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SUMMARY

A 165-day batch culture experiment was conducted with anoxic muds collected
from the Chattahoochee River, Georgia. The purpose of this experiment was to confirm
or deny the presence in the sediments of a process called chemolithotrophic
denitrification. Though time series data reflect a simultaneous disappearance of nitrate
and ammonium, which might indicate the presence of this process, rate, mass balance and
stable isotope tracer experiments failed to completely constrain the fate of ammonium
within the system. Despite this failure, this experiment likely rules out chemolithotrophic

denitrification is occurring in these sediments.

xi



CHAPTER 1
INTRODUCTION

1.1 Rationale and Objectives

1.1.1 Overview

Dissolved inorganic nitrogen (DIN) is ofien limiting to primary production in
natural waters. When allochthonous processes cause an increase in DIN above natural
background levels, eutrophication can result in deleterious environmental effects caused
by excessive growth of primary producers. Biological DIN removal is very important in
natural systems as a control of primary production, and is also important in engineered
systems for effluent DIN removal. Heterotrophic deﬁitrij?cation is the principle pathway
by which DIN is biologically removed: the reduction of oxidized DIN species to
dinitrogen in anaerobic environments. However, recent research by Mulder et al. (1995),
Thamdrup and Dalsgaard (2002), and their colleagues has identified a
chemolithotrophic denitrification process that may be important in nature.’
Chemolithotrophic denitrification is a microbially mediated autotrophic process that
couples ammonium and nitrate/nitrite removal and produces dinitrogen. This one-step
denitrification pathway could have important implications for wastewater treatment
processes, and may, if widespread in nature, be significant in the global nitrogen cycle.

My research attempted to demonstrate that chemolithotrophic denitrification
occurs in freshwater lacustrine sediments. I established batch cultures of anoxic riverine
muds, deprived them of O,, and manipulated their HCO3, NOs, NOy, and NH;" sources
to favor anaerobic autotrophs at the expense of heterotrophs. My goal was to enrich

naturally-occurring microbial chemolithotrophic denitrifiers from lacustrine sediments to



demonstrate the existence of this pathway in nature. Mass balance investigations of
nitrogen partitioning within the cultures were unable to demonstrate the presence of

chemolithotrophic denitrifiers within these sediments.

1.1.2 Background

Denitrification is classically defined as nitrate (or nitrite) reduction by
heterotrophic bacteria to N> (or N>O). This pathway (reaction 1) occurs under anoxic
conditions, where bacteria oxidize organic matter with nitrate rather than oxygen

(Froelich et al., 1979).

(CH,0),0s(NH,),c(H,PO,) +944HNO, —>106CO, +55.2N, + H,PO, +171.2H,0 (1)
AG® 4y =-567 kJ (mol N)”!

AG is the free energy produced by the reaction and is shown as energy released (kJ) per
mole of nitrogen. The more negative AG is, the mofe energy is available for metabolic
reactions. Therefore, as AG becomes more negative, the more energetically favorable the
reaction becomes for microorganisms to utilize as fuel for metabolism.

After oxygen is consumed, nitrate (reaction 1) is one of the next most
energetically favorable oxidants available in sediments. Reaction 1 is classically
described as being preceded by nitrification, the aerobic, microbially-mediated oxidation

of ammonium to [ultimately] nitrate (Stumm and Morgan, 1996):

ONH} +30, - 2NO; +2H,0+4H" AGy=-290 kJ (mol NH;""! @



Until recently, this coupled process (nifrification followed by denifrification) was
thought to be the only removal pathway for fixed nitrogen, both in natural settings and in
engineered wastewater treatment facilities. However, an autotrophic process has been
identified recently that microbially reduces nitrite with ammonium to produce N,. The
anaerobic pathway is thought to proceed thus (Kuenen and Jetten, 2001; Hulth ef al.,

1999):
NH} + NO; — N, +2H,0 AG4y=-298 kJ (mol N)”* (4)

Nitrite is reduced and ammonium is oxidized in a single step directly to N, gas. Nitrate
may also be reduced by ammonium, as suggested by Thamdrup and Dalsgaard in *N
tracer experiments (Richards, 1965; Bender ef al, 1977; Hulth ef al, 1999; Thamdrup et

al., 2002):
5NH; +3NO; - 4N, +9H,0+2H"* AGs=-421 kJ (mol N) (5)

Both reactions 4 & 5 denitrify ammonium in a single step, i.e. uncoupled from
nitrification or carbon oxidation. Ammonium is denitrified directly to N,. Reactions 4 &
5 have been called the “Anammox” process (Mulder ef al., 1995).

