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Abstract

The anoxic Cariaco Basin located on the Veakzcontinental shelf and the seasonally
anoxic Forge River located on the south shore oiglsland are two quite different aquatic
systems. However, they are both characterized dypdhtsed intrusion of oxygen into sulfidic
waters, where sulfur intermediates including self8Q?), thiosulfate (805%), and zero-valent
sulfur (S) are usually found. In this study, | investigatld distribution of sulfur intermediates
and the relative importance of chemical and biaabhydrogen sulfide oxidation to the sulfur
intermediates distribution in these two systems 3iifide oxidation rate, determined using
Forge River water with an incubation in the darknate temperatures (2, 25 and@pand two
initial ratios of HS/O, (0.7 and 2.8), was about 40- 300 times faster tharnitial rate of
chemical oxidation predicted from kinetic calcidas, likely due to catalysis by trace metals.
This observation was consistent with the lowenatibn energy of sulfide oxidation for two
initial ratios of HS/Q, which were 42+0.7 and 36+1.5 kJ Malnd were lower than the values
of 66 + 5 kJ mot predicted for pure chemical oxidation of sulfidesir saturated seawater. In
comparison with sulfide oxidation which could hdeen associated with chemoautotrophy, the

chemical sulfide oxidation accounted for more tB8¢6 of the total sulfide oxidation.



In the deep and permanently anoxic Cariaco, tHerssphecies are likely result of chemical
H.,S oxidation after oxygen intrusion. In a spikingperiment, chemoautotrophy was found to
be either suppressed or undetectable in the presdrasr and chloroform. However, under
anoxic conditions, chemoautotrophy and the reaaifd,S with trace metals (either biotic or
abiotic) both could be important for particulaterakental sulfur formation. In the Forge River,
particulate elemental sulfur was most likely tothe result of chemical sulfide oxidation by a
metal catalyst rather than that of biological pssss. In both systems, zero-valent sulfur was the
dominant sulfur intermediate product with highencentrations found at a higher ratio gfSHo
0..
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I ntroduction

Hydrogen sulfide oxidation and the resulting intediate oxidation state sulfur compounds
have been studied at oxic-anoxic interfaces inrsdamoxic marine systems including the
Cariaco Basin (Zhang and Millero 1993; Percy e2@07; Hayes et al. 2006; Li et al. 2008),
Mariager Fjord (Zopfi et al. 2001), the Black Séar@ensen et al. 1990), and northern Rehoboth
Bay (Ma et al. 2006). Oxidation of hydrogen sulfaa result in a variety of products of
different oxidation states. Studies of the chetgédation of HS in the laboratory (Chen and
Morris 1972; Zhang and Millero 1993) and in the ieowment (Sorokin 1970; Millero 1991)
showed that sulfate (S©), thiosulfate (805%) and sulfite (SG) are the major oxidation
products, with polysulfides (S) and elemental sulfur §Balso being produced under high
sulfide to oxygen ratios (Chen and Morris, 197Q)erall, the distribution of sulfur
intermediates is controlled by the ratio gf3+to Q, the pH of the solution (O’Brien and
Birkner, 1973) and trace metal concentrations (ghemd Millero, 1993).

Zopfi et al. (2001) investigated the mode (biotadfichemical) of HS oxidation and the
formation and distribution of sulfur species (thiliate, sulfite, &) in the stratified water column
of Mariager Fjord. Concentration maxima df Siosulfate and sulfite were found in or below
the chemocline following an intrusion of oxygen-taining water into sulfidic water (Zopfi et
al., 2001). The results from this investigationgested that, while biological sulfide oxidation
was responsible for more than 88% of the totaidalbxidation when reactant concentrations
were low, such as in the suboxic zone, the propoi chemical sulfide oxidation increased
under conditions when there was mixing of oxic anlfidic water masses. Although Zopfi et al.
(2001) directly observed an oxygen intrusion evns, study was conducted over only 3 days
surrounding a single event (one day before thesidn event, one day during the event and two
days after the event), giving limited informatiom the response of sulfur intermediates to a
pulse of oxygen.

In another study of an anoxic coastal systemréwdived pulses of oxygen, Ma et al. (2006)
reported the removal of sulfide through an iroralyaic cycle and iron sulfide precipitation in
two seasonally anoxic tributaries of northern ReltblBay, a component of the Delaware Inland
Bay. Their results indicated that iron played apamant role in S redox cycling and
precipitation. HS was oxidized at the oxic-anoxic interface by ifbh) hydroxides which were
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dominant in the surface oxic waters. Elementalusuifas the main product of hydrogen sulfide
oxidation, with concentrations reaching as higB@sg'M. Ma et al (2006) suggested this was
due to high concentrations oSl and a shallow water depth (5.5 m) which alloweérsive

H,S transport to the oxic-anoxic interface. No datather sulfur intermediates were reported in
this study.

In the Cariaco Basin (Fig.1), the intrusion of ggpated water into the sulfidic zone also has
been associated with the formation of sulfur intedrates (Zhang and Millero 1993; Hayes et al.
2006; Percy et al. 2007; Li et al. 2008). Howebwacause of potentially long and unknown time
lags between oxygen intrusions and sampling, andus® measured concentrations of the sulfur
intermediates are the net result of complex reagiiocesses that may selectively remove some
species and/or may be subjected to multiple cytlegaover), detailed mechanisms have been
difficult to define. Oxygen intrusion events in tGariaco are unpredictable, and the sampling
time relative to oxygen intrusion events variesifroruise to cruise. This means that the
sampling might have been conducted a week aftevant for one cruise but one or several
months (or even years) after the intrusion for ptnaises. Li et al (2008) suggested that the fact
that there are different “types” of profiles of ste and thiosulfate in the Cariaco Basin might be
related to variable delays between oxygenatedsing and observations of sulfur species.
Sulfite and thiosulfate maxima have been foundxis @vater (Li et al. 2008), at the,®1,S
interface, and below it. On some occasions, thexéoav values in oxic water and at the
interface, and the compounds are present onlyliiisuwvater. However, the most common
pattern is that both sulfite and thiosulfate conidions are low but measurable across the
interface, that sulfite concentrations are usuddiyt not always) well correlated with thiosulfate
concentrations, and thal Bas a sharp maximum at/or below the depth of dipstearance of
sulfide (Hayes et al. 2006; Li et al. 2008). Neverthel#ss,controls on the distribution of
thiosulfate, sulfite and®3n the Cariaco Basin remain unclear.

In order to determine whether there is a cleaepaf formation of sulfide oxidation
products following an oxygen intrusion, | undertaoktudy of the Forge River (Long Island,
New York) water column. Unlike in the Cariaco Basmthe Forge River pulses of oxygen are
added to sulfidic water on a regular basis sineenthter is shallow and both primary production
and sulfide flux from the sediment are high. Durihg night, oxygen concentrations are very

low. During daylight hours, however, oxygen is proed at very high rates by photosynthetic



activity. At a station at the mouth of Wills Creekthe Forge River (Fig. 2), Wilson et al.
(2009) observed that oxygen concentrations wereteathble at dawn but were supersaturated
by the end of the day. The sediment at the samierstaas very anoxic and hydrogen sulfide
was very high in bottom sediments (1 mM) basedamnmes collected by Aller et al. (2006).
(NOTE: sediment and water column samples wereaelieon different dates). A white
precipitate (which was hypothesized to be elementiir by Swanson, personal
communication) has also been seen in the Forge Rivate summer. These observations led us
to believe that sampling in the Forge would allodetailed study of temporal variation of sulfur
intermediates in response to mixing of oxygenatetislfidic waters. Overall, the goal of this
study was to investigate the pattern of sulfiderimediates under different ratios of oxygen to
hydrogen sulfide, as well as the relative imporeaatchemical and biological processes to the
formation of intermediate products of sulfide oxida.

