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ABSTRACT

Blount Springs offers a sulfide-rich environmentabited by a diverse microbial
community in which to study the sulfur redox reant and the microbially mediated processes
via the analysis of sulfur isotopes of sulfide antfate. The averagé*S,s at the wellheads is
+31.1 +0.3%0 (n=9) and the averag@Ssoain the biofilm and downstream locations is highly
variable with a mean value of +16.9 £7.5%. (n=9UIf& isotope fractionations from43 to
SO, range from 7.1 to 13.9%o.. Utilizing the sulfurtgpe fractionations it is concluded that (i)
the sulfide is most likely derived from ThermocheatiSulfate Reduction (TSR) in the
subsurface; (ii) the sulfide is subsequently oxadito sulfate via the microbially related process
of chemosynthetic sulfide oxidation; and (iii) thafide is also likely consumed by the abiotic
processes of sulfide oxidation and outgassing&. Hlhe isotopic fractionations from$ito
SO, corroborate the isotopic fractionations observethe laboratory during chemosynthetic
sulfide oxidation. The carbon isotopic compositidDIC and the concentration of DIC support
the hypothesis of microbial consumption of organatter. Visualization of the biofilm via
macroscopic and microscopic imaging revealed a hwggically diverse community. Biofilm
of white, pink, and orange color were observed olercourse of the study. Microscopic
images revealed rod-shaped, coccoid, and filamertells. PCR amplification confirmed the
presence of bacterial DNA. Aerobic lithotrophsslsasThioplacaandBeggiatoaare possible

groups of bacteria responsible for the chemosyiatlo&idation of sulfide at Blount Springs.
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INTRODUCTION

Sulfur springs occur in a wide range of environtaencluding hydrothermal systems
(Druschel, 2003; Wynn, 2010; Xu, 1998 & 2000), cane karst systems (Engel, 2001,
Galdenzi, 2008; Hose, 2000), and cold, pH-neutrstiesns (Douglas, 2010; Rudolph, 2001 &
2004) and are often home to a unique ecosystemanbbes. These sulfur-rich environments
offer unique opportunities to gather insight irtte biogeochemical cycles dominated by sulfur
and allow detailed study af situ processes of the sulfur cycle. Experimental ssidonducted
in the laboratory, while useful, cannot capturedigeamics of a natural system affected by
hydrodynamics and seasonal variability or inteaiwith a community of microbes. In
contrast, studies an situ sulfur cycle processes can provide better undeistg of the
evolution of the sulfur dependent biosphere inlEarearly history (Gill, 2007; Habicht, 2002;
Johnston, 2011; Korte, 2004; Payne, 2012). In,tinese empirical studies may assist in the
reconstruction of ancient sedimentary environmeatgaining sulfide and sulfate minerals

(Zhang, 2007; Wang, 2012; Vairavamuthy, 1995).

Sulfur has a wide range of oxidation states (+&B)prendering it highly reactive and
therefore utilized by chemotrophic microbes in detg of metabolic pathways. Typically,
tracing sulfur metabolic pathways has been condutteugh the application of stable sulfur
isotope analysis (e.g., Thode, 1951; Harrison amad€, 1958; Kaplan and Rittenberg, 1964). A
large number of studies have focused on bactetalation of sulfate to sulfide because it is a

dominant process in marine sediments and also sacwwoil and groundwater (Alwell, 2001;



Antler, 2013; Brunner, 2005; Farquhar, 2008; Habaid Canfield, 2001; Harrison and Thode,
1958; Machel, 2001; and Sim, 2012). In generdfatreduction is initiated after{@&nd NQ’
have been exhausted and most often occurs ing(pcban-sediment interface or deep in the
subsurface (Lovely, 1994 and Bottrell, 1996); €émvironments with naturally resurging, thermal
waters; (iii) waters rich in organic matter to sapgpredox processes; and (iv) sour gas fields

interacting with ground and surface waters (Bd{td€96; Worden, 2003; and Zhu, 2005).

More recent studies have shifted their focus t@ogulfur reactions, some microbially
mediated, including sulfur disproportionation, gidfoxidation, and thermochemical sulfate
reduction (Ahmad, 2002; Bottcher, 2001; Bottre896; Brabec, 2012; Canfield, 1994, Cross,
2000; Finster, 2008; Fuseler, 1996; Geelhoed, 20@&hel, 2001; Sim, 2011; Watanabe, 2009;
Worden, 2003; Wynn, 2010; and Zhu, 2005). The ggees observed in these studies are
thought to play a more important role in the glofafur cycle than previously assumed. Many
of these redox processes occur under anoxic condiind are thought to have been dominant in
the early history of Earth when global oxygen lswskre very low (Farquhar, 2003; Canfield,

2005; Johnston, 2009).

Though sulfur redox reactions such as dispropaation, sulfide oxidation, and
thermochemical sulfate reduction are pervasiveoent and deeply-buried marine and
freshwater sediments the pathways are varied aodypanderstood (Canfield, 2001). Sulfur
isotopes coupled with carbon and oxygen isotopaiestuare likely to enhance the understanding
of such sulfur redox reactions in the environmekithile some studies have gained considerable
insight into sulfide oxidation and sulfur disproponation (Ahmad, 2002; Bottcher, 2001;
Bottrell, 1996; Brabec, 2012; Canfield, 1994; FensR008; Fuseler, 1996; Geelhoed, 2009; Sim,

2011), the majority of these studies have beenwaed in the laboratory and utilized a single
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cultured species to determine sulfur isotope foaetiion values (Ahmad, 2002; Bottcher, 2001;
Brabec, 2012; Sim, 2011). However, in natural teabithere are often a community of diverse
microbes participating in the metabolism of suBpecies and their products. Thus, it is likely
that fractionations observed in the environment bel different from those observed in the

laboratory.

A cold sulfur spring in northern Alabama providesatural laboratory to study sulfur
metabolic pathways. Blount Springs is an area wBalfide-rich water is exiting from three
main wells and passing through biofilms. Analy#s$, C, H, and O isotopes of dissolved
species in the springs and the spring water igeNides insight to the sulfur metabolic
pathways occurring in Blount Springs. Analysislod biofilm sheds light on the microbes
participating in the sulfur metabolic cycle. Tkisidy aims to (i) determine the source of
dissolved sulfide at Blount Springs; (ii) determthe fate of dissolved sulfide at Blount Springs;

and (iii) identify possible metabolic pathways wiitlthe biofilms present at Blount Springs.



GEOLOGICAL SETTING

Blount Springs (33°589 N, 86°4736 W) is locded in Blount County in north centr
Alabama (Fig. 1).The springs occunear the culmination of the Sequatchie Antic that is part
of the southern Appalachian Thrust Belt formed migithe late Paleozoic Alleghaniorogeny
(Thomas, 1985). Rodrmation: of Silurian to Mississippian ages angposed at thtop of the
Sequatchie Anticline whereas,the spring site, the exposure pertains toGhattanoog-Red
Mountain Shale overlain by thieuscumbi- Ft. Payne Limestone (Fig. 2Pevoniar-aged
Chattanooga Shale tfe Appalachian thrust belt in the thermogenic gas window in north
Alabama (Pashin, 2010)Yhe Chattanooga Shale overlies Mississippi Vallggeldeposits the
are known to have sulfide and sulfate bearing nailsghought to originate from marine sulf;

(Jones et al., 199Gangster, 1968; and Anderson and Macqueen,).

Southeast United States

Figure 1. Mapof the Southeastern United St: with the state of Alabamautlined and shadec
The starshows the location of Blount Sprir in Blount County, Alabama.
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The springs were used as a resort and health gpa late 1800s. Guests would come
and bath in the springs known for their mineralteahand assumed health benefits. The spring
waters were also bottled and prescribed by headtfegsionals as a cure for various ailments
(Sulzby, 1989). At present, there are three \asitélls that have flowing water and emit a
strong sulfide smell. The springs can be accesada small, downhill trail off Highway 7 in
Blount County. The area is heavily wooded and r@mis of walls and cisterns built for the

resort are still visible.
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Figure 2. Geologic map and cross section of the Blountri§grarea. The cross section is
drawn along the line A-B and passes directly thiotig Blount Springs study site. The
Sequatchie Anticline is shown in cross sectione Thscumbia Limestone and Chattanooga
Shale are exposed at Blount Springs. The cros®send map are modified from Hooks

(1969).



METHODS

Field methods

Water and biofilm samples were taken from eigtgss(Figs. 3 & 4) located in (a) the
three wells; (b) ten meters downstream from eadh (¢ a location twenty meters downstream
of Well 1; and (d) an upstream location. Water glaswere collected at the water-sediment
interface. The three wells are the start of tlseggarate streams that flow together and meet at
the downstream location. Well 1 has a depth of@pmately 45 cm and the water flows from
the well in a stream that is approximately 1 torh.Wide and 3-5 cm deep. Well 2 is
approximately 25 cm deep and the stream is lessahmeter wide and 2-4 cm deep. Well 3 is
shallower than Wells 1 and 2 with a depth of l&éss1t10 cm. The stream of Well 3 is less than

0.5 m wide and approximately 2-4 cm deep.

Water samples were collected in triplicate usimgastaltic pump with an attached in-
line, high capacity, 0.45um membrane filter to remany sediment or debris. Samples were
collected on five different occasions in Octobed &ovember of 2012 and in March, April and

May of 2013. Several trips were made prior OctdiE? to test and optimize field methods.



Upstream Samples
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Figure 3. Plan view sketch of Blount Springs marking logasi of sampling sites and stream
beds. The symbols used to denote different aresanopling will be used throughout the study.



Figure 4. Sampling locations at Blount Springs. Circle ocades sample location at well sites;
triangle and square mark sample locations in thélis and downstream, respectively; arrows
indicate direction of stream flow. (a), (b), amdl ihark location of Wells 1, 2, and 3,
respectively. (d) indicates the biofilm locationviell 1. (e) and (f) show biofilm and
downstream locations.



One liter of water from each sampling site wasemi#td in a 1 L Nalgene® bottle to
determine dissolved 43 and S@concentrations. Dissolved,8l in the water was measured in
the field using the methylene blue method of C(it@69). A Spectronic mini20 Field
Spectrophotometer from Milton Roy Company (x1.25Iohgvas used in October and
November 2012. Due to a malfunction in the Speitrdevice that occurred in December 2012,
a HACH 890 Field Colorimeter was used during Mawspril, and May 2013 with HACH

Method 10253 (£0.02 mg/L).

Sulfide was precipitated in the field as silveffisid (Ag,S) through the addition of silver
nitrate (AgNQ) following the method described by Carmody (1998ased on the
concentration of sulfide in the water, the amourt@ AgNG; solution that would yield ~45
mg AgS was determined (Table 1) and was added to awmjppgiely sized, clean Nalgene®
bottle. A yield of ~45 mg would ensure sufficieny,8 for duplicate analysis of thé*s
composition. The appropriate amount of water ftbmflowing spring was collected, placed in
the labeled Nalgene® bottle, and gently shakemsoie thorough mixing. Samples were

returned to the laboratory for filtration.

Table 1. Guide for sulfide collection by direct precipitati using AgNQ solution, modified
from Carmody (1998).