Additionally, chemolithotrophic denitrification may be catalyzed by Mn-species

and/or Fe-species via the following reactions (Luther et al., 1997; Hulth ef al., 1999):



2NO; +5Mn* +4H,0 - N, + 5MnO, +8H" ©
- AGg=-98 kJ (mol N)™!

2NH} +3MnO, +4H* — N, +3Mn** + 6H,0 . D
AG(y= -448 kJ (mol N

2NO; +10Fe* +24H,0 - N, +10Fe(OH), +18H* @®)
AGg=-638 kJ (mol N)
8NO; +5FeS +8H* —> 4N, + 580} +5Fe™* +4H,0 €)

AGy= -3352 kJ (mol N)!

If microbes perform these reactions in nature there could be important
implications for the global nitrogen cycle (Bender ef al., 1977) and for re-engineering
inorganic nitrogen removal from wastewater. Demonstrating that these reactions occur in
natural sediments would be very significant because of the potential to remove fixed
nitrogen species without the oxidation of labile organic carbon.

Nutrient levels in the Chattahoochee River, downstream of the city of Atlanta and
its wastewater treatment plants, are elevated in §'°NO; and nitrite, nitrate, ammonia, and
reactive phosphate concentrations. In fact, nitrate concentrations in the river are always
elevated (>100 uM), and at times exceed 200 uM. However, nutrient levels fall, and 8N
of NOg3™ increases, as the river ﬂqws farther soqth, i;ildic?ting nutrient loss - almost
certainly including benthic denitﬁﬁcation. !

The anoxic sediments of the upper riverine }:)ortion of West Point Reservoir, an
impoundment of the Chattahoochee River, provide the type of environment that would be
suitable for organisms performing reactions 1 —9: ajmoxic, organic carbon-rich, nutrient-

rich muds containing abundant iron and manganese-rich clays. Sediments from this area



were incubated in anoxic batch cultures and manipulated for nitrate, nitrite, ammonium,

and bicarbonate to search for the activity of these microbially mediated reactions.

1.2 Overview of Results

Batch culture experiments lasting 165 days Were designed to test for the presence
of chemolithotrophic denitrification to evaluate its potential importance in sediment
biogeochemistry. This microbial pathway might be fevealed through simultaneous
consumption of nitrate or nitrite and ammonium under anoxic conditions.

Denitrification is observed in the anoxic sediments of the Chattahoochee River at
West Point Reservoir in the top nine cm of sedimen%. The average nitrate loss rate in
these anoxic muds is —188 pmoles m? h™. *'NO;" tracer amendments were transferred to
labeled headspace >N, and to sediment 15N(,,g, indicating simultaneous BNO;
denitrification and reductive assimilation.

Mass balance indicated ammonium loss. The average ammonium rate in the top
six cm of sediment is -67 pmoles m™ h™'. '*NH," tracer amendments did not appear in
headspace N or sediment-N, ruling out occurrence 6f Reaction 5 and also probably
Reaction 4, as well as ammonium asSimilation as N(E,,g in the sediment. The only nitrogen
pool not measured in these experimeg_ts is dissolvedj organic nitrogen (DON).
Inconsistencies in ammonium mass bicilance and ”N?H.;+ tracer experiments may be solved
through future work including measurement of DOIILI.

These experiments failed to constrain the fatje of ammonium loss through either

{

mass balance or isotope tracer experiments. Nitrate and/or nitrite loss observed in these



experiments is most likely a heterotrophic process, but loss of ammonia to DON, or

another unmeasured nitrogen pool could not be ruled out.



CHAPTER 2
THE NITROGEN CYCLE

2.1 Summary- The Nitrogen Cycle

Nitrogen comprises 78.08 % of Earth’s atmosphere. N, gas (dinitrogen) in the
zero oxidation state is relatively inert. However, nitrogen gas can be “fixed” by
microorganisms and made bioavailiable. Nitrogen fixation is the first key step in the
nitrogen cycle (see Figure 2-1).

Nitrogen, in its fixed form, is the key component in amino acids, the building
blocks of proteins- as well as DNA and RNA. In general, organic fixed nitrogen in
solution exists primarily as urea, a waste product. Dissolved inorganic fixed nitrogen can
be found in the —III oxidation state in anoxic environments as ammonium (NH;"), or in
the +III or +V oxidation states as nitrite (NOy") or ni}:rate (NOj), respectively.
Ammonium is generated by a process called ammonification, which occurs when organic
matter containing nitrogen is broken down. In the presence of oxygen, ammonium is used
as an electron donor by organisms called nitrifiers and oxidized to nitrite and, ultimately,
to nitrate. Nitrate is the stable form of oxidized inorganic nitrogen. However, both nitrate
and nitrite can be used by some organisms, called déniniﬁers, as terminal electron

acceptors.