Method and M aterials
Study sites

The Cariaco Basin is a large permanently anoxXcetsion, located on the continental shelf
of Venezuela (10°30’ N, 64°40’ W). The basin igetonically-formed with a depth of about
1,400 m. The basin is connected to the Caribbearb$éwo shallow (~140 m) sills, one to the
north and one to the north-west (Fig.1). The oxioxac interface generally lies between 220 and
350 m but the factors which control this depth@mplex and remain poorly understood
(Scranton et al. 2001).

The Forge River (Fig. 2) is a small estuary angbuth shore of Long Island, New York, and
is highly eutrophic due to the sluggish naturehef tiver and excessive nutrient loading from
anthropogenic inputs including septic systems ardk darms. Because of the extremely high
levels of photosynthesis by phytoplankton in tlverj combined with intense oxygen removal
by bacterial degradation of organic matter, oxygemcentrations in the river vary dramatically

over a diel cycle.

Sampling

Cariaco Basin



Samples from the Cariaco Basin were collectedhduiour cruises: CAR 175 (6-7 Dec
2010), CAR 180 (6 -7 May 2011), CAR 186 (10-11 Na®i1) and CAR 191 (11-12 May 2012)
on the B/O Hermano @es as a part of the international CARIACO Biogeacital Time-

Series program. Data links can be found at theeptayebsite: http://www.imars.usf.edu/CAR.
Details of sampling strategies are provided in o@®&RIACO publications such as Scranton et
al. (2001), Percy et al. (2007) and Li et al. (2008

Forge River

Water samples were taken at the mouth of Willefeom the Brookhaven Town Dock
(approximately Station 2 in Fig. 2) for most ofighk cycle beginning before dawn on Julya8d
August 1, 2011. In both samplings, we started alou0 and ended by 17:00. Sunrise was 5:
27 and 5:48 and sunset at 8: 24 and 8:46 on tlretes,despectively. The measurements on July
8 used surface water from 20 cm below the surfadenaar bottom water collected 20 cm above
the sediment. The measurements on August 1 usedbotem water which was collected 10 cm
above the sediment and surface water collectedt&@focm above the deeper sample. Total
water depth ranged from 1.1 to 1.8 m over a tigialec

On both dates, a Masterflex peristaltic pump egoegpowith Masterflex tubing was used to
pump water continuously onto the dock. The speddepump was adjusted to avoid bubbles in
the tube. The residence time of water samplesdanuhing was about 30 seconds. The tubing
was labeled with depth markers and attached tdeagaszured to the dock. Sampling occurred
approximately every 2 hours at the two depths (sagface and near bottom). The temperature
was measured with a mercury thermometer in wabevifig from the tubing. Salinity was
measured by refractometer.

Samples were collected at each sampling timeuifide, SO5*, SQ?, elemental sulfur and
total zero-valent sulfur. A 60 ml syringe held onirg stand was connected to the pump tubing.
Triplicate samples for sulfide and fos&?, SO were taken from continuously flowing water
using a 10 ml gas tight syringe. The total zerewnasulfur samples were collected in duplicate
40 ml sub-samples by using a gas tight BD syrimghe same way as sulfide samples and fixed
with two ml 2% (w/v) zinc acetate ( Zopfi et &001; Li et al. 2008). With this pretreatment,
this method determines the sum of particulate sutfiloidal sulfur and the sulfane fraction of
polysulfides (Li et al.2008).



To collect elemental sulfur samples, which requitkering larger volume of water, a Niskin
bottle was filled using the pump tubing which exted to the bottom of the bottle. The Niskin
was filled to overflowing; then samples (in dupteawere drawn by gravity filtration through a
GF/F prefilter and a 0.gM polycarbonate filter using a 47 mm inline filteolder. The volume
of water filtered was measured by graduated cyfif8eranton et al. 2001; Li et al. 2008).

Sulfide samples were analyzed with the methyldne imethod (Cline, 1969). This method
measures total sulfide species®H HS + § + reactive polysulfides) and thus throughout this
paper, HS is equivalent to total hydrogen sulfide. Suléited thiosulfate were analyzed using
the DTNP method as used by Hayes et al. (2006)hwihias modified from Vairavamurthy and
Mopper (1990). Particulate sulfur and total zertertsulfur were analyzed with a modification
of the methods of Heneken et al. (1997) and kil.e2008).

For dissolved metal (Mn and Fe) analysis, syriragessample vials first were acid washed
using trace metal clean acid and MilliQ water imeee metal clean lab and dried in a laminar
hood. Once dried, syringes and vials were storedkeian Ziploc bags which were stored in larger
Ziploc bags. In the field, samples were collectedyringes by two analysts using polyvinyl
gloves and taking precautions to avoid touchingsamjaces to limit trace metal contamination.
Syringes were pre-rinsed with sample, and samplesiétal analysis were filtered using 0.45
pum PES syringe filters directly into in acid-washpedlypropylene vials. Upon return to Stony
Brook, 60ul of trace metal clean, concentrated HCl was addes&imples which were stored for
about a month prior to analysis. Trace metals Wwea analyzed on Graphite Furnace/ Flame
Atomic Adsorption Spectrometer. Details of the noethvere described in Percy et al. (2007).

I ncubation experiments
Cariaco Basin

We also performed a few incubation experimengetermine the oxidized sulfur products in
response to injection of possible oxidants (oxydgeQOH). Water was taken from three depths
(260, 285 and 385m) during CAR 191 for oxidant-spgkand dark incubation. The first two
depths were just below the suboxic zone, whereédgutfoncentration ranged from 7-10 uM and
particulate elemental sulfur and dark £f@ation are usually at a maximum. The bottom dept
was deeper in the sulfidic zone, where sulfide eatr@ation was 30 UM and both particulate

elemental sulfur and dark carbon fixation are Uguaidetectable.
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Water was collected from Niskin bottles inf@d2ml glass vials for incubation in the dark at
surface temperature (47). At each depth, each of 15 vials was subjeaiezhe of the following
(in triplicate): non-treatment (control), injectioh 1 ml air, injection of combination of 1 ml air
and 1ml chloroform, injection of a suspension @M of FeOOH, and injection of FeOOH
suspension and chloroform. The iron suspensionfevased immediately prior to the cruise by
addition of NaOH into FeGlsolution (pH=7). After 30 hours of incubation, athls were
sacrificed to collect bS, TZVS, S@?, and $O5°.

Water from 260, 285 and 385 m with same treatmeate incubated with'C-bicarbonate
(H*COy) as previously described by Taylor et al. (20@linwvestigate the effects of possible

oxidants on dark carbon fixation.

Forge River

A series of incubations were done with Forge Rwater to try to identify the relative
importance of biological and chemical oxidation endulfide and oxygen limiting conditions
(different ratios of sulfide to oxygen). Incubatsowere carried out at three different
temperatures (€, 25°C (ambient) and 20) and at two kS/O; ratios. The effect of iron and
manganese on the rate of sulfide oxidation andermptoducts of sulfide oxidation was not
assessed experimentally but concentrations of #talewere measured so oxidation rates could
be compared to calculated rates using literatulgegdor oxidation rate constants.

Subsurface water was collected for incoinatfrom the Forge River in the early morning
of July 29, 2012, when water typically has beentsaHidic. Water for incubation was first
filtered through 2Qum Nitex mesh. Thus the incubated water was quiterbgeneous, and
retained the various types of material presertiénatural sample. @nd temperature were
measured using a YSI ProODO electrode. pH was meadsising a Orion pH electrode.
Samples for determination of initiabH, total zero-valent sulfur and dissolved and totade
metal were also collected.

Total suspended matter was assayed by filterifigniiOof water immediately after collection
through a preweighed Quih GF/F filter. The loaded filter was rinsed witistdled water to
remove salt and was stored in a petri dish intbezler. Later, filters were dried in an oven at
105°C for one hour and reweighed to determine the weifjtotal suspended matter. The weight

percent of organic matter was determined by losgmtion. The dry filter was combusted at



45@C for 2 hours. Weight loss is typically assumetéds0% organic carbon. The remaining
mass consists of particulate inorganic matteris area it is mostly clays and metal oxides.