[S”] (mg/L)  10% AgNOs per liter  Ag,S produced per  Amount of spring

of sample (ml) liter of sample water needed to
(mg) produce 45 mg AgS
(L)
1.0 0.29 7.7 5.8

Sulfate concentrations were estimated in the fisidg a barium sulfate (Bag0©

precipitation method described by Carmody (198)efly, a beaker was filled with 200 ml of
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water that was brought to a pH value between 3amsing a 1 M hydrochloric acid (HCI)
solution. Approximately 10 ml of barium chlorid8gCl) was added to the solution and stirred.
If a white precipitate formed immediately and tlbuson became cloudy, the sulfate
concentration was likely > 0.4 mM and a water s@wpbuld be collected for**Ssos analysis.
However, if the precipitate was slow to form and siolution remained clear, the sulfate
concentration was likely < 0.4 mM and no sample i¥dne collected. Samples were collected
using 1 L Nalgene® bottles treated with a 10% AglsGlution to precipitate dissolved sulfide
in order to prevent oxidation to sulfate. Samplese returned to the laboratory for further

processing.

Approximately 20 ml of water was collected sepdyaite 20 ml glass bottles for
dissolved inorganic carbon (DIC) antfCpc analysis. Prior to the introduction of the sample
the bottles were treated with a few grains of mecathloride (MgCl) to prevent microbial
activity. Another 20 ml of water was collected2@ ml glass bottles to analyze fddy.0 and

¥%0n20. All bottles were filled to capacity and cappadtie field with a rubber stopper and

aluminum cap.

The pH and water temperature were measimwstu with a precision of £0.01 pH units
and +£0.1°C, respectively, using a Thermo Scien@iion portable pH meter calibrated using
three pH buffers. Samples for alkalinity and rertianalysis were also collected in clean 500

ml Nalgene® bottles, which were stored on ice aken back to the laboratory for analysis.

Photographs were taken at each sampling site witB%nf PVC pipe quadrant (Fig. 5)
to calculate the percent coverage of the biofilthmspring. Biofilm samples were collected

using sterile forceps and preserved in 1.8 ml RiA&@ (Life Technologies) in cryovials. The
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biofilm samples were collected immediately outsifi¢he area photographed with the PVC
guadrant to minimize disturbance of the biofiimsfigture sampling trips. Samples were stored

on ice during transport to the laboratory. Upativat, they were transferred to -20°C until use.

Figure 5. Well 1 biofilm coverage. The image was takenmythe May 2013 trip. Arrows on
the PVC 0.25 msquare indicate direction of spring flow.
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Laboratory Methods

Dissolved HS samples treated with the Aghl€blution were processed in the laboratory
following a method modified from Carmody (1998)ll #gamples were filtered using a vacuum
filtration system (Fig. 6) with 47 mm in diametér4 um polycarbonate membrane filters. The
dark brown precipitate was gently scraped off therfwith a clean spatula into a 50 ml glass
beaker. A 3% ammonium hydroxide (MPH) solution was added to remove any silver chiorid
(AgCl) that may have co-precipitated with the,8g The solution was stirred at room
temperature with a magnetic stir bar and plat8@®minutes. The beaker was covered and the
mixture was allowed to settle for 2 to 3 hours.e Bolution was filtered with a membrane filter,
dried overnight, and weighed. The percent yield walculated by dividing the amount of /&g
precipitated by the amount of Ag expected based on the dissolve® Eoncentration and
multiplying by 100. To ensure no isotope fractiboia occurred during the precipitation of A

in the field, only yields > 90% were accepted f81S,s analysis.
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Figure 6. Vacuum filtration set up used in the laboratarytecipitate sulfide and sulfate.
Green arrows indicate direction of vacuum. Bluews indicate water flow. Red line indicates
the membrane filter. System modified from Carm@398).

Samples collected for sulfate precipitation welteried with a membrane filter to remove
any AgS. To ensure pure Bag@recipitation, the filtrate was brought to a pHueabetween 3
and 4 with 1 M HCI solution. The solution was lediland treated with a saturated bromine
solution of reagent-grade bromine in deionized weitgemove any organic matter.
Approximately 10 ml of BaGlwas added and the solution was stirred with a @i@gstir bar
and plate for 10 minutes. The sample was coolednoght, filtered with a 0.4 um

polycarbonate membrane filter, and dried. Anotteml| of BaC} was added to the filtrate to

ensure all BaSpHhad been precipitated. This step was repeatéichontnore BaS@formed.
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The purified precipitates of sulfides (as &y and sulfates (as Ba®Qvere combusted to
sulfur dioxide in an elemental analyzer (ECS, Cadsténalytical) coupled under continuous
flow to an IRMS (Delta V Plus with ConFlo IV). Apgximately 2 mg of vanadium pentoxide
was added to each sample to ensure complete caorbu8ulfur isotope values are reported in

the customary delta notation as permil (%o) devigirom international standards:
*S [%o0] = [(**SF*Ssampd/ (*'SF*Sstandard-1] * 1000. (1)

The sulfur isotopic compositions of sulfides weadibrated against international
reference materials IAEA S1 (-0.3%o), IAEA S2 (+Z2%), and IAEA S3 (-32.5%0). Sulfates
were referenced against NBS-127 (+21.1%o) and IAEASS(+0.49%0). Reproducibility and

precision of replicate standards was better tha%d0.

DIC and **Cpc measurements of the spring water were analyzed®asBench-Delta

V IRMS.
DIC [mM] = [H,COj] + [HCO5] + [CO5"] + [CO,] (2)

DIC and **Cpc of the spring water were derived from one aliqufod.7 ml reacted with
anhydrous orthophosphoric acid by a method modffieeh Spotl (2005). The analyses were
calibrated using the NBS-19 standard and calibnatiorves were acquired from internal
standards of known concentrations of anhydroususodiarbonate (N&0Os;) ranging from 0.2-
6.0 mM. Reproducibility of DIC analysis was measiat 0.5 mM based on repeat analysis of
samples. Carbon isotope ratios are reported isdgheentional delta § notation in per mil (%o)

relative to the Vienna Pee Dee Belemnite (VPDB)

3C [%o0] = [(**CI*Coampi! (*C*Cstandard-1] * 1000. (3)
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Based on internal standard repeats the reproditgiaiid precision of the*Cp,c measurements

was +£0.1%o (1).

The®0/*0 ratios of the spring samples were determined ®y-18,0 equilibration
(Clark and Fritz, 1997) using an automated GasBdnalerfaced with a Delta-plus IRMS.
Based on internal and international standard repgbatreproducibility and precision of the
measurements was estimated to be +0f@p isotopes. WateD determinations were
performed on a GasBench II- Delta V IRMS systerfofeing the B-H,O equilibration method
described by Brand (1996). Based on internal atetnational standards the standard deviation
(1 ) of the measurements was +3.0%sotope ratios (D/H) are reported in the conioerat

delta notation relative to Vienna Standard Meanadd&/ater (VSMOW) in %o
80 [%0] = [(**0/*®*Osampid! (*°0/*®*Ostandar)-1] x 1000 (4)
D [%o] = [(*H/"Hsampid/ (*H/*Hstandar)-1] % 1000. (5)

Alkalinity measurements were performed following f&ran titration method (Gran,
1952). A 0.1 N HCI solution was used to titrater80of water to a pH of 3.5. Titrations were
performed with a 1000 ml Machlett Buret from FisBeientific with an acid drop accuracy of

+0.05 ml. Reproducibility was measured at +0.08) mebetter.
Alk [meg] = [HCOs] + 2[CO5*] + [OH] — [H'] (6)

Approximately 30 ml of water was filtered usingyaisge and a 0.2 um syringe tip filter
and frozen until analysis for major anions. An @mromatography (IC, Dionex DX600 lonPac)
technique was used to determine the concentrafieaveral major anions, most notably SO

Based on standard analysis, errors were reported less than 7%. Reproducibility varied by
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the anion measured. Another 30 ml of water wasrét using a 0.2 pm syringe tip filter and
acidified using nitric acid. Samples were storethe refrigerator until analysis of major
element concentrations using Inductively-CouplegsPia Optical Emission Spectrometry
(Perkin Elmer Optima 3000 DV ICP-OES). Based @magard analysis, errors were reported to

be less than 5%. Reproducibility varied by element

Images of the biofilm with the PVC square were gnadl using ImageJ software from
NIH (Abramoff, 2004) to calculate the percent cags of the biofilm (Reinking, 2007).
Briefly, the image was converted into a binary imagth the biofilm designated black and non-
biofilm material designated white. The percentarage was calculated by dividing the area of

the biofilm by the area of the whole (0.25)rand multiplying by 100.

Portions of the preserved biofilm were removed ftbe cryovials using sterile loops and
mounted on microscope slides. The biofilm wasafiged using a Nikon Eclipse E600

microscope and images were digitized using a Saoieca (Diagnostic Instruments, Inc.).

DNA was extracted from biofilm samples using thetBAA SPIN Kit for Soil (MP
Biomedicals, Santa Ana, CA). 16S rRNA genes welgmperase chain reaction (PCR)
amplified using bacterial 8F and 1392 primers. RiD#plifications were performed in a PTC-
200 DNA Engine (BioRad, Hercules, California) theeycler using an initial denaturation step
of 85°C for 5 min followed by 30 cycles of denatiwa at 94°C for 1 min, primer annealing at
66°C for 1.5 min, and extension at 72°C for 1.5 mith a 10 min final extension at 72°C. A
reagent negative control was run with all reactiofsve pl of each PCR product was mixed

with loading dye and electrophoresed at 70 mV fbmin on 1.5% agarose gels. Gels were
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stained with GelRed™ Nucleic Acid Stain (Biotiunmdavisualized under UV transillumination

on a Fotodyne gel image system. Digital photosevgaved using PC Image software.
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RESULTS
Sulfide concentrations (Fig. 7) were higher (571) during the dry months (October

and November, 2012) with 20-50 mm of precipitatibiy. 7) compared to 1-3 mM of .8
during the wet months (March to May, 2013) with 28D mm of precipitation. In contrast $O

concentrations were below 2 mM regardless of thgathamount (Fig. 7).
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Figure 7. Concentrations of 6 and SQ@in the springs compared to the amount of rainfall
Blount Springs from September, 2012 to June, 2(R&nfall data is from the KALHAY2
Weather Station in Hayden, Alabama. The weatlatiost is located approximately 6 km south

of Blount Springs, Alabama.
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H,S concentrations of water exiting the well rangednf 2-11 mM and decreased with
distance from the wellhead (Fig. 8 a). S0ncentrations were low (0.05-0.80 mM) in the
wellhead and increased to 0.20-1.20 mM with inarepdistance from the wellhead (Fig. 8 b).
SO, plotted against Cl concentration by sample locaffig. 9) showed that S@oncentrations
at the wellheads were the same as the upstreamloead increased in the biofilm and

downstream locations.
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Figure 8. Concentrations of $ and SQ@versus horizontal distance from the wellhead. (a)
Dissolved HS concentrations decreased away from the well,enbil SQ concentration
increased away from the wellhead. The rate of gham concentrations varied with the time of
year. Dissolved k& concentrations were below the level of deteatiche upstream locations.
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Figure 9. SQ, vs Cl concentrations by sample location. ;$6nhcentrations in the upstream and
well locations were similarly low regardless of @incentrations. There was a substantial
increase in S@concentration in the biofilm and downstream loaadio

The mean %S, values were +30.3 +2.6%o (n=18), with samples takehe wellhead
slightly more enriched if'S (+31.1 +0.3%o) relative to samples taken fromitioéilm and
downstream areas (+29.6 +3.6%o) (Fig 10a). THiSsosvalues ranged from +4.7 to +29.5%,
were depleted compared t8'S.2s pool, and increased with higher $&@ncentrations (Fig. 10

b). The*'S depletion varied with the time of year (Fig. 11).
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Figure 10. (a) The **Sy,sincreased slightly with an increase in dissolve8 oncentrations.
There was a smalfS depletion of ~1.5%bsetween samples collected from the wellheads€dlos
circles) and those collected in the biofilms doweain of the wellheads (closed, green
triangles). (b) Positive correlation between tf&s0sand SQ concentrations.
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Figure 11. Variability of **Sy,sand **Ssos(closed and open symbols, respectively) over time.