Figure 2-1: The Classic View of the Nitrogen Cycle: Arrows represent
the reactions and the transfer of nitrogen from one pool to another.
Nitrogen fixation and Nitrification occur in oxic environments.
Ammonification and Denitrification are anaerobic processes.
Assimilation is the uptake of inorganic fixed nitrogen by biota and
incorporation as organic-N.

NO;-

Assimilation




2.2 Nitrogen Fixation

Nitrogen fixation is the transformation of biologically unavailable N; to organic-
N. Although nitrogen fixation has an important terrestrial component linked to legume-

type plants, here I focus on aquatic and marine nitrogen fixation.

2.2.1 Linking Atmospheric and Organic Nitrogen in Aquatic Environments
Nitrogen fixation is the biologically mediated transformation of N; to organic

nitrogen by way of the nitrogenase enzyme (Stumm and Morgan, 1996).

N, +3H,(g)+2H" - 2NH; Sg) 78.8 kJ (mol N)™
= -18. 0

3[CH,0]+2N, +3H,0 + 4H* — 3CO, + 4NH; (AlGl()u)= 41215 ol
The nitrogenase enzyme is present in a few photosynthetic bacteria such as Azotobacter
and Clostridium spp., but it is found in aquatic and marine environments primarily in the
blue-green algae, also called cyanobacteria. These photosynthetic organisms take up
nitrogen gas into specialized cells called l?eterocys@ that exclude oxygen with thick cell
walls. Oxygen inhibits the nitrogenase e:ngzyme. Adcjlitionally, photosystem II, the
photosynthetic step that produces oxygen; is not fm;md in these cells (Horne and
Goldman, 1994). As a resuit, aquétic and marine ni;;rogen fixation can occur in the upper
oxygenated photic zone of the water column. Howefver, nitrogen fixation is not a light

i

limited process, and can proceed without sunlight vfia organic carbon oxidation as an

energy source.



The oceanic cyanobacterium Trichodesmium appears to be one important
exception to this rule. Oceanic Trichodesmium populations can aerobically fix N without
heterocysts, and can simultaneously evolve O, (Capone er al., 1997). Trichodesmium,
however, does not fix nitrogen at night, suggesting that this organism does not perform
 reaction 11. 'I;hese organisms are probably the most important nitrogen fixers in the

ocean, but their global role is debated (Karl et al, 1997; Zehr & Ward, 2002).

2.2.2 The Ecological Role and Global Significance of Nitrogen Fixation

The ecological role of nitrogen fixation is very important. In many natural
systems, the supply of nitrogen is limited by sources outside of the system. However, in
oligotrophic systems, allochthonous nitrogen may be nearly non-existent. Nitrogen
fixation provides a source of new, or allochthonous nitrogen to a system. When nitrogen
is assimilated as organic-N at the primary production level, new bioavailable nitrogen is
supplied to the food web by nitrogen fixation, and nitrogen limitation is avoided.

- Itis this ecological interaction that makes nitrogen fixation a globally important
process. Recent ideas have caused many to believe that marine nitrogen fixation may be
much more important on long tlmescales than once |thought (Capone, 2001). Because
nitrogen fixation may be limited in part by upper ocean iron supply, changes in iron
export to the ocean or changes in phosphorus or 8111:03 dynamics can alter the global
ocean biological CO; pump (Codispoti, 1997' Falkowski 1997; Falkowski ef al., 1998;
Boyd et al., 2000; Chisholm, 2002). If the ratlo of “the supply side” of the nitrogen cycle

(nitrogen fixation) is altered with respect to “the demand side” of the nitrogen cycle

10



(denitrification), then global carbon sequestration and glacial/interglacial climate may be

affected (Altabet ef al., 2002; Codispoti, 2002; Devol, 2002).

2.3 Nitrification

Nitrification is the microbially mediated oxidation of ammonium to nitrate or

nitrite.

2.3.1 Ammonium to Nitrate Conversion

Ammonium (NH4") in aquatic environments arises from the decay of organic
matter that contains nitrogen. Often, but not always, this decay and release of ammonium,
called ammonification, occurs in anoxic sediments. Chemolithotrophic organisms called
nitrifiers oxidize the ammonium that reaches oxic zones. Nitrate (and nitrite) is produced.

In fact, two groups of organisms carry out sequential nitrification reactions (collectively

reactions 2 & 3).
2NH } +30, - 2NO; +2H,0 +4H* )

: . AG=+-290.4 kJ (mol N)*
INO; +0, - 2NO; )

. AG(3)= -72.1 kJ (mol N)'I
A

Nitrosomonas and Nitrosospira spp. perform reactio:n 2, the conversion ‘of ammonium to
nitrite. Nitrobacter and Nitrospira spp complete the oxidation by converting nitrite into
nitrate (reaction 3). Nitrification is mhlblted by sulfilde (HS") generated in anaerobic
sediments. This inhibition may be of ecologlcal 1mportance especially in sulfide-rich

coastal marine waters (Joye and Hollibaugh, 1995).