As mentioned above, water for incubation wasritethrough 2@um pore size Nitex mesh
cloth to remove the largest particles. Filtratibrough 20um pore size filters makes incubation
water more homogeneous and will remove a portiagh@terrigenous sediment but will retain
smaller phytoplankton cells and some of the termges material whose surface could stimulate
H,S oxidation. A liter of this filtrate was then &ited through a GF/F glass fiber filter to obtain a
specific measure of the total suspended mattdreoiviater to be incubated. Before use, the
pooled filtered water was kept at abol€3n a cooler filled with ice.

Prior to the start of incubation at each tempeeat2Oum filtered Forge River water in a
glass bottle was purged with a mixture of air/rg&o to get the desired initial oxygen
concentration (from 20- 60M O,). pH was measured before and after bubbling eatity any
change of pH due to removal of gfom the incubation water. The initial pH of wateas 7.5
and after bubbling the pH increased to 7.6.

A sulfide solution was prepared by dissolving8l&H0 in oxygen—free water. An aliquot
of this solution was added to the bottle of preefiéd, bubbled water to obtain the experimental
initial H,S concentration. After bubbling and sulfide spikiwater was transferred under argon
into forty-five 125 ml Erlenmeyer flasks for inculmm at assigned temperatures. A green-butyl
low-sulfur rubber stopper was inserted into eaakilin such a way to eliminate a headspace.

Initial concentrations of 5, &, SO, $0s?, and total zero-valent sulfur in the incubation
water were determined after the bubbling and bedalede addition and transfer to the 125 ml
flasks. A subsample of water of each temperatudecaich HS/O; ratio also was collected into
triplicate glass vials to measure microbial ratedask carbon assimilation (using#€O;
uptake) and heterotrophic production (usthigleucine incorporation).

For the first experiment, the initial,B/O; ratio was 0.7, with k& and Q concentrations of
43 uM and 60uM, respectively. This manipulation should meandhmples will be sulfide
limited by the end of the incubation. For the setexperiment, the initial /0, ratio was 2.8,
with sulfide and @concentrations of 7@8M and 25uM, respectively, resulting in oxygen
limitation by the end of incubation.

Incubations were done in the dark at three tentpezs: 2C in a cooler containing ice, 25

in thermo-statically controlled water bath, and@@ an incubator. Water was brought to the
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desired temperature prior to the sacrifice of thet {time = 0) sample. This took from 15 to 60
minutes, and explains why the “initial” concentoais plotted in Fig.10 are different from the
time zero concentrations. For incubations dor58€ and 4%C flasks were continuously
shaken on oscillatory shakers. For incubation @ #&sks were periodically shaken in a
swirling motion by hand. Fifteen flasks were inctdshat each temperature. At each time
interval, triplicate flasks were sacrificed to mimnithe disappearance of$land Q, the

formation of sulfite, thiosulfate and total zerdesat sulfur, and the variation in pH.

Results
Cariaco data

Profiles of sulfur intermediates

In the Cariaco Basin, the suboxic zone is operatipnlefined as lying between the first
depth where oxygen values wet@-3 UM and the first depth where$ivalues were2-3 uM
(Li et al., 2008). The estimates of the top anddrotof the suboxic zone are represented by the
dashed lines in Fig. 3. The depth and positiomefduboxic zone varied among cruises and
indicated the dynamic nature of geochemical fluxghkin the Cariaco Basin (Scranton et al.,
1998, 2006; Percy et al., 2007).

Sulfite and thiosulfate were present in low coriions in the suboxic zone but covaried
throughout both suboxic and sulfidic water. Thmincentrations tended to be higher in the
upper sulfidic water. Kinetic calculation for a nmg of sea water with 250 pMy@nd 60 uM
sulfide by Li et al (2008) suggested sulfite andsblfate formation in upper sulfidic water did
not result from artifacts during sample processing.

Particulate elemental sulfur was usually obserwetthé zone where the concentration g6H
was greater than 1 uM, extending to the depth wHgBearound 10 uM. The zone of maximum
elemental sulfur concentrations coincided with thfathemoautotrophic production (Taylor
personal communication). Over the four cruiséx;dcentrations reached values of 1 to 1.5
KM.

Spiking experiments

In order to distinguish the effects of oxygen &a©OH on sulfur intermediate formation
and the relationship between chemoautotrophy asrdegital sulfur formation, we carried out
several incubation experiments using CARIACO wdteing CAR191 (Fig. 4).



Sulfur intermediate distributions from incubatidritree water depths in the Cariaco Basin
are presented in Fig. 4. The controls at 260m &@dn2 contained mainly total zero-valent sulfur
while the control at 385m contained mainly sulited thiosulfate. Incubations using water
collected at 260 and 285 m yielded the same suitarmediate distribution pattern: zero-valent
sulfur was present in all treatments, sulfite watsaece concentration(<0.1uM) and thiosulfate
concentrations were detectable only in treatmeisrgvchloroform was preseicubation of
385 m water yielded measurable sulfite and thieselin all treatments, but zero-valent sulfur
was undetectable in the control incubation andeure only in trace concentrations in other
treatments (Fig. 4).

Near the oxic/anoxic interface (260 m) where daibon fixation was at a maximum, the
dark carbon fixation rate was stimulated by 40%-b®OH (Fig.5). However, water from 285 m
(also in the dark carbon fixation maximum) showedsignificant stimulation with FeOOH. The
addition of air, the combination of air and FeOOHhaw and chloroform reduced dark carbon
fixation by 30%, 20-40% and up to 95% respectivelyncubations of water from both 260 and
285 m. For the deep water incubation (385m), tr&tindark carbon fixation rate was very low,
and none of treatments significantly stimulateddasbon fixation rate.

Forge River data
Distribution of sulfur intermediates over a diel cycle

Two attempts were made to monitor conditions enFbrge River over a diel cycle. On 8
July 2011, the weather was cloudy almost the edtise We began sampling at 0730 when the
tide was falling. According to NOAAN{tp://tidesandcurrents.noaa.gowsing Sandy Hook, NJ

Station Id: 8531680 with correction time from tleport of Swanson et al. (2009)) the morning
low tide was at 0923 and the afternoon high tide atal513. The samples were collected over a
period of 12 hours for near surface water (20 ctove¢he surface) and near bottom water (10
cm above the sediment). Salinity varied from 182and temperature from 25-%27over the
sampling period. Unfortunately, | don’t have enouigita of salinity and temperature to plot their
variation over a diel cycle. The variation o3 G, and sulfur species collected for the Forge
River on this date is shown in Fig. 6. While theface water oxygen increased from 70 uM at
dawn to 200 uM by 17:00, the near bottom water exrygmained low (< 3 uM) the entire
sampling period. In near bottom water, sulfide @mration increased from 13 uM in the



morning to 110 uM at noon and but dramatically e to 7 UM 2 hours later. This dramatic
changes in near bottom water sulfide concentratmncided with rising of tide when water
mixing or sediment disturbance was likely to océdydrogen sulfide concentration in the
surface water was measured only twice and was dbpM both in early morning and at 16:00.
Sulfite and thiosulfate were undetectable in s@wfaater, while in the near bottom water, sulfite
was constant at about 3 uM, while thiosulfate iasesl from 0.6 uM to 2 uM in the afternoon.

Particulate elemental sulfur was undetectabl@ensurface water, but particulate elemental
sulfur varied from 6 uM to a maximum value of 16 grMhe near bottom water. Total zero-
valent sulfur in the surface was aboytM, which is similar to the surface,H concentration. In
the near bottom water, TZVS showed the same treqhdiculate sulfur. Since the TZVS
represents elemental sulfur in all forms, one mexgect that TZVS should be equal to or
greater than particulate S. In the surface watdiqodate S is zero but TZVS is relatively high
implying significant quantities of polysulfidesn hear bottom water TZVS is roughly equal to
particulate S implying fewer polysulfides.

Dissolved Fe and Mn in near bottom water were t@onover the sampling period with
dissolved Mn concentrations of 5461 and iron concentrations of 23Vl (Fig.7).