35,5 values were practically invariable over time wheréhe 3*Ssosvalues exhibited a wide
range. Thé*S depletion from the $$ pool to the S@pool changed over time, from
approximately 10%o in March and May, 2013 to abd%in April, 2013.

DIC values ranged from approximately 1.0 mM to ®mM at the sampling sites. The
lowest values were typical of the upstream and dream locations whereas the well and
biofilm locations had higher DIC values (2.0-5.0 mM his pattern was also observed in
alkalinity with values that ranged from approxintat®.0 meq in the upstream and downstream
locations and up to 7.0 meq in the well and biofitations. In general alkalinity values were
positively correlated with DIC concentrations (FI¢ a). The *Cpc values ranged from -12%o

to -2%0 and exhibited an inverse relationship wite DIC concentrations (Fig. 12 b).
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Figure 12. Alkalinity, DIC, and *3Cpc relations. (a) Alkalinity increased with increagibIC
values, with the highest values recorded at théheatls. Limestone dissolution in a closed
system would result in an increase of alkalinity tivmes greater than the increase in DIC along
Line (1). Line (2) depicts alkalinity and DIC ir&sing in equal amounts which occurs during
limestone dissolution in an open system and Ling(&dicts DIC and alkalinity values during
CO, outgassing when DIC will increase while alkalinigmains unchanged. (b) DIC and

13Coic showed a coarse inverse relationship.
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Hydrogen and oxygen isotopes of the spring wateeweactically invariable during the
study. The Dyooand *®Oy,0 values were -29.6 +2.0%0 (n=65) and -5.5 +0.2%o §)=7
respectively over the course of the field stude3e values reflected the H and O isotope values

of the local rainfall (Fig. 13).
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Figure 13. D and ®0 values of Tuscaloosa Rainfall (open circles) Bluint Springs water
(blue circles). The Gulf Coast Meteoric Water L{&MWL), shown with 95% confidence
intervals, was constructed from Tuscaloosa Rainfah collected from January 2011 to August
2013 (Owl Rainfall Station, Lambert and Aharon, @01

Chloride was used as a conservative tracer to atelthanges in the water elemental
chemistry of cations (Fe, Mg, Mn, K, Si, and Ca)l amions (N@ and PQ*). Fe
concentrations decreased while Mg and Mn conceoiraincreased as the concentration of Cl
increased; K, Si, and Ca concentrations showed tittno change (Fig. 14). The concentration

of PQy increased (Fig. 15 a) whereas NOncentrations decreased (Fig. 15 b) with incrggSin

concentrations.
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Figure 14. Elemental chemistry of Blount Springs waters) Ha concentrations exhibited a
coarse inverse relationship with Cl concentratwhgde Mg (b) and Mn (c) concentrations were
positively correlated with Cl concentrations. K, &d Ca (d, e, and f) concentrations showed
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little correlation with Cl concentrations. Purplamhonds= Upstream location; black cirlces=
wellhead locations; green triangles= biofilm looas; blue squares= downstream location.
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Figure 15. Nutrient chemistry of Blount Springs waters. R&), concentrations had a generally
positive correlation with Cl concentrations wher@dasNO; concentrations were inversely
related to Cl concentrations. Purple diamonds= tdpst location; black cirlces= wellhead
locations; green triangles= biofilm locations; bkaguares= downstream location.

The biofilm coverage varied greatly from locationacation but exhibited a slight
decrease with 6 concentrations > 2 mM (Fig. 16). Macroscopicgesrevealed the various
sizes and colors of the biofilm (Figs. 17 a, 1&g 17 c) while light microscopy showed the
cellular morphologies within the biofilm. Whitetamge and pink biofilms can be distinguished
macroscopically and these colors are also visibtéeuthe light microscope. Morphologies of
individual cells as well as the structure of thefitin are observable under the light microscope
(Figs. 18-22). PCR analysis confirms the presefdmcterial DNA in all samples (Fig. 23). To
facilitate time and resource constraints in thetatory, only samples from locations in stream 1

(Well 1 and Below Well 1) were examined.
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Figure 16. Biofilm coverage plotted against&l concentrations. The biofilm coverage
generally decreased when3iconcentrations exceeded 2 mM.
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Figure 17. Images of biofilmin situ (a) easily visible white biofilm with long filanmés (1-2
cm) in Well 1; (b) long filaments (over 0.5 m) \iiiell 3 are shown stretching diagonally across
the wellhead; (c) pink biofilm in the spring fromal/2 is visible. The pink coloring is typical

of purple sulfur bacteria due to the carotenoidm@gts in their cells.
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1 mm

Figure 18. Images of the white biofilm sampled at Blount Sg&n (a) Phase contrast image of
the filamentous network includes a few refractilaigs. (b) Phase contrast image of a long,
branching filament.
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Figure 19. Images of the white biofilm sampled at BlountiSgs. (a) Phase contrast image of
a cluster of biofilm with a few filamentous strandBhe red arrow points to a rod shaped
bacterium. (b) Phase contrast image of what &\lila cyanobacteria with differentiated cells.
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1 mm

Figure 20. Images of the white biofilm sampled at Blount Sgsn (a) Phase contrast image
shows filamentous biofilm with refractile graingérfloating and attached (indicated by red
arrows). (b) Phase contrast image of rod-shapettiba indicated by red arrows.
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Figure 21. Images of the pink biofilm sampled at Blount 8gs. (a) Phase contrast image of
clustered, coccoid cells. (b) A diatom is visibighis phase contrast image along with several
coccoid-shaped bacteria and long filaments. Boidgies show refractile grains. ‘D’ indicates a
diatom.
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1 mm

Figure 22. Images of pink (a) and orange (b) biofilm samg@e@&lount Springs. (a) Phase
contrast image showing coccoid bacteria and rakeagtains. (b) Bright field image of short
filaments in the orange biofilm.
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Figure 23. Representative image of a gel from PCR produstiveld from Blount Springs
samples. The bands indicate the presence of Ed®A in biofilm samples. The lack of a
band in the negative sample (Lane 14) confirmsttiee was no contamination during PCR
amplification. From the top left, are the molecwaeight ladder in lane (2); lanes (3) and (4) are
from the October sampling trip; lanes (5) and (6 the November sampling trip; lanes (7) and
(9) from the March sampling trip; lanes (10) andl)(are from the April sampling trip; and lanes
(12) and (13) are from the May sampling trip. He tabels, W1S1 indicates a sample collected
from Well 1 and BW1S1 indicates a sample colledtenh the biofilm location downstream of

Well 1.
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DISCUSSION
On the source and origin of dissolved sulfide atoBht Springs

Whereas the presence of sulfide-rich spring wateBlount Springs has been known for
over a century (Sulzby, 1989; Smith, 1907), thes®and origin of these waters are unknown.
Here | used the $$ concentration patterns, antdS composition to identify the most likely
source and origin. Sulfur isotope fractionatiocl@sely approximated as the difference between

two sulfur species at chemical equilibrium as fato

34 _ 34 34
sosrzE USsor Svas  10°N soars (7)

where “ " is the isotope fractionation factor.

Dissolved HS concentrations exiting the wellheads varied t¢ivee, ranging from 2 to
12 mM, and appeared to be dependent on the ambuaihtall (Fig. 7). Low amounts of
rainfall seemed to correspond tgSHconcentrations of 4-12 mM while heavy rainfafiuked in
a dilution of BHS concentrations between 2-4 mM. AdditionallySH.oncentrations tended to
decrease with increasing distance downstream fremvellhead (Fig. 8 a). At the upstream
location the HS concentrations were below the level of detectibican be surmised that the
H,S is derived from a subsurface source becausedbliowing observations: (i) the negligible
concentration of kB in the upstream location; (ii) the highest comiion of HS in the
wellhead location; (iii) the unambiguous$downstream gradient; and (iv) the inverse

relationship between the amount of rainfall andtb® concentration.
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Accepting a subsurface source of th&Hhe question of the waters origin remained.
Two independent processes could account for thedton of the HS in the subsurface: (i) the
reduction of sulfate through Bacterial Sulfate Rettlun (BSR) (Alwell, 2001; Brunner, 2005;
Farquhar, 2008; Habicht and Canfield, 2001; Harrignd Thode, 1958; Kaplan and Rittenberg,
1964; Machel, 2001; Sim, 2012); and (ii) thermocleatsulfate reduction (TSR) (Cross and
Bottrell, 2000; Machel, 2001; Watanabe et al., 2Q0% et al., 2005). The subsurface,Sas
likely derived from the dissolution of sulfide-beay minerals (e.g., pyrite) and sulfate-bearing
minerals (e.g., gypsum and anhydrite). The follayweactions describe the general process of

iron sulfide oxidation (Garrels and Thompson, 1960)

FeS +3.5Q ag+ HO F&'+2SQ% + 2H (8)
FeS + 14F&" + 8HO 15Fé" + 2SQ* + 16H (9)
FE" +0.25Q ug+ H  F€ + 0.5H0 (10)

The dissolution of gypsum by saline fluids can baeagally described by the following reaction:
CaSQ C& +SQ” (11)

Dissolution of sulfide and sulfate bearing minesdisuld result in aqueous $at has a sulfur
isotope composition identical to the parent sulBd#ate (Van-Everdingen and Krouse, 1988;

Field, 1966).

There are two major recognizable pathways of B$,iovolving organic carbon

oxidation (Eq. 12) and the other hydrogen gag (Hg. 13).

SOZ +2CHO  H,S + 2HCQ (12)
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2H' + SQ¥ + 4H,  H,S + 4H0 (13)

BSR typically occurs at temperatures between 0C8iC (Brunner and Bernasconi, 2005;
Canfield, 2001; Kaplan and Rittenberg, 1964) thosigifate reducing bacteria have been
documented in environments with temperatures rangom -1.5°C (Sagemann et al., 1998) and
up to 100°C (Jgrgensen et al., 1990). BSR has &densively studied, particularly in the
temperature range of 20-40°C, most commonly utijznono-cultures dbesulfovibrio

desulfuricangCanfield, 2001; Habicht and Canfield, 2001; Kapdad Rittenberg, 1964).

BSR generally yields 6 depleted if*S by 22%. to 45%. and up to 70%. relative to the
starting 3*Ssosvalues of the source (Canfield, 2001; Habicht @adfield, 2001; Kaplan and
Rittenberg, 1964). The extentY8 depletion in BS is thought to be dependent on the rate of
sulfate reduction with larger fractionations bethg result of low reduction rates (Kaplan and
Rittenberg, 1964, Chambers et al., 1975). Morentg, negative fractionations of < 10%o. have
been reported by (i) Habicht et al. (2002) in freater settings with S{concentrations < 1 mM,
(i) Canfield (2001) in a batch culture study a€C5#ith the addition of ethanol, and (iii) Detmers

et al. (2001) under optimized growth conditions Xa@rdifferent sulfate reducing prokaryotes.