11



2.3.2 The Ecological role and Global Importance of Nitrification

Nitrification is very important for nutrient availability. Ammoniﬁm is not as
mobile in the aqueous phase as nitrate, instead tending to adsorb onto organic matter or
clay particles, especially at medium and high porosities in sediments of terrigenous origin
(Rosenfeld, 1979; Mackin and Aller, 1984). As a result, allochthonous nitrogen supplied
to receiving waters may be limited. However, nitrifiers can mobilize nitrogen and make it
more available to plants and aquatic ecosystems.

Biological nitrification is also very important in the engineered treatment of
wastewater. Aeration of ammonium rich effluents aids in the conversion of ammonium to
nitrate by nitrifiers. This nitrate can then be supplied to a denitrifier population for

nitrogen removal to N».

2.4 Denitrification

Denitrification is the removal of fixed nitrogen from a system as nitrogen gas.

2.4.1 Heterotrophic Denitrification
Heterotrophic denitrification is the microbially mediated conversion of nitrate or

nitrite to nitrogen gas using organic carbon as the electron donor.
2.4.1.1 The Classic Paradigm

Denitrification is classically defined as the microbial reduction of nitrate (or

nitrite) to N, gas, although N>O may also be produced in small (<10 %) amounts

12



(Seitzinger ef al, 1984). A better definition of denitrification is simply the production of
N, from fixed nitrogen. “Classic” denitrification (NO3™ or NO;" reduction to Ny) is a-
heterotrophic process that proceeds under anoxic conditions, where organic matter is
oxidized using nitrate as the electron acceptor (Reaction 1). Many groups of common
bacteria, such as many varieties of Psuedomonas, are capable of denitrification via the
nitrate reductase enzyme, which may be why many define denitrification as solely nitrate

or nitrite reduction to dinitrogen.

2.4.1.2 Ecological and Global Impacts of Denitrification

Denitrification “closes the loop” of the nitrogen cycle. Nitrogen fixation supplies
“new” fixed nitrogen, and denitrification removes it. Denitrification is pervasive in
environments with high organic matter content. After microbial degradation consumes all
oxygen, nitrate is the next most energetically favorable oxidant (Froelich et al., 1979).
Much of the denitrification that occurs in aquatic systems occurs in anoxic sediments,
especially those with high organic matter content (Saunders & Kalff, 2001).

Coastal margin studies have established that denitrification in estuarine and
continental margin environments is responsible for a significant amount of global
denitrification (Seitzinger et al., 1984; Devol, 1991; Seitzinger et al., 1993; Ogilvie et al.,
1997). As discussed earlier (sec. 2.2.2), it is this “démand side” of the nitrogen cycle,
coupled with nitrogen fixation that may in part help drive global climate change on

glacial/interglacial timescales.

2.4.2 Coupled Nitrification-Denitrification

13



Nitrification consumes ammonium released from the microBial degradation of
organic matter. The nitrate that is produced can diffuse back into anoxic zones, most
commonly into sediments, and be consumed by denitrifiers (Jenkins and Kemp, 1984).
This process is globally important because it denitrifies nitrogen produced within a
system. Over 10% of nitrogen incorporated during primary production over the
continental shelf may be denitrified in the sedimenté through this direct couple
(Seitzinger and Giblin, 1996). This process may also explain discrepancies in predicted
and observed denitrification rates (Seitzinger ef al., 1993). If ammonium produced within
sediment is oxidized to nitrate and immediately reduced to dinitrogen gas, then more gas
production will be observed than can be accounted for through overlying water nitrate
consumption alone (Brandes and Devol, 1997; An and Joye, 2001). There are however,
other novel microbial processes that remove fixed nitrogen as N; and also may yield
more N, production than nitrate consumption.

Additionally, anaerobic nitrification may be important in manganese rich
environments (Luther ef al., 1997; Luther et al., 1998; Hulth et al., 1999). Manganese
dioxide can react with ammonium to generate nitrate (anaerobic ammonia oxidation via
reaction 12 (Hulth et al., 1999):

NH [ +4MnO,+6H"* — NO; +4Mn*2+5H250 12)

AG2= -98 kJ (mol NO3)™!