On August 2012, | repeated this experiment, beggeampling at 0700 when the tide was
rising. High tide was at 1036 and the low tide &wh4709. Samples were collected roughly
every 2 hours over a period of 12 hours. T andt8 die presented in table 7. The variation of
H.S, G and sulfur species on this date is presentedgngi

The co-existence of4$ and Q in the water column was observed in the Forge iRiver
the sampling period. Oxygen increased from 90 plbatn to 250 uM by late afternoon near
the surface and from about 90 uM to 150 uM neabtiom. HS concentration increased
gradually from 5 to 13 uM in near bottom water otrer day, while in near surface water the
H,S concentration was as low as 2 uM in the mornirtgabruptly increased to 8 UM shortly
after the time of high tide and remained at thildill the end of sampling.

Concentrations of sulfite and thiosulfate in neanface water were comparable to those in
near bottom water, and the sulfite concentratios #+& times higher than thiosulfate in both
surface and near bottom waters. Sulfite and thiasshowed the same trends in both water

depths with higher concentrations in the mornirantin the afternoon. Sulfite exhibited a sharp
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peak (4 uM) at high tide in both surface and nediton waters. By the end of sampling, sulfite
declined to < 1uM and thiosulfate was reducedaodrconcentrations (<0.1 uM).

In the morning, the near bottom water particud&mental sulfur concentration was less
than 1uM and surface water particulate elementlirswas undetectable. As the tide started
falling around 1030, particulate sulfur concentratstarted increasing at both water depths.
Later in the day, particulate sulfur in near botteater increased to values as high advband
became the predominant sulfur species, but paatiewulfur in near surface water was lower (2
uM). Total zero-valent sulfur showed the same traa#S and particulate elemental sulfur in
both near surface water and near bottom wateQudih TZVS tended to be aboupl/ higher
than particulate S.

Dissolved Fe and Mn in near bottom water and serf@ater were similar and showed the
same pattern as seen in July with manganese coatiens being higher than iron, although the
concentrations of both dissolved metals was dligbwver in August than in July (Fig. 9).

Dark incubation of Forge River water

Water from the Forge River used for incubationtaored 25.5 mg1 total suspended matter
(TSM). Based on loss on ignition, 90% of the TSM was oigaratter (although since the filter
was not pre-combusted, LOI was overestimated ae th@rganic matter on the silicate filter in
the box). Thus 10% of the TSM was made up of dadiwhich could be metal oxides or clays
whose surface could be reaction sites fef8 ldxidation. pH values changed slightly over the
course of incubation (data not shown) with the eaimga series of incubation from 7.6 - 8.
Dissolved Fe and Mn were 0.75 uM and 3.5uM respelgti

Unlike the other incubations, the incubation dt@%ith starting condition of severe oxygen
limitation (H,S/O; ratio 2.8) showed an initial drop i8S and then a reappearance gbHFig.
10d). This phenomenon was not observed at othgrdeatures or for an 43/G; initial ratio of
incubation of 0.7 where oxygen was not limitingg(BO a, b, c). As the incubation proceeded,
thiosulfate concentrations significanthcreased in all series of incubations (Fig.10,|&&).

The sulfite concentration was mostly either conistamlecreased with time. However, &€2
when a considerable amount of34was still available in solution, sulfite concexitbn increased
significantly with time (Fig.10 a and d, Table By the end of the incubation, for the

incubations which initially had anJ8/0; ratio of 0.7, both sulfite and thiosulfate werew®w
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at all three temperatures. For incubations withahH,S/O; ratios of 2.8, the complete
disappearance of sulfite was observed &40

The first time point was collected after the wat@mples were brought to the desired
temperature. Since the water did not initially @mtsulfur intermediates, the products of a
mixture of sulfur intermediates {S$05%, SO%) seen at the first time point were produced
within the time it took to bring the samples to thesired temperature (Fig.10). As the incubation
proceeded, thiosulfate concentration increased{6jd able 5), while the sulfite concentration
was mostly either constant or decreased with tikcept in the 2C incubation when a
considerable amount of;B was still available in solution (Fig.10, Table A) the end of the
incubation, for the initial ratio of }% to Q of 0.7, both sulfite and thiosulfate were losakht
three temperatures, while at an initial ratio gSHo Q of 2.8, the loss of sulfite was observed
only at 46C incubation. TZVS was the dominant sulfur interiaéelproduct in all incubations
with higher concentration observed at the highilairratio of H,S to Q. TZVS also persisted
until the end of incubation at all incubation temgiares (Fig. 10).Within the same starting
concentrations of }$/0,, the zero-valent sulfur distribution was not chealifferent at the three
different temperatures even though a sharp pealobsarved at 4C.

Dark carbon fixation was very low al@ and slightly higher at £C and showed a
maximum at 2%C with both initial ratios of KS/O, (Fig. 11).The carbon fixation rate under
more oxygen limiting conditions at 45 was lower than that with more oxygen in the sofut
Bacterial net production had the same trend ashdidiark carbon fixation rate for the two
sulfide oxygen ratios. With relatively more oxygamesent, bacterial net production was lower at

2°C but was similar at 2& and 46C to values measured with less oxygen.

Discussion

My goal was to determine the proportion of abiatnd biotic oxidation of reduced sulfur to
sulfur products in the Forge River. | initially hyghesized that the pattern of sulfur intermediates
in the Forge River over the light period would leatrolled by the relative importance of
chemical and biological sulfide oxidation, and tligerent ratios of HS/O, and the incubation
experiments were chosen to test this. | suggekedithile the chemical oxidation of,8 would
yield SQ?and $SOs?as products, elemental sulfur would be the maidpcoof biological
oxidation. | also hypothesized tfe¢OOH and Mn@might play an important role by reacting
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with sulfidic water to produce zero-valent sulf@hen and Morris 1972; Zhang and Millero
1993; Yao and Millero 1993, 1996; Zopfi et al. 200ast et al. 2010).

In Cariaco, the nature of detailed controls offiusuhtermediates distribution, such as the
possible oxidants of sulfide in anoxic water anelithle of chemoautotrophic and possibly sulfur
oxidizing bacteria on k& oxidation and sulfur intermediate distributionswanclear. Thus, a
comparison between the pattern of sulfur interntedian the Forge River and in the suboxic
zone in the Cariaco Basin also could give a graatderstanding about the pattern of sulfur
intermediates in systems where a pulse of oxygadded to sulfidic waters.

Dark incubation at different temperaturesand initial ratios of H,SO, in the Forge River

Comparison of predicted chemical oxidation and observed oxidation rate of H,S

In our incubation experiments at all three tempees and at both high and low initial
H,S/GO; ratios, hydrogen sulfide concentrations decreazgidly with time (Fig. 10). The
observed sulfide oxidation rate can be calculateohfthe slope of the first two time points from
the plot of [HS] vs time.

The chemical rate of 1$ oxidation can be predicted (Table 2) according $ample rate law,
assuming it is dependent only on initial sulfidel @xygen concentrations (Zhang and Millero

1993):

d[H2S]
dt

Here k (M*h™) is the rate constant,.H is the concentration of total hydrogen sulfidecsgs,

= k[H2S][02] (1)

and Q is the oxygen concentration. The rate constamtrkoe calculated from the equation
given by Millero (1987):
log k = 10.50 + 0.16pH - (3.0 X 30T + 0.441 (2)

where T is the absolute temperaturédnpH is the measured pH and | is ionic strength
is a measure of the concentration of ions in thhtt®n (mol L*). The effect of pH on the rate
of H,S oxidation is mainly through its effect on cherhgaeciation which is related to acid-base
equilibrium: S = HS+ H'. The fractions of k5 and HScan be calculated using the
dissociation constant of Millero et al. (1988). lopH range from 7.6 to 8 (observed in the
Forge) HSis the predominant sulfide species (85-90%) initlcebation solution.

