueous pore volume.

Freeze Cores. Knowledge of seasonal arsenic fate obtained
from bead column deployments was used to examine trends in
arsenic and iron concentrations in native sediments obtained
with freeze cores. Overall, freeze cores showed very similar
trends of markedly greater arsenic and iron concentrations at
shallow depths within 8 cm of the ground surface than at
depths below 8 cm (Figure S). Iron was present primarily as
HCl-extractable amorphous (oxy)hydroxide solids (white bars,
Figure Sa—c,g—i)). Arsenic was associated with the solid phase
as strong, PO,-extractable complexes, likely with the
amorphous iron oxides (light gray bars, Figure Sd—fj—1).
Small differences in arsenic and iron sediment concentrations
between freeze cores suggested some consistency with bead
column processes (Figure S). For example, freeze cores
collected at the same time showed greater mass inventories at
more ‘inland’ locations (cf, B,C, Figure Sb,ce,f and A, Figure
Sa,d). Similarly, freeze cores collected from proximate locations
showed somewhat greater mass inventories when collected after
longer dry periods (cf, October 2004 Figure Shk and June
2005, Figure 5g;j,i,l; wet 2003 spring,®® Figure 5g,j and dry 2005
spring, Figure 5i,1). In addition, arsenic-to-iron mass ratios in
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the freeze cores (Supplementary Figure S4) reflected trends
observed in the bead columns that were interpreted to indicate
freshly formed oxide solids at locations with arsenic-to-iron
mass ratios close to the upgradient groundwater and aged
oxides with arsenic sorption in the absence of oxide formation
at locations with mass ratios several factors higher than the
upgradient groundwater (see Supporting Information). Ar-
senic-to-iron ratios were lower at location A in June 2005 where
recent groundwater discharges in the drier spring may be
associated with fresh iron oxide accumulations than the higher
arsenic-to-iron ratios in June 2003 freeze cores that were
obtained after an extended period of intermediate and high
flows (Supplementary Figure S4). Similarly, lower arsenic-to-
iron ratios were observed in June 2005 at location A than
locations B and C (Supplementary Figure S4), the more inland
locations subject to longer dry periods that were associated with
greater ratios in bead columns. Thus, seasonal trends in arsenic
fate appear to impart some weak signature on native sediments,
in addition to short-term bead column deployments.

Environmental Significance. Findings from this study
provide insights into the fate of groundwater contaminants, co-
occurring with orders of magnitude higher ferrous iron
concentrations, that discharge into surface water systems. The
hydrostatic interplay between surface and groundwater levels
may shift the balance between iron oxidation processes and
biological iron reduction processes that are dominant in the
sediment system, such that the former case contributes to iron
accumulations in the sediments while the latter causes losses to
the iron inventory at depth. Ultimately, the oxidizing conditions
of the sediment—water interface contribute to net iron
accumulation in the shallowest sediments through most of
the seasonal surface water level changes. The high sorptive
capacity of newly formed iron (oxy)hydroxide solids in the
sediments may provide sufficiently great capacity to inhibit the
transport of groundwater contaminants across the sediment—
water interface. Characterization of groundwater contaminant
fate processes at the groundwater—surface water interface
requires attention to seasonal surface water flow patterns and
the presence of critical surface water, or groundwater
constituents, that may influence sediment and pore water
biogeochemical processes.
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