2.4.3 Suboxic Denitrification with Metals

The role of iron and manganese has been shc:>wn to be important in early

diagenetic processes, especially the oxidation of orgimic matter by sedimentary bacteria

14



(Froelich et al., 1979). Recently, iron and manganese have been shown to be important in
nitrogen cycling as well (Luther ef al., 1997; Luther et al., 1998). There are several
reactions in which iron and manganese can oxidize ammonium to nitrate, and reduce

nitrate to dinitrogen (Hulth ef al., 1999).

2NO; +5Mn** +4H,0 — 5MnO, + N, +8H* ©6)
AGg= -98 kJ (mol N)!
2NH] +3MnO, +4H"* —3Mn** + N, +6H,0 @)
AGgy= -448 kJ (mol Ny
2NO; +10Fe* +24H,0 - N, +10Fe(OH), +18H* ®)
AG= -638 kJ (mol N)!
8NO; +5FeS+8H* — 4N, +5807 +5Fe* +4H,0 ©)

AGy= -3352 kJ (mol N)!

These manganese and manganese oxide reactions are likely microbially mediated under
neutral pH’s, but they can proceed abiotically at lov& pH’s (Luther and Popp, 2002). The
spatial extent and global importance of these reactions is still under debate (Luther ef al.,
1998; Dolfing, 1998; Thamdrup and Dalsgaard, 2000). However, manganese-nitrogen
interactions seem to be enhanced in bioturbated sediments, where manganese oxides are
mixed into deeper redox zones (Aller, 1990; Aller, 15994; Hulth et al., 1999; Anschultz et
al., 2000). If these reactions are widespread, then rej;evaluation of global balances in the

nitrogen cycle may be needed.

2.4.4 Chemolithetrophic Denitrification

15



There are alternative pathways by which fixed inorganic nitrogen may be
converted to dinitrogen without organic carbon oxidation. The oxidation of ammonium

by nitrate is thermodynamically feasible (Richards, 1965):

5NH; +3NO; — 4N, +9H,0+2H" ®)
AG(s) =421 kJ (mol N03.)-l

Because this reaction produces /3 more N>-N per mole of nitrate consumed than
heterotrophic denitrification, it can explain observed excesses in N, production compared
to nitrate disappearance in the same system, and has been invoked to explain N
imbalances in anoxic sediments (Bender ef al., 1977). No direct observations of this
reaction occurred until the 1990°s. Simultaneous ammonium and nitrate disappearance
was observed in a reactor in a European wastewater ﬁeaMent facility (Mulder ef al.,
1995). Termed “Anammox” (for ANaerobic AMMonium OXidation), the process was
found to consume ammonium and nitrate biologically in the absence of oxygen, which
reversibly inhibits the process (van de Graaf et al., 1995; Strous ef al., 1997). It was later
determined that nitrite, not nitrate, is the ammonium oxidant according to the reaction

(Kuenen and Jetten, 2001; Sliekers ef al., 2002):

NH{ +NO; - N, +2H,0 @
- AGy =-298 kJ (mol N)™*

This reaction yields about 53 % of the free energy per mole of N as reaction 1.
The Anammox organism is a member of the (f)rder Planctomycetes. Identified as

the chemolithotroph Candidatus Brocadia anammwfcidans, this organism shares the 16S
I
|
rRNA gene with some Nitrosomonas species (van de Pas-Schoonen et al., 2000; Casiotti

and Ward, 2001; Kuenen and Jetten, 2001). This relétionship suggests a common
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ancestor and the possibility that similar anaerobic ammonium oxidizers might occur in
nature (Schmid et al., 2000).

These organisms prefer a pH range of 6.7 — 8.3, and their optimal temperature
range is 20 —40° C (Strous ef al., 1999). These unique bacteria grow rather slowly, with a
doubling time of 11 days. Hydroxylamine and hydrazine are metabolic intermediates (van
de Graaf et al., 1997; Schalk ef al., 1998; Jetten et al, 1999; Schalk et al., 2000).
Specialized organelle-like structures comprised of unusual lipids, dubbed ladderines,
seem to allow these organisms to utilize these typically toxic substances in their
metabolic pathways (DeLong, 2002).

These organisms often occur in anoxic microzones of biofilms, with autotrophic,
aerobic ammonium oxidizers on the outside supplying nitrite (Seigrist ef al., 1998; Koch
et al., 2000, Egli et al., 2001). Special reactor conﬁgurations supporting such biofilms
allow for nitrogen removal from wastewater in a sinéle step without oxygen or organic
carbon addition (i.e., without coupled nitrification denitrification) (Jetten ef al., 1997,
Strous et al., 1997; Strous et al., 1998; Verstraete and Philips, 1998).