The observed rate of oxidatismas compared to the theoretical rate by calculdhiegatio
of observed rate to predicted chemical rate basddlmratory experiments (Zhang and Millero
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et al., 1993; Table 2). The observed rate for apeaments was 40-100 times higher than the
theoretical rate for an initial 4$/0; ratio of 0.7 and from 100 to 200 times higher than
theoretical rate for an initial 3$/0; ratio of 2.8.

Sincethe presence of trace metals at concentrationsegristn 100 nmol! has been shown
to increase the rate of sulfide oxidation in seawaind iron is the most effective catalyst
(Vazquez et al. 1989; Zhang and Millero 1993)s ita be expected that the presence of trace
metals in Forge River incubation water should ga&HS oxidation. The reaction rate is
predicted to be enhanced 40 fold by'Hat 0.75 pM), enhanced 5 fold by particulate iraxide
(0.5uM) and enhanced 1.5 fold by #r3.5 uM), based on the equation :

log (k/ky) =a+blog[M] (3)

where k is the rate constant without metal, [M] is thecentration of the metal in solution,
and “a” and “b” are constants dependent on the Imd&azquez et al. (1989) reported that a =
1.68, 6.55 and 5.18 and b = 0.28, 0.82 and 0.7Edd(iI), Fe (Ill) and Mn (II) respectively.

The increase in rate (Table 2) is in reasonalideeagent with the effect of trace metal
presence in solution for an initial ratie$ O, ratio of 0.7 but higher for an initial ratio,&/G,
ratio of 2.8. This is probably due to the fact ttie trace metal concentrations that | used tm fit
equation (3) were collected from water taken bebarebling (and unfortunately we did not have
trace metal data after bubbling). These values moactually reflect their concentrations for
incubations under two different initial ratios 0$$1O, especially for incubation under oxygen
limitation where concentration of dissolved irofikgly to increase in the solution (Caroll et al.
2002). In July 2011 (Fig.7) under anoxic conditidissolved Fe in near bottom water was 3 uM
which would accelerate the,H oxidation rate up to 100 times. Thus, the comparsuggests

the importance of trace metal as a catalyst todgutixidation in this incubation.

Activation energy calculation E,

The effect of temperature on oxidation ¢fSHn the Forge River water (S = 20) at pH = 7.8
is shown in Table 2. The measured rate g Hisappearance was lowest & 2Zintermediate at
25°C and maximum at 4@ (Table 2). The activation enery for H,S oxidation with
molecular oxygen in Forge River incubation can dlewated using an Arrhenius plot and this
can be compared to values from the literature twe ghemical reactions without trace metal and

biological components. The logarithmic form of thehenius equation is:
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In k=-22+Iln A (4)
where Kk is the rate constant, A is the exponeptialfactor or frequency factdg, is the
activation energy, R is the ideal gas constantl@3) K'mol™) and T is the temperature (K).
Plotting In (k) versus 1/T allows the calculatidnactivation energy by multiplying the slope
with R (Fig. 11). Plots for different experimenigiged slopes of -5,000+96.5 (K) and -
4,350+£182.3 (K) for low and high initial ratios siilfide to oxygen and thus the relevant
activation energies are 42 + 0.7 and 36 + 1.5 kl'ntespectively. These values are slightly
lower than the values of 66 + 5 kJ mdbr oxidation of HS in air saturated seawater obtained
by Millero et al. (1986). The lower values of &e consistent with the importance of trace
metals as they would catalyze sulfide oxidation lameer the activation energ@n the other
hand, my values are higher than the values of Imdi} and 4.5 kJ mél for the oxidation of
H,S by manganese dioxide (Yao and Millero, 1993) layatous Fe(lll) oxides (Yao and
Millero,1996) possibly due to the presence of numeplex mineral phases. This would be
consistent with the composition of Forge River sugjed matter water which contains 90%
organic matter and 10% inorganic particles.

Quo calculation

While chemical reaction rates will simply increasgroportion to increasing temperature,
an enzyme-catalyzed reaction is expected to deahoge the optimum temperature for the
enzyme. To compare the temperature responses tafriahoet production, chemoautotrophy
and HS oxidation in dark incubations, we used thg V@lues (temperature coefficient) to assess
temperature dependence. Basically, thed@n be used to calculate the rate change in the
incubation as the result of changing temperatuigiSalculated as:

_ (R2 10/(T2—T1)
Q0 = () (5)

where T is the temperature in degrees Celsiugn R are the reaction rates at dnd T, and

Qo is a unitless ratio. It is generally accepted tha reaction rate of reactions mediated by
microorganisms will typically increase by a factér2-3 for each 1% increase in temperature
(Morita 1974). However it should be noted thag (3 not necessarily constant over the range of
temperature or over different microbial and biocleainprocesses (Apple et al. 2006; Abed et al.

2006). Since the Forge River water contains diffegegoups of microbial communities
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(phototrophic sulfur bacteria, chemoautotrophidwsubacteria, heterotrophic bacteria), the
response to temperature changes might be complex.

The calculated values of;g¥or dark carbon fixation, bacterial net productand for BS
oxidation for our dark incubation experiments dreven in Table 3. In my experiment,
increasing the reaction temperature resulted ireases in b5 oxidation rate, with @values
from 1.5-1.8 for two initial ratios of $/0,. This is consistent with a chemical reaction patte

The Qo calculated for chemoautotrophy was between 1.73ahtetween 2 and 25 but
was less than 1 between 25 andCtan the range of 2 to 26, the Qofor heterotrophic bacteria
was between 2.8 and 3 for both initial ratios e8HD,. However, in the range of 25 to 4@ Q
was 1 if sulfide was limiting, but was less thaarder the condition of limiting oxygen. It
appears that above Z5cells are stressed and shutting dows, @comes irrelevant in the 25-
40°C range. 48C is probably lethal to many Forge River microl@serall, this may suggest

that HS oxidation in our dark incubation was largely dilcio

Potential contributions of chemoautotrophy to sulfide oxidation

Jargensen et al. (1991) suggested that 7 to 9 mablesS are required to assimilate 1 mole
of CO, by chemoautotrophy. Using carbon fixation ratessuead by Elizabeth Suter during my
Forge River experiments (Fig. 11), assuming alhob&utotrophy is associated with sulfide
oxidation, and assuming 9 mole of$iwere oxidized during fixation of one mole of cambwe
would predict that sulfide oxidation rates fromldaarbon fixation in the Forge River water
incubations would be on the order of @@ d™ at 25C. The observed rate oh8 oxidation is
much higher (50 — 300 times) than the predictegsr@table % and consistent with the;Q
calculations, imply that dark carbon fixation isdly not the primary mechanism for sulfide
oxidation in this system. There are other spegiesicrobes whose metabolism is not similar to
that studied by Jargensen but may be involvedlfidswoxidation (aerobic sulfide oxidizers,
anoxygenic photoautotrophs). However, it is tenmgptmspeculate that abiotic oxidation

catalyzed by metal oxides was responsible for rttmar 90 % of the 6 oxidation.

I ntermediate oxidation state products of sulfide oxidation in the incubations
In the present study, the initial ratio 0§$10, was adjusted to yield low (0.7) and high (2.8)
values. These ratios were intended to represeidasand oxygen limiting conditions. In a
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sulfide — oxidizing reactor with a mixed cultureTdfiobacilli, Janssen et al (1995) found that at
a ratio of HS/O; less than 0.7, sulfate and elemental sulfur wemadd as end products, while
under severe oxygen limiting conditions, 8§40, greater than 2), thiosulfate was abundantly
formed. The formation of thiosulfate was due tomlwal sulfide oxidation which is more
important than biological oxidation under highlyygen-limited conditions (Janssen et al. 1995).
However, in continuous culture ®hiobacillus thioparus T5, a considerable amount of
thiosulfate (17%) was observauvivo, and 75% of HS oxidized under oxygen-limiting
conditions (HS/O; greater than 2) went to zero-valent sulfur (VarEdéde et al1993). When
more oxygen was present 510, less than 0.7) sulfide was mainly oxidizedTyobacillus
thioparus T5 into sulfate with a minor amount of elementdfs (Van de Ende et a1993). In
aco-culture ofThiobacillus thioparus T5 andThiocapsa roseopersicina M1, Van de Ende et al
(1996) reported the products from3Hoxidation byThiobacillus thioparus TS5 were mainly

sulfate (96%) and a minor amount of zero valerus{#1%) under the condition of43/0;, less
than 0.7. As oxygen availability decreased3HD, greater than 1.5), sulfur oxidation products
changed from primarily sulfate (96% of oxidize@d3)i to increasing concentrations of zero-
valent sulfur (up to 26% of oxidized sulfide) butfate remained the main product of sulfide
oxidation.