Though the sources of sulfur and hydrocarbons naay with specific settings, a

generalized reaction for TSR is:
SO* + hydrocarbon
(H2S/HS) + altered hydrocarbon + (HGWCO,) + H,O + heat. (14)

The SQ in reaction (14) above could be derived from (ijied seawater or seawater-derived

evaporative brines, (ii) the decomposition of omguifur compounds, and/or (iii) the dissolution
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of sulfate-bearing minerals (e.g., gypsum and/dwydrite) and/or sulfide-bearing minerals (e.g.
pyrite). Hydrocarbons, used as electron donors peasourced from (i) sedimentary organic
matter, (ii) dissolved organic carbon, (iii) cruoig¢ (iv) microbial methane, and/or (v)
thermogenic gas or gas condensate. TSR typicatlyrs at a temperature range of 100-180°C
(Machel, 2001; Wynn et al., 2010; Zhu et al., 208&rrden et al, 1996) though the minimum
temperature limit for TSR is not strictly definddgchel, 2001). TSR can be endothermic or
exothermic, and, if the reaction is exothermic,gh®all amount of heat generated dissipates
quickly (Machel, 2001). TSR reportedly produceserghat would likely dilute local fluids at
the site (Wynn et al., 2010; Worden et al. 1996yyéver, the amount of water released during
TSR is unknown (Machel, 2001). Several mass-baldecuations can be written without the
production of water and only two studies have shiverelease of measurable amounts of water

from TSR (Machel, 2001).

TSR produces $8 with **S values very similar to their $Qool. According to
Ohmoto and Lasaga (1982), the initialSHs depleted compared to the St as the reaction
continues, the residual $@ool becomes more enriched in 8 isotope following a Rayleigh

distillation-like process occurring in a closedtsys.

Though reactants and products for BSR and TSRimutas distinguishing between the
processes may be possible on the basis of the ssfiope fractionation between the Stool
in the subsurface and the$lon the surface. BSR depletes the resultis®)iH>*S by at least

22%0 while TSR yields a negligible fractionation ween the S@pool and the k5 pool.

The %S of the S@pool in the subsurface is unknown at Blount Sgirystudy by

Jones et al. (1996) measured;$@nerals of the Knox Formation in eastern Tennessel
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northern Georgia and reportefS values of +30 to +40%.. At Blount Springs, dissdl HS
exiting the wellhead had a practically constafi6 composition of +31.1 +0.3%. (n=9) (Fig. 10
a). If a 3'Sgp40f +30 to +40%. is assumed for the subsurfacg 80!, then the **sos-t2s

observed at Blount Springs is 0 to 10%o.

While BSR can yield b5 negative fractionations of < 10%. (Canfield, 20D&tmers et
al. 2001; Habicht et al., 2002), it is not likelganrring at Blount Springs for several reasons: (i)
the subsurface temperatures are greater than bfeg&t al., 1996); (ii) ¥ concentrations are
high (2-12 mM) and therefore, it is unlikely theetSQ source is limited (Habicht et al., 2002);
and (iii) the optimized growth conditions for batéethat produce small isotope fractionations
are saline and arctic environments (Detmers e2@01). Thus, TSR is the most likely origin
of H,S at Blount Springs because (i) the smafkosnzs0f <10%o; (i) temperatures of MVT
deposits (150°C to 180°C) are favorable to TSR€3daat al., 1996); and (iii)) the Chattanooga
Shale sits in the thermogenic gas window (PaslihQPproviding a potential hydrocarbon
source. There was no indication of mixing in tieand 'O values of the spring water (Fig.

13) suggesting TSR is likely occurring without greduction of water.

Carbon isotopes of DIC produced from TSR using amthtypically have highl}*C-
depleted values (-16 to -30%o) reflecting a hydrboarsource. The'*Cpc exiting the wellhead
was -2 to -12%o (Fig. 12 b) suggesting the DIC mayehbeen sourced from a mixture of the
HCQO;/CO, produced from TSR and other inorganic carbon ®sur®IC sources (soil organic
matter, atmospheric GQand the dissolution of carbonate rocks) havemfit **C isotope
signatures (Table 2) (Mariotti, 1991; Cerling ét, #991; Keith and Weber, 1964). A mixture of
DIC sources potentially contributed to tH€Cpc composition at Blount Springs and enriched it

in *C compared to what would be expected for DIC salismely from TSR derived HGO
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/CQO,. Soil organic matter, atmospheric ¢@nd the dissolution of carbonate rocks are all
potential DIC sources at Blount Springs: (i) themas a significant amount of leaf litter and soil
surrounding the springs which could have contridutesoil organic matter; (ii) the water

exiting the wells was in contact with the atmosgh&hich provided the opportunity for
exchange of atmospheric @ith DIC; and (iii) there may have been dissolataf the
Tuscumbia limestone, which makes up the bed o$phimgs, as evidenced by DIC and

alkalinity values on a Deffeyes Diagram (Fig. 1Z@¢ffeyes, 1965). Values plotted between
lines (1) and (2) that show the dissolution of lstome in closed and open systems, respectively,

indicating there may have also been dissolutioimzéstone in the subsurface (Fig. 12 a).

Table 2. Sources of DIC and the correspondifiiC of DIC

Source of DIC “Coic (%o) Reference
Soil organic matter -26 to -9 Mariotti (1991)
Atmospheric CQ -8t0 -6 Cerling et al. (1991)
Dissolution of carbonate rocks Oto2 Keith and \&rgl1964)
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On the fate of sulfide and the nature of producedlfate at Blount Springs

In subaereal environments sulfide is often re@ddito sulfur intermediates (e.g., sulfite
(SO%), elemental sulfur (§, and thiosulfate ($£s%) Jgrgensen, 1990) through a number of
processes including: (i) inorganic oxidation to,S€ulfur, and other intermediate compounds;
(ii) phototrophic oxidation via anaerobic microb@s) microbially-mediated, chemosynthetic
oxidation; and (iv) sulfur disproportionation (Camdl, 2001). Another process that depleteS H
is the volatilization of dissolved43 to the atmosphere which can be detected thrawagbnell
of sulfur in the area. At Blount Springs, theresvea inverse relationship betweesSHand SQ
such that HS decreased as $Concentrations increased downstream from the eatih
Additionally, SQ, concentrations were at low background levels (@.3® mM) for upstream
and well locations, suggesting there was littladacontribution of S@from other sources
besides the surficial oxidation ob8 to SQ(Fig. 9). A singular or combination of redox
process(es) were possible at Blount Springs (Hj. 2,S and S@concentrations, their*s
values, and the*%,s.soswill be used to determine the most likely procesypccurring at

Blount Springs.
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Figure 24. Pathways of sulfide oxidation to sulfate and d&ph of sulfide at Blount Springs.
(1) abiotic sulfide oxidation. Microbially mediatgrocesses include (2) phototrophic sulfide
oxidation, (3) chemosynthetic sulfide oxidation), $dlfur disproportionation to sulfate and
sulfide. Another processes of sulfide depletiofblsoutgassing of dissolved sulfide.

Abiotic sulfide oxidation typically occurs when d@ved HS interacts with dissolved;O
in the water to produce oxidized sulfur intermeesatluther et al., 2011) and $@ry et al.,

1988). In such a case, the §®oduct is generally depletedifs by about 5.2%. compared to
the HS source (Table 3).

Phototrophic sulfide oxidation (Fig. 25) occursaimaerobic environments in the photic
zone. Microbes such as green and purple sulfuebamxidize reduced sulfur compounds, such
as HS, to 8§ stored intra- or extracellularly (Zerkle, 2009)he S is further oxidized to SQIf
H,S concentrations diminish (Zerkle, 2009). Thisnwlal pathway imparts a small
fractionation of 0 to 2%. (Table 3) to the $@roduct (Brabec, 2012; Zerkle, 2009).

Chemosynthetic sulfide oxidation (Fig. 25) occulsew bacteria or other microbes utilize

enzymes to oxidize #$ into*'S-depleted S§(Kaplan and Rittenberg, 1964). Kaplan and
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Rittenberg (1964) observéds-depleted SOby 10 to 18%. compared to the initiap$iduring

chemosynthetic sulfide oxidation (Table 3).

D=
S (out) S04

External ‘ . Cell wall

Internal
Sn

—

HyS (in) ——= HS + S,2° — S032- — APS — S042-

\

Figure 25. Simplified model of microbial sulfide oxidation the cellular level (from Zerkle,
2009). HS enters the microbe cell and is stored as a pifilysuntermediate in the cell or as
elemental sulfur externally. The metabolic pathwakibits HS oxidation to S@through a
polysulfide intermediate, sulfite, and APS.

Disproportionation through sulfate-reducing baetéinat could disproportionate

thiosulfate to sulfide and sulfate without an emé&relectron donor or acceptor was first

described by Bak and Pfennig (1987).
S04 +H,0  H.S +SQ* (15)

Canfield et al. (1998) reported a narrow isotopetionation range where,8 is depleted if'S
and SQ s enriched irf“S by 6.1 +0.4%. and 18.3 +1.3%o, respectively, comgao the initial

sulfur compound (Table 3).
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Table 3. 3'S isotope fractionations during distinct sulfidédation pathways

Sulfide Oxidation ~ Generalized Reaction M 25-504 Reference
Pathway (%0)
Inorganic (abiotic) H.S SO 5.2 Fry et al. (1988)
Phototrophic H:S S SO Oto 2 Brabec (2012); Zerkle
(2009)
Chemosynthetic HS SO 10 to 18 Kaplan and Rittenberg
(1964)
Disproportionation H,S S SQ+H,S SOy -16t0-30  Canfield et al. (1998)
H,S: 510 15

Outgassing of dissolved,8 was detected at Blount Springs by the smelleéreitea.
Dissolved HS is enriched in the hea¥{s isotope relative to the gaseousSHby +1.6 to +2.2

+0.1%o for temperature from 20°C to 11°C, respetyiyBzaran, 1996).

The average®'Sy,s at the wellheads was +31.1 +0.3%. (n=9) and theamee **Ssosin
the biofilm and downstream locations was highlyiatale with a mean and lvalue of +16.9
+7.5%0 (n=9) (Fig. 10 a). Isotope fractionationsga from 7.1 to 13.9%. with an average of
10.2 £3.2%0 (Table 4). This range closely resembthedange of sulfur isotope fractionations
reported by Kaplan and Rittenberg (1964) (10 to 18ksing chemosynthetic sulfide oxidation.
It is most likely that the k8 exiting the wells at Blount Springs was oxidibgdchemosynthetic
sulfide oxidizing bacteria. Phototrophic sulfidadation, while not implausible, is likely not
occurring at Blount Springs. The small isotopeti@ation of 0 to 2%o is not observed. Sulfur
disproportionation is not a likely pathway of sd#ioxidation at Blount Springs because the
isotopic signature imparted by disproportionati®éri’-enriched S@and**S-depleted kS was

not observed at Blount Springs.
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Table 4.Isotopic fractionation during microbial oxidatiofld,S to SQ.

34

34 34 SH2s-s04

Sl\?a:nr:ée Sggﬁle Sample Location V?[?I’) (% visgfr) 10n
% % (%VCDT)
3.9BW1S1 March 2013 Biofilm; Stream 1 30.5 17.1 13.9
3.9BW3S1 March 2013 Biofilm; Stream 3 31.0 21.1 9.9

4.6BW3S1 April 2013 Biofilm; Stream 3 29.3 22.2 7.1
Avg. 10.2

Under the assumption that all the Sfdoduced at Blount Springs is microbially oxidized
H,S, the amount of microbially-manipulated3ican be estimated. Calculating the amount of
H,S exiting the system at the wellhead and calciudatie amount of S{produced, a percentage
of H,S can be calculated (Table 5). WheisHoncentrations are high, as in October and
November, the microbially-manipulated$lis very low, 11 and 8%, respectively. Whereas
during March, April and May, when43 concentrations are lower, approximately 4.5- 6,mM
most of that HS is consumed via chemosynthetic oxidation. Pexliag high HS
concentrations are toxic to the biofilm inhabitBlpunt Springs and the biofilm thrives in lower
H,S concentrations. This would explain why the Ihmofcoverage seemed to decrease witB H
concentrations greater than 2 MM (Fig. 16).