Recently, targeted gene probes and stable isotope tracer experiments have

detected evidence for chemoli&oﬁophic,ziin;moniurrlj oxidizing denitrifiers in marine
anoxic sediments and water ml@n egx;iri;)nments (':I'hamdrup and Dalsgaard, 2001;
Dalsgaard ef al., 2003; Devol, 2063; I{;uyﬁers et aI.,§2003). While ammonium oxidation
by nitrate is as yet unfound, if similar p;ocessés such as Anammox are widespread in

nature, then previous global nitrogen pudgets will need re-evaluation (see Figure 2-2).
Y i

Where denitrification estimates are basjed solely on :nitrate and nitrite disappearance, up
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to half of the total fixed nitrogen loss may be unaccounted for if direct ammonium

conversion to N gas is not included.

Figure 2-2; Alternative pathways to dinitrogen. All reaction pathways are anaerobic and
do not require organic carbon as an electron donor (heterotrophy). Anaerobic nitrification
can proceed using manganese oxide as an electron donor. Suboxic Denitrification may
use metal cations as electron donors. Chemolithotrophic denitrification is the direct
coupling of nitrate (or nitrite) and ammonium to produce nitrogen gas.

N2

Chemolithotrophic Denitrification

Subexic Denitrification w/ Metals
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2.4.5 Mn / MnO; Catalysis
Anaerobic nitrification and suboxic denitrification w/ metals can recycle
manganese within a closed system. If reactions 6 and 12 are coupled, then the overall net

reaction is identical to reaction 5:

(Reaction 6) x 4 W'+16 »MJAN/—A{
(Reaction 12) x 5= ZOM +SNH; )pf( - 204r” +51y9/

Sum = Reaction 5: SNH; +3NO; — 4N, +2H* +9H,0

Mn*2 and MnO; are completely recycled. These reactions can mimic anammoXx-type

chemolithotrophic reactions in situ with manganese acting as a redox catalyst.
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CHAPTER 3
METHODS

3.1 Sampling (Cores)

This section describes the location, materials, and methods used during the collection of
sediments from West Point Reservoir (Chattahoochee River, Georgia) and the subsequent

sectioning and placement of sediment inocula into culture flasks.

3.1.1 Core Sampling Location

The Chattahoochee River flows from northeést Georgia southwest to the Georgia-
Alabama border. The river then bends south and flows into the Apalachicola River in
Florida before emptying into the Gulf of Mexico.

The Chattahoochee River basin includes 36 counties in Georgia, and encompasses
several large metropolitan areas, including Atlanta, Ga (Cocker, 1998).

Within Georgia, the river flows through two reservoirs. Lanier Reservoir is
northeast and upstream of Atlanta, West Point Reservoir is downstream and southwest of

Atlanta near the Georgia-Alabama border. West Point Reservoir has a drainage area of

3,440 square miles, and at full stage covers 25,900 acres (Atlantic Mapping, Inc., 2000).

3.1.2.1 Core Collection and Storage

A sediment core, “Core 227, was taken on A‘;ugust 21, 2002 from the riverine
section of north West Point Reservoir south of Franjklin, Ga., near channel marker 121
(see Figure 3-1). At the time of sampling, the Southfeastem US was near the end of a

four-year drought, and the reservoir water level was very low.
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The core was taken with a 50 cm long, 9.5 cm diameter Jahnke tube. The Jahnke
tube is a clear acrylic tube with a Teflon piston at either end (Jahnke, 1988). These
- pistons can be slid from either or both ends (to pressurize the core barrel) for core
extrusion and/or pore water sampling. Pore water sampling ports are drilled at 1 cm
intervals down the side of the tube and sealed with Teflon screws that can be removed for
pore water sampling.

To take the core, the pistons were removed from the Jahnke tube and the core tube
was pushed into the sediment by hand. The sediment surface was disturbed minimally.
Once the core tube was filled with sediment to a level just below the top sampling port,
the top piston was inserted and sealed. The core was then slowly removed from the
surrounding sediments and the bottom piston was iﬁserted and sealed. The top port was
opened when the bottom piston was replaced to allqw pressure release. About 5 cm of
water remained overlying the sediments in the core tube, and the core had no headspace
gas when it was sealed. The outside of the core tube was cleaned and dried, and the
plastic end caps were replaced and the core was sealed with tape. The core was placed
upright at 4 °C for transport. Gas bubbles, presumably methane, developed within the
black-colored sediments and were visible through t;he clear acrylic Jahnke tube. The core
was stored in the sealed tube in the dark at 4°C unt?il sectioning. During storage, the core
developed a headspace gas (presumably methane) & overpressure, indicating that the

deepest sediments were methanogenic.
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Figure 3-1: Sediment Core Sample Site: The riverine portion of West