In other studies, elemental sulfur was an impartaermediate of sulfide oxidation by
Desulfobulbus propionious and by green phototrophic sulfur bacteria in thecB Seaby
chemolithotrophy in Mariager Fjord, and was pogsadao be importanh Cariaco Basin
(Jorgensen et al. 1991; Fuseler and Cypionka ,128%j et al. 2001; Taylor et al. 2001, Li et
al. 2008).

The pattern of sulfur species products in my iratidm of Forge River did not correspond to
the patterns seen by others who varied initig/8); ratios in culture studies. A calculation of
the sulfur balance in my experiments (Table 1) sstgythat the majority of sulfide was oxidized
to a form not measured here (likely sulfate), alftoa variety of intermediates%($,05>, and
SO:%) made up to 15% of the products. In my incubatiohForge River water, | found an
initial increase in sulfite followed by relativetypnstant or slightly decreasing concentrations.
For thiosulfate, the initial increase was follow®da continued increase, resulting in a ratio of
thiosulfate to sulfite of 1.5 -2. These patterresia good agreement with chemical studies of

H,S oxidation by molecular oxygen with and withouggence of metal (Chen and Morris 1972,
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O’Brien and Birkner 1977; Zhang and Millero 1993i.the prior studies, which were done in
abiotic systems, thiosulfate was a stable prododtmmedominated even with the presence of
trace metal (Zhang and Millero 1993). In my inclidyas, thiosulfate formation was observed
for both low and high starting ratios of$O; indicating its independence on possible reaction
pathways present as the result of changig®/& conditions. That would suggest thiosulfate
formation was more likely of abiotic origin.

Zero-valent sulfur (ZVS) formation for the higftial ratio of HS/O, was about 1.5- 2
times higher than that for low initial ratio of&6/O,, reaching about 10% of sulfide oxidized
under oxygen limiting conditions. This is loweaththe 26% - 75% of ZVS formed during
sulfide oxidation by sulfur bacteria as observed/ay de Ende et al (1993, 1996). In the
present study under conditions of both relativeghland low oxygen, ZVS was the
predominant product at all incubation temperatimetding at 2C where biological activities
as measured by chemoautotrophic production anetaabet production were the lowest. This
would suggest that microbial activity may be refaly unimportant in controlling elemental
sulfur formation in the present incubations (Fi@).1

Our results are consistent with other studieshicwvthe formation of ZVS was found to be
an important product of chemical oxidation of3-by oxygen in the presence of trace metal as
catalyst (Millero et al. 1990; Luther et al. 199®rgensen et al. 1991). This is also consistent
with the observation of lower activation energy amcteased rate of 43 oxidation in our
experiment which was probably due to presence t¢élncatalyst. The independence of ZVS on
incubation temperature supports our conclusionitedrmation in Forge River incubations was
likely of an abiotic origin since if ZVS was biolmglly formed, we would expect ZVS
concentration at 2& would be much higher than at 2 and@0The increase in TZVS under
higher initial ratio of HS/O, (oxygen-limiting)in our experiment was thus probably due to the
fact that there was twice as muckSHn the flasks with the higher ratio op$10, rather than

because of enhanced biological activity under orylgrited conditions.

Spiking experiment using Cariaco Basin water

Two experiments were conducted using Cariaco Baaters to investigate the formation of
sulfur intermediates in response to oxidant stitmuteand the role of chemoautotrophy in

elemental sulfur formation for waters in and belbw suboxic zones (Li et al. 2010). Data are

18



shown in Fig. 4. In the controls (water incubatedials without headspace or oxidant addition)
the primary intermediate oxidation state sulfur poend observed was zero-valent sulfur. Zero
valent sulfur also was an important product at 260 285 m in all treatments {J~eOOH and
combination of each oxidant with chloroform). Cleauatotrophy was inhibited by the addition
of oxygen and chloroform but not by addition ofnr@-ig. 5). Since particulate S was produced
in all treatments, but chemoautotrophy was supptessthe presence of chloroform,
chemoautotrophy did not seem to be important tquéate sulfur formation following oxidant
addition, but that, instead, chemical oxidation Vikely to be most important. This finding is
consistent with the previous study of Li et al. 1@Dwhich suggested a more important role of
chemical sulfide oxidation than biological oxidatieithin the suboxic zone in Cariaco water
column. A similar observation was made in Mariag@rd where an increase in the proportion
of chemical sulfide oxidation was seen under camitst where there was mixing of oxic and

sulfidic water masses (Zopfi et al. 2001).

Results for the other sulfur intermediates weraewhat different from particulate Sn the
controls, thiosulfate was about s at 260 m and very low (0.AM) at 285 m. Thiosulfate
was only observed in treatments at 260 and 285aminbluded the combination of an oxidant
(O, or FeOOH) and chloroform, situations in which deakbon fixation was strongly inhibited.
The inhibition of thiosulfate oxidizing bacteria Hye chloroform could explain the fact that
thiosulfate produced by chemical oxidation of sldfaccumulated in these treatments. This is
consistent with the finding that thiosulfate wasrmaportant substrate for chemoautotrophs
(Thamdrup et al. 1994). Low thiosulfate concentradi are frequently seen in the suboxic/oxic
transition zone in Cariaco and this may similadflect efficient consumption by
chemoautotrophic bacteria (Taylor et al. 2001; Kasteal. 2006; Li et al. 2008). | do not believe
that thiosulfate was an artifact of chemical reatthetween L5 and chloroform under low
oxygen concentrations, as an experiment in thevladre chloroform was added to water
containing sulfide showed no difference in productof thiosulfate between the water with and
without addition of chloroform (data not shown).

In the controls, sulfite concentrations were amio those of thiosulfate at both 260 and

285m. In all treatments at these two depths, suliiis observed at blank level (< @)2) in all
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treatments. This could be due to the fast kinetfashemical sulfite oxidation in which sulfite is
rapidly oxidized to sulfate in the presence of ey@nd trace metals (Zhang and Millero 1993).

We also did incubations with Cariaco water from 885 At this depth, water is permanently
anoxic and sulfide concentrations are typicallywl8DuM. In the control, sulfite and
thiosulfate were main products. In contrast toithgortance of particulate sulfur at 260 and 280
m, the predominant sulfur species at 385 m wemsthiate and sulfite in all treatments (Fig.3).
In these same experiments, a trace concentratinarofvalent sulfur was seen in the bottles
with oxidant additions indicating its productionden a high ratio of b5/0, (Chen and Morris
1972). Chemoautotrophy was not evident at thistdepény treatment (Fig. 4). That suggests
that, at high HS/Q; ratios, oxygen and FeOOH additions will resulsirfite and thiosulfate
production. Lack of change in these species irptheence of chloroform is consistent with the
hypothesis that bacterial consumption of sulfitd inosulfate is low at these depths. Previously
Li et al. (2008) reported that thiosulfate sigrafntly stimulated carbon fixation in suboxic but

not in sulfidic waters.