Table 5.Percentage of microbially-manipulated3+via chemosynthetic sulfide oxidation to
SQ..

Total effluent H,S Total produced SQ,  Microbially-manipulated

Date (MM) (MM) H.S (%)
October 17.09 1.93 11
November 24.33 1.87 8
March 4.58 4.09 89
April 4.78 2.60 54
May 5.84 5.31 91
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The HS is not fully consumed by the biofilm. The resitlt,S pool (in the biofilm and
downstream locations) showed a depletiofi'Sfrelative to HS exiting the wellheads by 1.5%o
(Fig. 10 a). The outgassing of dissolvegsHhowever, should result in a residuaBhbool that
was enriched if*S (Szaran, 1996). Abiotic sulfide oxidation wassgibly occurring, producing
polythionates that may not accumulate in the ndemaironment, depleting the sulfide pool by
5.3%o0 (Fry et al., 1988). The combined effect e processes (i.e., outgassing 8 dnd

abiotic sulfide oxidation) may be producing ti8-depleted residual43.

Microbial Chemosynthetic Oxidation
H»S
(residual)
N - g — . -
N ™ il
Wellheads In Biofilm Downstream

Figure 26. Sulfide oxidation pathways likely occurring dbBnt Springs.

Carbon isotopic analysis suggested that at leasé s the sulfide oxidation to sulfate
was microbially mediated. Microbes commonly utilea@ organic substrate as a carbon source
and impart an isotopic fractionation on the resglinorganic carbon (Estep, 1984; Schidlowski,
1984). As the concentration of DIC increased tHE€pc became progressively morie-
depleted (Fig. 11 b), suggesting that microbes w#lieing an organic carbon source (Estep,

1984).
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Microbial Communities

Sulfur is oxidized by eukaryotes only in endosyatigi relationships with
lithoautotrophic bacteria (Nelson and Fisher, 198%] by archaea in the ordgulfolobales
(Stetter et al., 1990; Fuchs et al., 1996). Howetvés section will focus on bacteria that oxidize
reduced sulfur, such as§&l because bacterial DNA was confirmed via PCRyaisaat Blount
Springs (Fig. 23).

Phylogenetically diverse bacterial prokaryotes thadlize reduced sulfur compounds
include aerobic lithotrophs and anaerobic photdtsof-riedrich et al., 2001). Aerobic sulfur-
oxidizing bacteria tend to be slightly acidophiltile anaerobic phototrophs are neutrophilic.
Both groups are mesophilic, with few exceptiong| grow in light where there is a supply of
reduced sulfur compounds.

The groups of aerobic lithotrophs likely inhabitiBpunt Springs werB8eggiatoaand/or
Thioploca BeggiatoaandThioplocaare large, conspicuous bacteria easily visiblé wie
naked eye because of their white or yellow colaf lmg filaments (Teske and Nelson, 2006).
They grow in freshwater, marine, and brackish emnments at the oxic/anoxic interface of
sediments and bodies of water. White biofilm wasilg visible during all sampling trips to
Blount Springs and in all three of the springs.e Tilmments ranged in length from about 1 cm
and up to over 0.5 m (Fig. 17 a and 17 b).

Anaerobic phototrophs are made up of green andeayhfur bacteria. One genus that

may be present at Blount Spring®itochromatium a purple sulfur bacteria, as evidenced by
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the pink biofilm observed at Blount Springs (Fig@.d). The microbial community at Blount

Springs was diverse but likely typical of freshwadalfide springs in the presence of light.
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CONCLUSIONS

1)

2)

3)

4)

5)

6)

The HS at Blount Springs was likely derived in the sufeze through
Thermochemical Sulfate Reduction (TSR).

The HS was subsequently oxidized by sulfide oxidizingtbaa including
aerobic lithotrophs via chemosynthetic sulfide atidn.

This community of bacteria imparted an isotopicfi@nation on the produced
SO, that corroborated isotope fractionations obsebye{aplan and Rittenberg
(1964) in laboratory experiments.

Carbon isotopes of DIC supported the hypothesmiofobially mediated K5
oxidation to SQ. Measuring the concentrations artdC of dissolved organic
carbon (DOC) and particulate organic carbon (POsAyell as the »*C of the
biofilm would provide further insight to the carboycle and how the sulfur and
carbon cycle interact at Blount Springs.

It is possible that sulfide minerals were precigithat Blount Springs. The
presence of dark grey to black sediments wouldxpeaed and the analysis of
the sediment at Blount Springs is necessary inrdaddetermine if the sediment
contains sulfide minerals.

It is possible that there was production of polgtiates during chemosynthetic
sulfide oxidation at Blount Springs; however th@oentration and isotopic ratios

of any polythionates were not measured. KaplanRitidnberg (1964) noted the
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7)

8)

9)

production of an unknown polythionate during cheymbisetic sulfide oxidation
that was enriched ifS and the produced $@as correspondingly depleted in
¥s. Kaplan and Rittenberg (1964) argued that thgtftionate was a residual
component that was also ultimately oxidized tq.SDetermining the
concentration and**S of any polythionates at Blount Springs wouldiaid
describing the metabolic pathways of the microbaahmunity.

PCR analysis confirmed the presence of bacteriah DN\biofilm samples
collected at Blount Springs. The DNA of the binfitould be further analyzed
for sulfur oxidizing genes to confirm the present¢éhese genes and probe for
other metabolic pathways such as sulfur dispropoation or sulfate reduction.
The bacteria inhabiting Blount Springs were mdstlii aerobic lithotrophs,
purple sulfur bacteria, green sulfur bacteria, eyghobacteria. A more detailed
study of the microbial community would provide leetidentification of these
organisms and how they impact their environmemalpses the*'S of the
biofilm and/or sulfur granules in the biofilm woutdovide more information on
the metabolic pathways utilized by the biofilms.

The analysis of**Sso. provided the determination of fractionation valéresn
H,S exiting the wellhead to S@ the downstream area. Dissolved,S@s only
collected by direct precipitation due to time coasts which restricted the
collection to occasions when $@as greater than 0.4 mM. Collection of S
all sampling locations regardless of S€@ncentration would provide a clearer
picture of the isotopic fractionations occurringrfr the wellheads to the biofilm

locations and to the downstream location.
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10)

11)

Analysis of nutrient chemistry provided insightanitutrients that may be utilized
by the microbes such as NGr PQ. It would be interesting to analyze the
isotopes of nitrate and phosphate as well and geehose nutrients are being
utilized by the biofilm.

Environments like Blount Springs can act as usafalogs to the early oceans
and assist in the explanation sulfur isotope an@®ah the sedimentary record.
For example, a study by Ries et. al. (2009) obsesuperheavy pyrite 'S value
average= 36.7%o) in Proterozoic rock formationsdnteern Namibia. They
suggested that the anomalously heal’g values were indicative of low sulfate
concentrations in the end-Proterozoic ocean amh&at aerobic oxidation of the
sulfide to sulfate via abiotic (Fry et. al., 19&8) microbial processes (Kaplan
and Rittenberg, 1964). Analyzing pyrite found &t Springs, if produced
from the HS exiting the wells could corroborate the findilysRies et. al.

(2009).
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APPENDIX A. pH AND TEMPERATURE

Sample Sampling Date pH Temperature (°C)
10.19UPS1 Oct-12 6.5 15.5
10.19W1sS1 Oct-12 7.5 16.0
10.19W2S1 Oct-12 7.5 15.0
10.19W3S1 Oct-12 6.5 16.0
10.19BW1S1 Oct-12 6.5 16.0
10.19BW2S1 Oct-12 7.5 15.0
10.19BW3S1 Oct-12 6.5 15.0
10.19DNS1 Oct-12 6.5 16.0
11.11UPS1 Nov-12 8.2 12.6
11.11W1S1 Nov-12 7.8 13.8
11.11wW2S1 Nov-12 7.5 14.5
11.11W3S1 Nov-12 7.6 15.2
11.11BW1S1 Nov-12
11.11BW2S1 Nov-12 7.8 14.0
11.11BW3S1 Nov-12

11.11DNS1 Nov-12 7.6 13.9

3.19UPS1 Mar-13 7.0 14.6

3.9W1S1 Mar-13 7.5 12.5

3.9W2S1 Mar-13 7.5 13.5

3.9W3S1 Mar-13 8.0 11.5
3.9BW1S1 Mar-13 7.0 11.8
3.9BW2S1 Mar-13 7.5 12.6
3.9BW3S1 Mar-13 8.0 10.1

3.9DNS1 Mar-13 7.0 12.1

4.9UPS1 Apr-13 7.5 10.9

4.6W1S1 Apr-13 7.6 14.6

4.6W2S1 Apr-13 7.7 13.7

4.6W3S1 Apr-13 7.7 13.5
4.6BW1S1 Apr-13 8.1 11.1
4.6BW2S1 Apr-13 7.8 12.5
4.6BW3S1 Apr-13 8.6 11.5

4.6DNS1 Apr-13 8.1 11.2

5.19UPS1 May-13 8.1 14.8

5.19W1S1 May-13 7.6 15.0
5.19W2S1 May-13 7.6 154
5.19W3S1 May-13 7.6 15.7
5.19BW1S1 May-13 8.1 15.2
5.19BW2S1 May-13 7.9 15.8
5.19BW3S1 May-13 8.3 15.3
5.19DNS1 May-13 8.1 154
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APPENDIX B. RAINFALL AMOUNT (DATA FROM KALHAY2 WEATHER STATION,
HAYDEN, AL).

Date Precip (mm) Date Precip (mm)
9/2/2012 22.185 2/12/2013 9.435
9/3/2012 12.75 2/25/2013 6.375
10/6/2012 2.04 2/26/2013 6.375
10/7/2012 1.02 3/5/2013 3.06