Point Reservoir shown is approximately 4 km downstream of Franklin,
Georgia. The river flows from left to right. The Core 22 sample location is
north of Brush Creek Park at channel marker 121 and is circled in red
(approximate sample location: N33° 12° 307", W85° 05" 00""). The core
was sampled from the south side of the river. The contour interval is 10
feet. NOTE: At this time the reservoir was very low due to drought
conditions. Water depth at Core 22 site was approximately 1 m (Atlantic

Mapping, Inc., 2000)

iy CME T R

22



3.1.2.2 Core Sectioning

In preparation for sectioning, the core was removed from refrigerated storage on
January 17, 2003 and placed in the dark at room temperature for 24 hrs. Small sediment
samples were taken downcore at intervals through tﬁe pore water sampling ports fﬁr
carbon content, porosity, and bulk density analysis (see section 3.3.2.7.1)

The top piston of the Jahnke tube was removed, and the overlying water was
discarded by sliding the bottom piston up, extruding the sediment in air. Three 3 cm-long
sections were sliced from the top of the core by extrﬁding the desired length out of the
top of the tube and sectioning with a stainless steel spatula. The top section (A-Section)
was taken from 0 — 3 cm downcore. The middle (B-Section) and bottom (C-Section)
sections were taken from 3 — 6 cm and 6 — 9 cm downcore, respectively. All these
procedures were done in air.

From each 3 cm section, three ~5 g sediment sample aliquots were taken. Wet
sample mass was accurately measured, and the sediment was sealed inside a short
(approximately 6 — 10 cm) length of 300,000 dalton Molecular Weight Cut-Off (MWCO)
regenerated cellulose dialysis tubing (1 dalton = the molecular weight (MW) of
hydrogen). Each segment of dlaly81s tubmg had prev1ously been rinsed three times and
soaked for 30 minutes in distilled de-1on1zed water (DDW) to remove traces of the
sodium azide storage solution (per the manufacturer s instructions). A single, weighted
dialysis tubing closure was placed on the end of thej tubing, and the tubing was then
placed into a beaker of argon-sparged river water, that had been previously sparged for
approximately 1 hr. with high-purity grade argon to;E minimize oxygen contamination.

1

After the sediment inoculum was placed inside the hialysis tubing and interior gas

23



bubbles were removed, the dialysis tubing was sealed with another weighted closure and

placed inside a culture flask filled with argon sparged river water.
'3.2 CULTURES

3.2.1 Design

Sealing sediment inocula inside a dialysis membrane serves three purposes. First,
since the inoculum is sealed, the sediment is well coﬁtained and will not suspend into the
culture media and create filtering problems, or be diluted and lost during media
replacement. Secondly, the bacterial community is held within its natural host sediments,
so the target bacterial population is encouraged to grow within the sediment or on the
inside of the membrane (at the sediment water interface) and not on the sides of the flask.
Third, a MWCO of 3x10° daltons allows free diffusion of smaller solutes (products,
reactants, cations, anions, gases, dissolved organic matter, etc.) to and from the sediment
while retaining clay particles and bacterial cells (see below).

In order to best approximate the largest MWCO that will retain bacterial cells, I
reasoned that a 0.3 um filter will retain clay particle;s and bacterial cells. If there are
approximately 1000 daltons per nm, then a MWCOEof 300,000 daltons is approximately
0.3 pm and should retain most clays and bacterial c?flls.

No attempt was made to sterilize the flask, ciialysis tubing, or media. An
unspecified microbial community (bacterial and/or li‘ungal) was observed to grow within
the flasks on the outside of the sealed inoqulum. Ho:wever, as long as this community did

not significantly affect chemical concentrations of observed species within the control
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inocula, then the presence of these incidental microbes was not a concern. These effects
are described later.

The inocula were placed into nine (three replicates from each Section) 125 mL
rubber-stoppered Erlenmeyer flasks with ~100 mL uhﬁltered, de-gassed (discussed later)
Chattahoochee river water, sampled on September 2, 2002 from the river upstream of
Atlanta as it exits Buford Dam below Lanier Reservoir. This water was stored in the dark
at room temperature. Each volume used as culture media was siphoned as needed. Water
from the Chattahoochee River below Buford Dam was chosen as stock media for a
variety of reasons. A “natural” water, as opposed to de-ionized water manufactured in the
lab, contains many of the unspecified minerals, micronutrients, vitamins, and co-factors
often required by aqueous microorganisms. Water from below the dam also has low
nitrite, ammonia, and phosphate concentrations, and relatively low nitrate concentrations
compared to the river below Atlanta (see Table 3-1).