Comparisons of sulfur species between Cariaco Basin and Forge River

In Cariaco, a strong correlation between sulfité #mosulfate with a ratio of about 2 for
most samples was noted by Hayes et al. (2006)yRe¢m@. (2007) and Li et al. (2008). Over
four more recent cruises (CAR 175, CAR 180, CAR,I8&R 191), this close relationship was
also observed (Table 6). Sulfite was usually 2 fpielater than thiosulfate near the oxic/anoxic
interface but the ratio of sulfite to thiosulfatecdeased to 1:1 in upper sulfidic water (down to
400 m). A relationship between sulfite and thiogstdfwas found not only in the Cariaco Basin
suboxic zone but also in the shallow and turbidesysof the Forge River. As in the Cariaco
Basin, sulfite and thiosulfate in the Forge Rivargvclosely correlated (Table 6) although here
sulfite concentrations were 4- 6 times greater thaysulfate concentrations over the sampling
period in both near surface and near bottom wate.strong relationship between those two
compounds may indicate coupled production or intarversion of the two compounds
(Thamdrup et al., 1994).

Based on a Pearson Correlation Matrix (Table ®) sthifite and thiosulfate also were closely
correlated with sulfide in both systems. Howewuethe Cariaco Basin, sulfite and thiosulfate

are both positively related to sulfide, but in ffregge River these parameters are negatively
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correlated with sulfide (Table 5). That means thatariaco, sulfite and thiosulfate increased
with depth as sulfide increased (down to 400m) e@tiengh oxidants were probably limited

(Fig. 3). In contrast in the Forge, higher sulfwdas associated with lower sulfite and thiosulfate.
The higher values of sulfite and thiosulfate irfigid water might be due to the fact that their
consumption by bacteria was less efficient at depthpared to that in the oxic/suboxic layer (as
observed in the spiking incubation).

| do not believe the association is related towital issues as Li et al. (2008) calculated that
sample processing is typically very fast relatwehemical conversion of sulfide to the
oxidation products. The distribution of sulfite athibsulfate on our recent cruises (CAR175,
180, 186, and 191) was similar to that seen byt Bl.g2008) during CAR128, CAR132, CAR
139, 145, and 153 (unpublished data) with low catre¢ions in the suboxic zone and a
tendency of increasing values with depth.

In a few Cariaco cruises, there was evidence fgger intrusions into the suboxic zone. For
these cruises (CAR118, CAR122) Li et al. (2008)nmaxima of sulfite and thiosulfate at the
oxic/anoxic interface which was not the typicaltpat. Based on nutrients and other parameters,
we speculate that part of the difference might Haasen related to the occurrence of an oxygen
containing intrusion prior to sampling. Since dénsicreases accompany the introduction of
oxygenated water from Caribbean, the calculatiomoiith to month differences in potential
density is one way to examine the intrusion eft&ctranton et al. 2001; Percy et al. 2007).
Comparison of density profiles between CAR 121, CAR and CAR 128 showed that while
there was no evidence of oxygen intrusion immedidtefore CAR128, deep intrusion (down to
400m) had occurred before CAR 122 (Fig. 13). INRRCE22, maxima of sulfite and thiosulfate
were found in both the oxic and suboxic zones.i®udind thiosulfate concentrations were much
lower at the interface in CAR 128 than in CAR 1RRe{y the result of continued oxidation
between the two expeditions).

However, it appears that the effect of oxygen sittn may not always give the same signal.
We also saw evidence for an oxygen intrusion in G8R (Fig. 14). A secondary maximum in
oxygen was seen at 275 m, and the first appeardridgs was 40 m deeper than that seen in
CAR 175 (collected 6 months earlier). For CAR 1i8@, sulfite and thiosulfate concentrations in
the suboxic zone were low, unlike in CAR 122 whaeré was a maximum within suboxic zone.
Comparing the intrusion of CAR 122 and CAR 180 smsggg that the depth of intrusion and the
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relationship between sampling time and the occegai an oxygen intrusion need to be
considered in accounting for the difference ingbHur species profiles between any cruises.
Unfortunately | could not calculatec 4 for CAR 180, since temperature and salinity sensor
were new and were not calibrated correctly (Y. Agpersonal communication). However, based
on phosphate, oxygen and dissolved’Mfata it appears that the intrusion depth was at B0

m (Fig. 13). If that observation is correct, theruision before CAR 122 was deeper than that
before CAR 180. The deeper intrusion in CAR 122ddave oxidized sulfide down to 400 m
where sulfide concentrations usually reach 30 uid,\&here one would expect more abundant
sulfur intermediate formation than in the suboxoe. The gradient of sulfur species could
cause the upward diffusion of those sulfur spettidbe suboxic zone from sulfidic water. The
H,S inventory of CAR 122 calculated from the onsetlgh to 500 m was about 23% smaller
than for CAR 128 (representing a loss of hydrogéhde greater the standard error of analytical
measurement (10-15%)).

In the Forge River, when sulfide increased, sulite thiosulfate decreased. Unlike in the
Cariaco, the increase in sulfide in the Forge vea®mpanied by an increase in oxygen which
potentially would cause the further oxidation offisel and thiosulfate, resulting in their loss in
the water column (Fig.8). This was again consistétit the incubation experiments with
oxygen in excess and,8 limiting where the disappearance of both sulfiid thiosulfate was
observed.

Particulate sulfur in Cariaco was observed coestbt in both suboxic and sulfidic water,
and particulate sulfur in Forge River was obsemvbeen both oxygen and,8B were present in
water. In both systems, it appears to depend oratiof HS to Q with higher concentrations
observed at higher ratios or where oxygen is maorgihg (Fig.16).

The persistence of ZVS as well as particulate $he water columns and in our incubations
using Cariaco and Forge River water may imply lambver and low bioavailabilityln
CAR180, a sharp peak of particulate sulfur coindidith the depth of a phosphate and?n
minimum, likely caused by precipitation of a mangsa oxide phase during an oxygen intrusion
mentioned above (Fig. 14). Thus we may have passaoimation of particulate sulfur (elemental
S) in the Cariaco water column via a metal oxigetien pathway. In our incubations, despite a
significant stimulation in carbon fixation by susped FeOOH observed for Cariaco water from

260 m, the corresponding elemental sulfur formaitiothe FeOOH treatment was comparable to
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those in the control (untreated water) and in teattnent combining FeOOH and chloroform
This might suggest that oxidation of$lby FeOOH in the Cariaco water column was probably
not mediated by chemoautotrophs.

In Cariaco, the inventory of elemental sulfur giigantly correlated with chemoautotrophy
(n=11, f=0.7) (Fig.15), suggesting that elemental sulfugithbe produced by chemoautotrophy
under anoxic condition and stored as sulfur glafauldis is consistent with my incubations in
which the addition of air and chloroform to sulGdvater inhibited carbon assimilation
significantly, whereas the control incubation shdwarbon fixation occurred at and below the
suboxic zone, the depths where sulfur was sedmeidépth profilelt would be useful to observe
filters of water from depths where sulfur is desdste to confirm the existence of sulfur globules.
Li et al. (2008)explained the close relationship of chemoautotragigy particulate elemental
sulfur by proposing that elemental sulfur was hkie be an important substrate for chemo-
autotrophs in Cariaco water column via sulfur digartionation
(S +H,0— SQ, + HS + 5H"). However, they tested the hypothesis of sulfterimediate
disproportionation near the interface in Cariacéeiwaolumn by examining the stable S isotope
composition of the HSand suggested that disproportionation was not itapt The importance
of chemoautotrophy to particulate sulfur formatiws also been reported in other anoxic
systems such as Mariager Fjord (Denmark), GotlasirB(Baltic Sea) (Zopfi et al. 2001; Jost et
al. 2010).

Recently, Milucka et al. (2012) reported evidefarehe formation of zero-valent sulfur as
the intermediate product of coupling of anaerob&thmane oxidation and sulfate reduction by a
consortium of methanotrophic archaea. This couldrbalternative explanation for formation of
ZVS in anoxic and sulfidic water.

Unlike in Cariaco chemoautotrophy seems unlikelpgamportant for ZVS formation in the
Forge River. Our dark incubation experiment did destrate that sulfur formation in the Forge

River was likely from chemical oxidation of,H with metal oxide catalysts.