10/14/2012 12.75 3/11/2013 29.58
10/15/2012 24.48 3/18/2013 5.355
10/18/2012 14.79 3/22/2013 6.375
11/5/2012 10.71 3/23/2013 39.015
11/6/2012 4.08 3/24/2013 17.085
11/7/2012 4.335 3/30/2013 12.495
11/27/2012 3.315 3/31/2013 2.04
12/4/2012 3.06 4/3/2013 6.63
12/10/2012 30.855 4/4/2013 3.06
12/16/2012 1.785 4/11/2013 24.225
12/17/2012 4.335 4/12/2013 1.02
12/20/2012 16.83 4/14/2013 1.02
12/23/2012 7.65 4/15/2013 1.02
12/24/2012 10.455 4/21/2013 33.915
1/13/2013 30.6 4/24/2013 8.415
1/14/2013 39.27 4/27/2013 27.54
1/15/2013 28.56 5/3/2013 16.83
1/16/2013 5.355 5/4/2013 45.645
1/17/2013 13.515 5/5/2013 24.225
1/18/2013 3.315 5/6/2013 21.165
1/30/2013 48.705 5/7/2013 1.02
2/2/2013 1.02 5/17/2013 25.5
2/5/2013 1.02 5/18/2013 12.495
2/7/2013 1.02 6/1/2013 22.44
2/8/2013 6.375 6/5/2013 8.415
2/10/2013 35.955 6/6/2013 10.71
2/11/2013 2.295 6/10/2013 34.935
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APPENDIX C. ELEMENTAL CHEMISTRY.
Sample Date Al Al B B Ba Ba Ca Ca Co Co Fe Fe
(M) | STD | (M) | STD | (M) | STD | (mM) | STD | (M) | STD | ( M) | STD
10.19UPS1| Oct-12 0.664 | 0.488 | 14.842| 4.433 | 0.239| 3.060 | 1.223 | 0.068 0.214 | 0.359
10.19W1S1| Oct-12) 0.507 | 0.488 | 67.823| 4.433 | 71.140| 3.060 | 1.147 | 0.068 | 0.127 | 0.015| 0.084 | 0.359
10.19W2S1| Oct-12) 0.492 | 0.488 | 64.889| 4.433 | 69.127| 3.060 | 1.159 | 0.068 | 0.127 | 0.015| 0.116 | 0.359
10.19W3S1| Oct-12) 0.572 | 0.488 | 52.269| 4.433 | 55.045| 3.060 | 1.322 | 0.068 | 0.102 | 0.015| 0.152 | 0.359
10.19BW1S1 Oct-12 | N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
10.19BW2S1 Oct-12 | N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
10.19BW3S1 Oct-12 | N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
10.19DNS1| Oct-12| 0.561 | 0.488 | 41.978| 4.433 | 14.809| 3.060 | 1.301 | 0.068 | 0.038 | 0.015 | 0.167 | 0.359
11.11UPS1| Nov-12 0.597 | 0.488 | N/A N/A | 2.728 | 3.060 | 1.137 | 0.068 | N/A N/A | 0.285 | 0.359
11.11W1S1| Nov-12 0.521 | 0.488 | 61.136| 4.433 | 67.911| 3.060 | 1.056 | 0.068 | 0.042 | 0.015 | 0.429 | 0.359
11.11W2S1| Nov-12 0.510 | 0.488 | 66.202| 4.433 | 64.820| 3.060 | 1.092 | 0.068 | 0.038 | 0.015| 0.767 | 0.359
11.11W3S1| Nov-12 0.573 | 0.488 | 44.271| 4.433 | 48.859| 3.060 | 1.227 | 0.068 | 0.028 | 0.015| 0.792 | 0.359
11.11BW1S1 Nov-12 | 0.556 | 0.488 | 37.062| 4.433 | 28.590| 3.060 | 1.141 | 0.068 | 0.020 | 0.015 | 0.522 | 0.359
11.11BW2S1 Nov-12 | 0.523 | 0.488 | 59.737| 4.433 | 63.000| 3.060 | 1.068 | 0.068 | 0.040 | 0.015 | 0.317 | 0.359
11.11BW3S1 Nov-12 | 0.591 | 0.488 | 48.398| 4.433 | 28.273| 3.060 | 1.188 | 0.068 | 0.019 | 0.015 | 0.408 | 0.359
11.11DNS1| Nov-12 0.875| 0.488 | 37.395| 4.433 | 9.707 | 3.060 | 1.311 | 0.068 | N/A N/A | 6.783 | 0.359
3.19UPS1 | Mar-13 0.601 | 0.488 | 0.000 | 4.433] 1.903 3.060 | 0.942 | 0.068 | 0.000 | 0.015 | 0.067 | 0.359
3.9W1S1 Mar-13| 0.501 | 0.488 | 63.072| 4.433 | 66.106| 3.060 | 1.058 | 0.068 | 0.064 | 0.015 | 0.124 | 0.359
3.9W2S1 Mar-13| 0.536 | 0.488 | 62.432| 4.433 | 67.401| 3.060 | 1.056 | 0.068 | 0.063 | 0.015 | 0.091 | 0.359
3.9W3S1 Mar-13| 0.565 | 0.488 | 59.218| 4.433 | 63.712| 3.060 | 1.066 | 0.068 | 0.057 | 0.015 | 0.580 | 0.359
3.9BW1S1 | Mar-13| 0.764 | 0.488 | 37.126| 4.433 | 29.591| 3.060 | 0.996 | 0.068 | 0.029 | 0.015 | 0.211 | 0.359
3.9BW2S1 | Mar-13| 0.584 | 0.488 | 60.495| 4.433 | 64.409| 3.060 | 1.053 | 0.068 | 0.060 | 0.015 | 0.341 | 0.359
3.9BW3S1 | Mar-13| 0.941 | 0.488 | 40.812| 4.433 | 38.366| 3.060 | 1.048 | 0.068 | 0.035 | 0.015 | 0.923 | 0.359
3.9DNS1 Mar-13| 0.833 | 0.488 | 25.370| 4.433 | 19.101| 3.060 | 1.037 | 0.068 | 0.015 | 0.015| 2.100 | 0.359
4.9UPS1 Apr-13| 0.725 | 0.488 | 43.153| 4.433 | 42.216 3.060 | 1.099 | 0.068 | 0.041 | 0.015| 1.329 | 0.359
4.6W1S1 Apr-13| 0.832 | 0.488 | N/A N/A N/A N/A N/A N/A N/A N/A | 0.442 | 0.359
4.6W2S1 Apr-13| N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A | 0.495 | 0.359
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4.6W3S1 Apr-13| 0.881 | 0.488 | 26.635| 4.433 | 21.186| 3.060 | 1.045 | 0.068 | 0.016 | 0.015 | 0.403 | 0.359
4.6BW1S1 | Apr-13| 0.692 | 0.488 | 67.487| 4.433 | 65.757| 3.060 | 1.100 | 0.068 | 0.059 | 0.015 | 0.481 | 0.359
4.6BW2S1 | Apr-13| 0.832 | 0.488 | 68.160| 4.433 | 66.201| 3.060 | 1.109 | 0.068 | 0.063 | 0.015 | 0.422 | 0.359
4.6BW3S1 | Apr-13| 0.679 | 0.488 | 65.406| 4.433 | 65.565| 3.060 | 1.077 | 0.068 | 0.055 | 0.015| 0.103 | 0.359
4.6DNS1 Apr-13| 1.741 | 0.488 | 67.259| 4.433 | 65.633| 3.060 | 1.090 | 0.068 | 0.058 | 0.015 | 1.441 | 0.359
5.19UPS1 | May-13 0.546 | 0.488 | 1.177 | 4.433| 1.769 3.060 | 0.641 | 0.068 | N/A N/A | 0.369 | 0.359
5.19W1S1 | May-13 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
5.19W2S1 | May-13 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
5.19W3S1 | May-13 1.028 | 0.488 | 26.192| 4.433 | 18.910| 3.060 | 1.074 | 0.068 | 0.018 | 0.015 | 0.922 | 0.359
5.19BW1S1| May-13 2.077 | 0.488 | 66.683| 4.433 | 64.605| 3.060 | 1.093 | 0.068 | 0.058 | 0.015 | 0.652 | 0.359
5.19BW2S1| May-13 0.868 | 0.488 | 66.452| 4.433 | 64.608| 3.060 | 1.097 | 0.068 | 0.056 | 0.015| 0.710 | 0.359
5.19BW3S1| May-13 0.814 | 0.488 | 32.203| 4.433 | 28.429| 3.060 | 1.090 | 0.068 | 0.023 | 0.015| 0.225 | 0.359
5.19DNS1 | May-13 1.026 | 0.488 | 46.590| 4.433 | 41.006| 3.060 | 1.127 | 0.068 | 0.034 | 0.015 | 0.891 | 0.359
Sample Date Mg Mg Mn Mn Se Se Ag Ag Sn Sn Sr Sr

( M) STD | ( M) STD | ( M) STD | ( M) STD | ( M) STD | ( M) STD
10.19UPS1| Oct-12 0.248 | 0.035| 0.087 1.765 N/A N/A | 0.031| 0.004 | N/A N/A 1.029 | 2.169
10.19W1S1| Oct-12 0.910 | 0.035| 0.268 1.765 14.4552.415| 0.030 | 0.004 | N/A N/A | 43.639| 2.169
10.19W2S1| Oct-12) 0.892 | 0.035| 0.741 1.765 12.359.415| 0.024 | 0.004 | N/A N/A | 42.772| 2.169
10.19W3S1| Oct-12 0.760 | 0.035| 7.025 1.765 6.9622.415| 0.029 | 0.004 | N/A N/A | 33.870| 2.169
10.19BW1S] Oct-12 | N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
10.19BW2S1 Oct-12 | N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
10.19BW3S] Oct-12 | N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
10.19DNS1| Oct-12| 0.630 | 0.035| 0.398 1.765 N/A N/A | 0.027 | 0.004 | N/A N/A | 23.484| 2.169
11.11UPS1| Nov-12 0.239 | 0.035| 1.673 1.765 0.1622.415| 0.036 | 0.004 | N/A N/A | 2.017 | 2.169
11.11W1S1| Nov-12 0.845| 0.035| 2.154 1.765 4.5992.415| 0.035 | 0.004 | 0.036 | 0.031 | 42.359| 2.169
11.11W2S1| Nov-12 0.836 | 0.035| 2.283 1.765 4.0282.415| 0.036 | 0.004 | 0.035 | 0.031 | 41.177| 2.169
11.11W3S1| Nov-12 0.681 | 0.035| 2.634 1.765 2.0032.415| 0.037 | 0.004 | 0.019 | 0.031 | 31.129| 2.169
11.11BW1S1 Nov-12 | 0.585 | 0.035| 2.052 1.765 0.4332.415| 0.038 | 0.004 | N/A N/A | 24.321| 2.169
11.11BW2S1 Nov-12 | 0.821 | 0.035| 2.218§ 1.765 5.0992.415| 0.038 | 0.004 | 0.025 | 0.031 | 40.323| 2.169
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11.11BW3S1 Nov-12 | 0.628 | 0.035| 2.011 1.765 0.7372.415| 0.039 | 0.004 | N/A N/A | 27.224| 2.169
11.11DNS1| Nov-12 0.601 | 0.035| 0.630 1.765 0.3072.415| 0.063 | 0.004 | N/A N/A | 22.046| 2.169
3.19UPS1 Mar-13 0.190 | 0.035| 0.02§ 1.765 0.5642.415| 0.000 | 0.004 | 0.000 | 0.031 | 1.447 | 2.169
3.9W1S1 Mar-13| 0.842 | 0.035| 0.347 1.765 9.4362.415| 0.028 | 0.004 | 0.089 | 0.031 | 41.965| 2.169
3.9W2S1 Mar-13| 0.843 | 0.035| 0.401 1.765 4.2942.415| 0.030 | 0.004 | 0.083 | 0.031 | 42.378| 2.169
3.9W3S1 Mar-13| 0.811 | 0.035| 0.538 1.765 2.6162.415| 0.030 | 0.004 | 0.074 | 0.031 | 40.474| 2.169
3.9BW1S1 | Mar-13] 0.518 | 0.035] 0.303 1.765 1.6042.415| 0.030 | 0.004 | 0.023 | 0.031 | 21.680| 2.169
3.9BW2S1 | Mar-13| 0.817 | 0.035] 0.505 1.765 2.9432.415| 0.029 | 0.004 | 0.070 | 0.031 | 40.802| 2.169
3.9BW3S1 | Mar-13| 0.568 | 0.035| 0.474 1.765 1.2912.415| 0.034 | 0.004 | 0.027 | 0.031 | 25.761| 2.169
3.9DNS1 Mar-13| 0.448 | 0.035| 0.917 1.765 0.7832.415| 0.028 | 0.004 | 0.000 | 0.031 | 16.689| 2.169
4.9UPS1 Apr-13| 0.616 | 0.035] 1.194 1.765 0.3782.415| 0.030 | 0.004 | N/A N/A | 27.794| 2.169
4.6W1S1 Apr-13| N/A N/A | 2328 | 1.765] N/A| N/A N/A N/A N/A N/A N/A N/A
4.6W2S1 Apr-13| N/A N/A N/A N/A N/A N/A N/A N/A | 0.003 | 0.031 | N/A N/A
4.6W3S1 Apr-13| 0.445| 0.035| 0.541 1.765 0.1512.415| 0.028 | 0.004 | 0.005 | 0.031 | 15.646| 2.169
4.6BW1S1 | Apr-13| 0.881 | 0.035] 0.541 1.765 0.1932.415| 0.029 | 0.004 | N/A N/A | 41.891| 2.169
4.6BW2S1 | Apr-13| 0.891 | 0.035| 1.077 1.765 2.3562.415| 0.028 | 0.004 | 0.014 | 0.031 | 42.350| 2.169
4.6BW3S1 | Apr-13| 0.863 | 0.035| 0.536 1.765 2.3802.415| 0.025| 0.004 | N/A N/A | 41.297| 2.169
4.6DNS1 Apr-13| 0.874| 0.035| 0.655 1.765 2.6702.415| 0.028 | 0.004 | 0.006 | 0.031 | 41.348| 2.169
5.19UPS1 | May-13 0.139 | 0.035| 0.323 1.765 0.0862.415| 0.020 | 0.004 | N/A N/A | 1.035| 2.169
5.19W1S1 | May-13 N/A N/A N/A N/A N/A N/A | 0.597 | 0.004 | N/A N/A N/A N/A
5.19W2S1 | May-13 N/A N/A N/A N/A N/A N/A N/A N/A | 0.007 | 0.031 | N/A N/A
5.19W3S1 | May-13 0.461 | 0.035| 0.848 1.765 0.1432.415| 0.148 | 0.004 | N/A N/A | 16.177| 2.169
5.19BW1S1| May-13 0.865| 0.035| 0.710 1.765 N/A N/A | 0.029 | 0.004 | N/A N/A | 42.129| 2.169
5.19BW2S1| May-13 0.871| 0.035| 0.630 1.765 1.5472.415| 0.027 | 0.004 | N/A N/A | 41.879| 2.169
5.19BW3S1| May-13 0.488 | 0.035| 1469 1.765 0.1372.415| 0.031 | 0.004 | 0.010 | 0.031 | 20.190| 2.169
5.19DNS1 | May-13 0.649 | 0.035] 0.64Q0 1.765 0.2202.415| 0.125| 0.004 | 0.009 | 0.031 | 28.916| 2.169
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Sample Date Si Si K K Na Na