Conclusions
The goal of this study was to investigate sulfurducts including sulfite, thiosulfate, and
zero- valent sulfur in the Forge River and in CesiBasin to provide an understanding of the

pattern of sulfur intermediates and the relatides@f chemical and biological oxidation 0%
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on this distribution in systems characterized ligusion of pulses of oxygen into sulfidic water.
The dark incubations at three temperatures (2n@8%&C) and two initial ratios of k6/Q, (0.7
and 2.8using Forge River water showed that in the Forgdhadlow turbid system containing
high levels of trace metal oxidants, the abiotiesaexceeded the biotic sulfide oxidation . The
oxidant spiking experiments using possible oxid&®ts FeOOH) in Cariaco Basin
demonstrated that, sulfide oxidation was more Vikidlemically driven with presence of oxygen
and under anoxic condition, chemoautotrophy waomapt for particulate elemental S
formation. In both systems, sulfur intermediatesenikely products of abiotic oxidation of,H

with the catalysts of metal oxides.

Futureresearch

Hydrographic profiles over a diel cycle are neettedxamine the vertical stratification in
water column of the sampling station 2 in the FdRgeer. The profiles also help to provide more
understandings on tidal effect on hydrogen sulfidé oxygen fluxes in the Forge River. Further
determination of dark incubation at three tempeestwsing Forge River water filtered through
0.2 um filters which should remove the biologicainponent is needed to investigate responses
of chemical oxidation of k& to temperature changes. The concentration oblgess trace metal
under different concentrations of oxygen in initiater, after bubbling and over the course of
dark incubation should be determined. This furitedy is necessary to confirm the effect of
dissolved trace metal in acceleration eSHbxidation and to sulfur intermediate distribution

Meanwhile, in the Cariaco, further investigatiomstbe different pathways ofJ3 oxidation
by possible sulfur oxidizing bacteria are needeelticidate the relative contributions of biotic

and abiotic sulfide oxidation.
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Fig. 2: Map of Forge River from report of Wilsonadt 2009. Sampling for this experiment was
close to station 2
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Initial ratio H,S/O, = 2.8
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Fig.16: Relationship between& O, ratio and particulate elemental sulfur in Cari8asin
(Integration was done for 12 cruises over the zeitte both Q and HS concentratiorr10 pM)

46



Table 1: Sulfur products from dark incubation foe Forge River for two initial ratios of
H,S/0,. TZVS = total zero valent sulfur. -8B loss (or the amount of sulfide no longer present
fractions analyzed) was calculated by the diffeecnetween oxidized #$ and the sum of sulfur
intermediates.

A. Products from oxidation of 4 for initial ratio HS/O,= 0.7

Temp Time Measured| TZVS | SO~ S,05” H.S loss
&) (hours) | H,S (M) | (M) | (UM) (LM) (1M)
2 0 33.16 0.97 0.56 0.85 7.46
2.5 20.94 1.27 0.78 1.18 18.83
5 15.70 1.18 1.13 1.61 23.38
8 9.35 2.15 0.98 1.95 28.57
10.5 6.39 0.85 0.00 0.19 35.57
25 0 25.74 1.64 0.78 0.81 14.03
0.5 18.25 1.63 1.02 1.17 20.93
2 2.03 2.63 0.92 1.73 35.69
4.5 0.29 2.15 0.09 0.25 40.22
8 1.35 2.56 0.04 0.33 38.72
40 0 22.40 1.54 1.52 1.34 16.20
0.5 6.06 1.55 1.11 1.73 32.55
1 4.07 2.81 1.40 2.45 32.27
2 2.11 2.19 1.13 2.75 34.82
2.5 1.44 2.40 0.00 0.07 39.09
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B. Products from oxidation of # for initial ratio HS/O, = 2.8

Temp Time Measured | TZVS SO~ S,05” H.S loss
(°C) (hours) H.S (UM) | (UM) (LM) (LM) (LM)
2 0 51.91 6.45 1.00 1.20 11.44
2 28.32 4.44 1.60 1.50 36.14
5 22.35 3.57 1.90 2.20 41.98
7 18.80 5.62 1.80 2.40 43.38
9 18.80 4,58 1.50 3.10 44.02
25 0 52.41 5.55 1.95 1.69 10.40
0.5 3.42 7.16 1.60 1.51 58.31
1.5 25.32 4.60 0.52 1.47 40.09
4 15.38 5.80 0.78 3.78 46.26
6.5 10.80 2.44 0.97 2.72 55.07
40 0 6.58 5.32 1.82 2.50 55.78
0.5 2.06 9.47 1.14 3.39 55.94
1.5 1.13 6.17 0.42 3.69 60.59
2.5 2.29 414 0.19 5.02 60.36
5 0.81 4.11 0.20 4,12 62.76
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Table 2: The observed rate ofFloxidation in the incubation and predicted rapenfchemical
kinetic data in literature

PredictedH,S | ObservedH,S | Observed/Predicted

Initial ratio | Temperature oxidation rate | oxidationrate rate
HS/O, (C) (uM h™) (uM h™)
0.7 2 0.04 4.8 £1.85 120+ 46

25 0.31 20+ 8.8 65+ 28

40 0.89 44 +£5.8 49+ 6.5
2.8 2 0.03 9+5.4 297+ 178

25 0.24 32+11.8 136+ 38

40 0.68 66+1 97+ 3
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Table 3: Calculation of € for observed b5 oxidation rate, dark carbon fixation and bacteria

net production.

Q1o
T (°C) Initial ratio H,S0, =0.7 Initial ratio H,S0, = 2.8
H,S H,S
Dark carbon BNP oxidation | Dark Carbon BNP oxidation
fixation fixation
2-25 | 2.95* 2.81 1.85 1.73 3.04 1.73
25-40| 0.52 1.02 1.51 0.73 0.51 1.62
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Table 4: Comparison between the observed ratelidesdisappearance and the potential biotic
rate associated with chemoautotrophy

Initial ratio Temperature Observed rate Predicted biotic rate
H.S/O, (°C) H.S oxidation related with Chemoautotrophy
@M.dY (uM.dh
0.70 2 115 3
25 480 33
40 1056 12
2.80 2 288 5
25 2352 18
40 3168 11
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Table 5: Regression analysis of S@nd $SOs? concentration versus timgM h?)

Initial ratio 0.7

Initial ratio 2.8

SO 2’C 25C 40c 2c 25C 40c

Slope 0.11 0.89 -0.14 0.12 -0.89] -0.7

r? 0.79 0.02 0.02 0.6 0.54 0.7

P value <001 | 0.67 0.67 <.001| <.001 <.000:

n 11 10 12 18 14 13
Initial ratio 0.7 Initial ratio 2.8

S0, 2°C 25C 40C 2c 25C | 40C

Slope 0.15 0.43 0.76 0.18 041 0.86

r? 0.97 0.86 0.53 0.95 0.43| 0.75

P value <001 | <001 | <.005| <.0001 <.0% <.0001

n 12 10 12 18 14 13
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Table 6:Pearson product-moment correlation between sypiecies at each depth (200-400 m)
in Cariaco over 4 cruises (CAR 175, 180, 186, 18%)41) and over the daylight cycle in the
Forge River (n =12)

The Cariaco Basin

O, Part.S 80;°2 SQO?
Part.S -0.28
S,0:% -0.28 -0.27
SO -0.27 -0.08 0.85**
H,S  -0.36% -0.34*  0.60** 0.38*
Forge River

O PartS 802 SO
Part.S 0.38
S,0;%  -0.71**  -0.80**
SO° -0.52 -0.75%  0.92**
H,S 0.44 0.91**  -0.85** -0.79*

Part.S: Particulate elemental sulfur
* Correlation is significant at the 0.05 level

**Pearson product-moment correlation is significanthe 0.01 level

53



Table 7: Salinity and temperature in sampling stafl on August®2011 (Temperature was not

recorded after 7:00)

Near bottom

Surface water water

Temperature Temperature
Time (°C) Salinity (°C) Salinity
5:35 21 20 23 20
7:00 28.5 20 28 20
12:20 15 13
14:25 17
15:50 17.5
17:20 17 20
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