( M) STD | ((mM) | STD | (mM) | STD

10.19UPS1| Oct-12 153.239| 23.579| 0.030| 0.016| 0.076 0.290
10.19W1S1| Oct-12 203.839| 23.579| 0.338 | 0.016 | 10.150| 0.290
10.19W2S1| Oct-12 203.217| 23.579| 0.332| 0.016| 9.993 0.290
10.19W3S1| Oct-12 196.813| 23.579| 0.276 | 0.016 | 8.233 | 0.290
10.19BW1S1 Oct-12 | N/A N/A N/A N/A N/A N/A
10.19BW2S1 Oct-12 N/A N/A N/A N/A N/A N/A
10.19BW3S1 Oct-12 N/A N/A N/A N/A N/A N/A
10.19DNS1| Oct-12 182.400| 23.579| 0.203 | 0.016 | 6.490 | 0.290
11.11UPS1| Nov-12 140.452| 23.579| 0.029 | 0.016| 0.137 0.290
11.11W1S1| Nov-12 253.552| 23.579| 0.297 | 0.016 | 8.681 | 0.290
11.11W2S1| Nov-12 192.685| 23.579| 0.294| 0.016| 8.518 0.290
11.11W3S1| Nov-12 170.226| 23.579| 0.224 | 0.016 | 6.313 | 0.290
11.11BW1S1 Nov-12 | 173.229| 23.579| 0.183 | 0.016| 5.094 0.290
11.11BW2S1 Nov-12 | 235.676| 23.579| 0.293 | 0.016 | 8.335 | 0.290
11.11BW3S1 Nov-12 | 169.818| 23.579| 0.206 | 0.016| 5.761 0.290
11.11DNS1| Nov-12 185.495| 23.579| 0.185| 0.016 | 5.192 | 0.290
3.19UPS1 | Mar-13 115.328| 23.579| 0.024 | 0.016/ 0.074 0.290
3.9W1s1 Mar-13 183.148| 23.579| 0.291 | 0.016 | 8.754 | 0.290
3.9W2s1 Mar-13| 180.499| 23.579| 0.288 | 0.016/ 8.789 0.290
3.9W3S1 Mar-13 175.738| 23.579| 0.282 | 0.016 | 8.415 | 0.290
3.9BW1S1 | Mar-13| 159.437| 23.579| 0.164 | 0.016| 4.698 0.290
3.9BW2S1 | Mar-13| 177.331| 23.579| 0.280 | 0.016 | 8.482 | 0.290
3.9BW3S1 | Mar-13| 147.696| 23.579| 0.183 | 0.016| 5.337 0.290
3.9DNS1 Mar-13| 141.788| 23.579| 0.131 | 0.016 | 3.674 | 0.290
4.9UPS1 Apr-13| 180.856| 23.579| 0.212 | 0.016| 5.930 0.290
4.6W1S1 Apr-13| N/A N/A N/A N/A N/A N/A
4.6W2S1 Apr-13| N/A N/A N/A N/A N/A N/A
4.6W3S1 Apr-13| 172.328| 23.579| 0.136 | 0.016 | 3.581 | 0.290
4.6BW1S1 | Apr-13| 196.855| 23.579| 0.318 | 0.016/ 9.044 0.290
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4.6BW2S1 | Apr-13| 199.717| 23.579| 0.322 | 0.016 | 9.154 | 0.290
4.6BW3S1 | Apr-13| 234.579| 23.579| 0.309 | 0.016/ 8.78Q 0.290
4.6DNS1 Apr-13| 198.650| 23.579| 0.320 | 0.016 | 8.928 | 0.290
5.19UPS1 | May-13 142.693| 23.579| 0.023 | 0.016| 0.056 0.290
5.19W1S1 | May-13 N/A N/A N/A N/A N/A N/A
5.19W2S1 | May-13 N/A N/A N/A N/A N/A N/A
5.19W3S1 | May-13 167.295| 23.579| 0.143 | 0.016 | 3.796 | 0.290
5.19BW1S1| May-13 194.024| 23.579| 0.314 | 0.016| 8.960Q 0.290
5.19BW2S1| May-13 194.775| 23.579| 0.318 | 0.016 | 9.052 | 0.290
5.19BW3S1| May-13 150.434| 23.579| 0.159 | 0.016| 4.252 0.290
5.19DNS1 | May-13 174.661| 23.579| 0.230 | 0.016 | 6.312 | 0.290
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APPENDIX D. NUTRIENT CHEMISTRY.

Sample Date F( M) | F STD cr ClI" STD Br- Br- NO3 NO3 PO, PO4
(mM) (M STD (M STD (M STD
10.19UPS1 Oct-12 2.11 0.09 0.1 3.76 0.15 0.07 7259 3.50 4.28 1.85
10.19W1S1 Oct-12 161.9% 0.09 9.25 3.76 181,84 0.07112.53 3.50 28.62 1.85
10.19W2S1 Oct-12 158.30 0.09 9.1% 3.76 22.16 0.07 84.43 3.50 0.01 1.85
10.19W3S1 Oct-12 112.21 0.09 7.3% 3.76 17.89 0.07 .00 0| 3.50 24.22 1.85
10.19BW1S1 Oct-12 75.64 0.09 4.61 3.76 15.34 0.0y 1.92 3.50 233| 1.85
10.19BW2S1 Oct-12 86.75 0.09 5.28 3.76 16.45 0.0y 1.75 350 031 1.85
10.19BW3S1 Oct-12 238.31 0.09 7.93 3.76 23.1P 0.0f 0.37 3.50 .414| 1.85
10.19DNS1 Oct-12 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
11.11UPS1 Nov-12 211 0.15 0.10 13.11 N/A N/A 25.97 0.04 4.28 0.15
11.11W1S1 Nov-12 152.74 0.15 9.61 13.11 27.20 0.15 3.88 0.04 2.20 0.15
11.11W2S1 Nov-12 149.80 0.15 9.53 13.11 22.01 0.15 N/A N/A N/A N/A
11.11W3Ss1 Nov-12 106.26 0.15 7.74 13.11 18.43 0.15 N/A N/A N/A N/A
11.11BW1S1 Nov-12 68.77 0.15 4.96 13.11 14.00 0.15 1.76 0.04 4.75 0.15
11.11BW2S1 Nov-12 80.23 0.15 5.63 13.11 15.60 0.15 1.98 0.04 1.78 0.15
11.11BW3S1 Nov-12 126.48| 0.15 8.37 13.11 22.33 0.15 0.37 0.04 4.97 0.15
11.11DNS1 Nov-12 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
3.19UPS1 Mar-13 2.07| 0.03 0.08 2.32 0.18 0.07 18.97 0.01 0.68 0.13
3.9W1S1 Mar-13 158.46 0.03 9.16 2.32 26.36 0.07 N/A N/A 5.95 0.13
3.9W2S1 Mar-13 159.21 0.03 9.20 2.32 27.61 0.07 N/A N/A 6.24 0.13
3.9W3S1 Mar-13 145.80 0.03 8.56 2.32 25.17 0.07 N/A N/A 1.35 0.13
3.9BW1S1 Mar-13 86.84| 0.03 4.70 2.32 16.10 0.07 1.62 0.01 N/A N/A
3.9BW2S1 Mar-13 157.14 0.03 9.10 2.32 27.06 0.07 0.00 0.01 0.75 0.13
3.9BW3S1 Mar-13 102.83 0.03 5.52 2.32 17.72 0.07 0.61 0.01 N/A N/A
3.9DNS1 Mar-13 63.47| 0.03 3.46 2.32 12.09 0.07 4.87 0.01 N/A N/A
4.9UPS1 Apr-13 N/A N/A 0.05 0.19 12.71 0.36 8.06 0.01 N/A N/A
4.6W1S1 Apr-13 97.86| 0.01 7.95 0.19 18.26 0.36 N/A N/A N/A N/A
4.6W2S1 Apr-13 101.85 0.01 8.01 0.19 43.11 0.36 N/A N/A N/A N/A
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4.6W3S1 Apr-13 48.64| 0.01 4.98 0.19 14.06 0.36 N/A N/A N/A N/A
4.6BW1S1 Apr-13 4.66 0.01 0.32 0.19 0.83 0.36 5.22 0.01 10.94 0.01
4.6BW2S1 Apr-13 137.63 0.01 7.82 0.19 16.45 0.36 0.49 0.01 N/A N/A
4.6BW3S1 Apr-13 68.13| 0.01 3.60 0.19 12.78 0.36 0.94 0.01 N/A N/A
4.6DNS1 Apr-13 15.65| 0.01 0.98 0.19 2.92 0.36 4.75 0.01 N/A N/A
5.19UPS1 May-13 0.40 0.02 0.07 0.32 N/A N/A 20.75 0.01 1.11 0.01
5.19W1S1 May-13 98.76 0.02 8.09 0.32 56.21 0.15 N/A N/A N/A N/A
5.19W2S1 May-13 147.16 0.02 7.96 0.32 28.60 0.15 N/A N/A N/A N/A
5.19W3S1 May-13 94.01 0.02 7.67 0.32 15.01 0.15 N/A N/A N/A N/A
5.19BW1S1 May-13 50.77 0.02 2.96 0.32 10.64 0.15 384. 0.01 N/A N/A
5.19BW2S1 May-13 148.86 0.02 7.96 0.32 16.24 0.15 N/A N/A N/A N/A
5.19BW3S1 May-13 99.60 0.02 5.34 0.32 19.22 0.15 N/A N/A N/A N/A
5.19DNS1 May-13 53.97 0.02 3.19 0.32 11.33 015 055 0.01 N/A N/A
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APPENDIX E. STABLE ISOTOPES OF WATER.

Sample Sampling Date D (%:VSMOW) O (%0 VSMOW)
+2.0 0.2
10.14 DNS1 Oct-12 -30.1 -5.5
10.14 DNS1 Oct-12 -28.7 -5.5
10.14 UPS1 Oct-12 -30.0 -5.3
10.14 UPS1 Oct-12 -31.3 -5.3
10.14 W1S1 Oct-12 -27.4 -5.7
10.14 W1S1 Oct-12 -31.0 -5.7
10.14 W2S1 Oct-12 -27.5 -5.5
10.14 W2S1 Oct-12 -31.9 -5.5
10.14 W3S1 Oct-12 -28.3 -5.6
10.14 W3S1 Oct-12 -31.2 -5.6
11.11 BW1S1 Nov-12 -30.7 -5.2
11.11 BW1S2 Nov-12 -32.0 -5.2
11.11 BW1S2 Nov-12 -31.1 -5.2
11.11 BW1S3 Nov-12 -30.6 -5.2
11.11 BW2S1 Nov-12 -29.5 -5.9
11.11 BW2S2 Nov-12 -30.2 -5.9
11.11 BW3S1 Nov-12 -26.5 -5.4
11.11 BW3S2 Nov-12 -28.6 -5.4
11.11 BW3S3 Nov-12 -30.8 -5.4
11.11 DNS1 Nov-12 -27.0 -5.6
11.11 DNS2 Nov-12 -27.3 -5.6
11.11 DNS3 Nov-12 -28.5 -5.6
11.11 UPS1 Nov-12 -28.3 -5.2
11.11 UPS2 Nov-12 -29.2 -5.2
11.11 UPS3 Nov-12 -28.5 -5.2
11.11 W1Ss1 Nov-12 -30.7 -5.6
11.11 W1S2 Nov-12 -29.9 -5.6
11.11 W1S3 Nov-12 -30.9 -5.6
11.11 W2S1 Nov-12 -31.9 -5.9
11.11 W2S2 Nov-12 -30.5 -5.9
11.11 W2S3 Nov-12 -31.8 -5.9
11.11 W3S1 Nov-12 -29.7 -5.5
11.11 W3S2 Nov-12 -31.7 -5.5
11.11 W3S3 Nov-12 -29.8 -5.5
3.9.13 BW1S1 Mar-13 -29.6 -5.5
3.9.13 BW2S1 Mar-13 -26.5 -5.7
3.9.13 BW3S1 Mar-13 -33.2 -5.3
3.9.13 DNS1 Mar-13 -30.3 -5.2
3.9.13 UPS1 Mar-13 -26.9 -5.3
3.9.13W1s1 Mar-13 -28.2 -5.2
3.9.13 W2S1 Mar-13 -31.2 -5.7
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3.9.13 W3S1 Mar-13 315 55
4.6 DNS1 Apr-13 -29.3 5.1
4.6DNS?2 Apr-13 -28.9 5.1
4.6 UPS1 Apr-13 -29.9 5.0
4.6 UPS2 Apr-13 -29.1 5.0
4.6 W1S1 Apr-13 -30.0 5.6
4.6 W1S1 Apr-13 314 5.6
4.6 W2S1 Apr-13 -31.1 5.6
4.6 W2S1 Apr-13 -33.0 5.6
4.6W3S1 Apr-13 -30.0 5.4
4.6 W3S1 Apr-13 -31.8 5.4

5.19BW1S1 May-13 -26.2 5.3

5.19BW2S1 May-13 -26.3 5.7

5.19BW3S1 May-13 -24.8 5.4
5.19DNS1 May-13 -28.6 5.3
5.19UPS1 May-13 -23.6 5.0
5.19W1S1 May-13 -31.8 5.6
5.19W2S1 May-13 -30.5 5.6
5.19W3S1 May-13 -32.3 55
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APPENDIX F. CARBON DATA.

Sample Date Alkalinity (meq)| DIC (mM)+0.5 | *C (%.VPDB)
+0.08 +0.1
10.19UPS1 Oct-12 N/A N/A -8.1
10.19W1S1 Oct-12 6.42 6.6 -0.1
10.19W2S1 Oct-12 5.93 6.0 0.6
10.19W3S1 Oct-12 6.06 6.1 -8.1
10.19BW1S1 Oct-12 N/A N/A N/A
10.19BW2S1 Oct-12 N/A N/A N/A
10.19BW3S1 Oct-12 N/A N/A N/A
10.19DNS1 Oct-12 N/A U.D. -1.2
11.11UPS1 Nov-12 3.70 2.2 U.D.
11.11W1S1 Nov-12 7.10 5.7 U.D.
11.11W2S1 Nov-12 7.18 5.8 U.D.
11.11W3S1 Nov-12 6.24 4.8 U.D.
11.11BW1S1 Nov-12 6.99 5.6 U.D.
11.11BW2S1 Nov-12 7.28 5.9 U.D.
11.11BW3S1 Nov-12 5.66 4.2 U.D.
11.11DNS1 Nov-12 4.70 3.2 U.D.
3.19UPS1 Mar-13 3.00 2.2 -5.7
3.9W1S1 Mar-13 7.37 2.4 -6.6
3.9W2S1 Mar-13 7.37 3.4 -6.1
3.9W3S1 Mar-13 7.12 3.3 -6.5
3.9BW1S1 Mar-13 4.62 2.6 -6.6
3.9BW2S1 Mar-13 7.37 3.8 -6.2
3.9BW3S1 Mar-13 5.29 1.9 -6.1
3.9DNS1 Mar-13 3.95 1.6 -5.9
4.9UPS1 Apr-13 1.87 0.3 -3.9
4.6W1S1 Apr-13 6.62 3.7 -6.6
4.6W2S1 Apr-13 6.87 2.6 -6.1
4.6W3S1 Apr-13 5.24 2.5 7.6
4.6BW1S1 Apr-13 1.75 0.1 -6.9
4.6BW2S1 Apr-13 5.93 3.4 -6.5
4.6BW3S1 Apr-13 4.12 3.4 -8.3
4.6DNS1 Apr-13 2.06 N/A N/A
5.19UPS1 May-13 1.38 0.4 -9.3
5.19W1S1 May-13 3.50 1.7 -4.0
5.19W2S1 May-13 3.76 2.3 -4.4
5.19W3S1 May-13 3.76 1.9 -4.2
5.19BW1S1 May-13 2.00 1.1 -4.4
5.19BW2S1 May-13 3.88 2.4 -4.4
5.19BW3S1 May-13 3.50 1.4 -3.7
5.19DNS1 May-13 2.50 1.4 -6.3

U.D. = Unreliable Data
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APPENDIX G. SULFUR DATA.

Sample Date HS (mM) | SO, | SO, S8 #8504
+0.04 | (mM) | STD | (%oVCDT) 0.2 | (%VCDT) +0.2
10.19UPS1| Oct-12 <LED 010 2.42 N/C N/C
10.19W1S1| Oct-12 5.95 0.00 242 N/C N/C
10.19W2S1| Oct-12 6.01 0.04 242 N/C N/C
10.19W3S1| Oct-12 5.12 010 242 29.8 N/C
10.19BW1S1] Oct-12 0.33 0.54 242 32.1 N/C
10.19BW2S1| Oct-12 5.51 050 242 20.4 N/C
10.19BW3S1| Oct-12 2.58 0.66 2.42 N/C N/C
10.19DNS1| Oct-12 0.60 N/A  2.4p N/C N/C
11.11UPS1| Nov-12 <LED 0.10 2.65 N/A N/A
11.11W1S1| Nov-12 10.62 0.0 2.65 N/A N/A
11.11W2S1| Nov-12 3.87 0.04 265 N/A N/A
11.11W3S1| Nov-12 .83 0.09 2.65 N/A N/A
11.11BW1S1] Nov-12 9.21 0.52 2.65 N/A N/A
11.11BW2S1] Nov-12 5.37 049 2.65 N/A N/A
11.11BW3S1] Nov-12 3.08 0.64 2.65 N/A N/A
11.11DNS1| Nov-12 1.32 N/Al  2.65 N/A N/A
3.19UPS1 | Mar-13 <LED 0.24 455 N/C N/C
3.9W1s1 Mar-13 1.88 0.34 455 30.9 N/C
3.9W2S1 Mar-13 1.35 0.81 4.55 30.8 N/C
3.9W3s1 Mar-13 1.35 0.56 4.55 31.1 N/C
3.9BW1S1 | Mar-13 0.22 0.63 4.55 30.5 17.1
3.9BW2S1 | Mar-13 0.85 059 4.55 30.9 N/C
3.9BW3S1 | Mar-13 0.22 0.66 4.55 31.0 21.1
3.9DNS1 Mar-13 0.17 0.50 4.55 N/A 19.1
4.9UPS1 Apr-13 <LED 0.17  0.05 N/C N/C
4.6W1S1 Apr-13 1.70 0.07 0.05 31.2 N/C
4.6W2S1 Apr-13 1.79 1.19 0.05 30.9 N/C
4.6W3S1 Apr-13 1.29 0.1§ 0.05 30.8 N/C
4.6BW1S1 | Apr-13 0.26 0.21 0.05 N/A 4.7
4.6BW2S1 | Apr-13 1.53 0.15 0.05 31.1 N/C
4.6BW3S1 | Apr-13 0.38 0.53 0.05 29.3 22.2
4.6DNS1 Apr-13 0.94 0.3 0.05 N/A 8.7
5.19UPS1 | May-13 <LED 0.25 0.14 N/C N/C
5.19W1S1 | May-13 1.91 0.20 0.14 31.0 N/C
5.19W2S1 | May-13 2.08 1.09 0.14 31.3 N/C
5.19W3S1 | May-13 1.85 1.19 o0.14 31.6 N/C
5.19BW1S1| May-13 0.62 049 0.14 N/A 11.5
5.19BW2S1| May-13 1.17 111 0.14 31.4 N/C
5.19BW3S1| May-13 0.67 0.74 0.14 N/A 29.5
5.19DNS1 | May-13 0.70 0.48 0.14 N/A 18.1

N/C= not collected; N/A= no data
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APPENDIX H. BIOFILM COVERAGE.

Sample Date Biofilm Coverage (%)
10.19W1S1 Oct-12 71
10.19W2S1 Oct-12 11
10.19W3S1 Oct-12 24

10.19BW1S1] Oct-12 12
10.19BW2S1| Oct-12 22
10.19BW3S1] Oct-12 4
10.19DNS1 Oct-12 14
11.11W1S1| Nov-12 29
11.11W2S1 Nov-12 10
11.11W3S1| Nov-12 43
11.11BW1S1] Nov-12 29
11.11BW2S1] Nov-12 26
11.11BW3S1] Nov-12 28
11.11DNS1 Nov-12 60

3.9W1S1 Mar-13 47

3.9W2S1 Mar-13 27

3.9W3S1 Mar-13 15
3.9BW1S1 Mar-13 63
3.9BW2S1 Mar-13 14
3.9BW3S1 Mar-13 44

3.9DNS1 Mar-13 65

4.6W1S1 Apr-13 46

4.6W2S1 Apr-13 28

4.6W3S1 Apr-13 25
4.6BW1S1 Apr-13 56
4.6BW2S1 | Apr-13 56
4.6BW3S1 Apr-13 44

4.6DNS1 Apr-13 53

5.19W1S1 May-13 37
5.19W2S1 May-13 30
5.19W3S1 May-13 21
5.19BW1S1| May-13 36
5.19BW2S1| May-13 39
5.19BW3S1| May-13 29
5.19DNS1 May-13 42
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