Table 3-1: Stock Chattahoochee River water nutrient concentrations

Species Concentration (uM)
Nitrate 38
Nitrite 0.01
Ammonium 03
Reactive Phosphate 0.1 |

An additional three flasks were maintained as “active” controls (with dialysis

tubing and clamps, but no sediment inoculum). Active controls allow us to distinguish
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between reactions due to water column and sedimentary organisms. Since the stock river
water is not sterile, any microbes present are presumably viable in all three control
cultures and nine sediment cultures.

Each set of threé replicate sediment cultures and a control are called a Series and
are given the same label as the section of the core from which they were taken (A, B, or
C) as well as a number (1, 2, or 3) to designate each replicate within a series. The control
culture within each series is given the same label as that series and a “C” to designate it
as a control (e.g., A-C, B-C, C-C).

Argon is slowly bubbled through all twelve flasks to strip atmospheric gases from
the aqueous phase and fill the headspace. The outlet from the headspace of each culture is
a diffusion loop terminating in an air lock. This loop:ensures that the cultures remain
anoxic and do not develop a pressure in the headspace different than ambient.

The 12 cultures (9 inocula + 3 controls) were incubated in the dark at room
temperature (approximately 20 °C). Nutrient levels in the supernatant were monitored
periodically by sampling through a third tube out of the top of the rubber stopper (see
Figures 3-2 & 3-3). This sample tube penetrates through a small hole drilled through the
stopper to the solution in the flask. In addition to providing a sampling point, this tube
also allows fresh enriched river water to be pumped back into the flask to replace
nutritionally depleted water and the volumes withdrawn for analyses. All analyses are
performed on 10 mL sample volume. During the initial setup of each nutrient enrichment,
a large volume of stock media (unfiltered river water spiked with known concentrations
of inorganic nutrients) was bubbled with argon to remove oxygen (and N) and to replace

nutritionally depleted water in the cultures. The composition of this enriched river water
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was modified to suit the nutritional requirements of the changing bacterial communities
in the cultures.
The concentration of each analyte in the sample was multiplied by the volume in

the culture flask to estimate a mass balance.
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. ArgonIn
Tygon Tubing

Argon Out o .

Polyethylene Tubing EDS’___O(')O? 5;13

EDI; 11' 15”‘7‘““’ —_  Sample (and Re-

= Lo /mm Fill) Line
Head Space g Tygon Tubing
Approx. #5b 1 rubber 2- ILD= 0.0625in
volume = 30 mL poe Y TS Y 6 b = 0.125in
Stopper (3™ hole  \clamp

{ \ drilled)
b\ Sealed w/ Silicone

Approx. Liquid
Volume = 100 mL

~5 g sediment inoculum sealed in
300,000 dalton MWCO dialysis tubing

Figure 3-2: 125 mL Erlenmeyer Flasks for Batch Cultures. (a) FILL
CYCLE: Green Arrows indicate the flow of enriched culture media into the
flask through the Sample line and argon out; the clamp on the Argon In line
is closed. The stock media flask (under normal {blue route] gas flow) sample
line is plumbed to the sample line of each culture for re-filling. Culture
media is forced into the flask through the culture flask sample line by argon
pressure applied to the stock media flask. The flasks were not stirred (b)
SPARGE CYCLE: Grey Arrows indicate sparge argon gas flow; the clamp
on the Sample Line is closed. (¢) CULTURE CYCLE: all lines are clamped
(no argon flow). (d) SAMPLE CYCLE: Blue Arrows indicate the flow of gas
into the culture flask and the flow of sample out; the clamp on the Argon Out
line is closed. Sample volume is replaced by argon.
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Diffusion loop to
airlock (N =12)

Culture Flask IN=12; 9
cultures + 3 controls) '

Argo e

/ DISW 125 mL Flask Stocl; Culture
Media

Figure 3-3: Argon Gas Routing (Plan view) One 125 mL “saturation” flask is filled with
distilled, de-ionized water (DDW). All argon is routed first through this flask to insure

that the gas is saturated with water to prevent water loss from the cultures. Sediment
cultures are shown in gray; controls, in purple. The A-Series cultures (sediment from 0 —
3 cm downcore) and the A-Control (A-C) are plumbed to the red 4-way valve. The B-
Series cultures (sediments from 3 — 6 cm downcore) and the B-Control (B-C) are
plumbed to the blue 4-way valve. The C-Series cultures and C-Control (C-C) are
plumbed to the green 4-way valve. Each culture has ‘a letter de51gnat1ng the Series to
which it belongs and a number to differentiate it from others in that Series. This set-up is

incubated in the dark at 20 °C.
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3.2.2 Implementation
The following sections describe both the original and modified experimental

designs to test for the activity of chemolithotrophic denitrifiers in Chattahoochee River

sediments.

3.2.2.1 Sediment Addition

The three replicate cultures containing sediment collected from 0 - 3 cm
downcore are termed A-Series cultures. The three replicate cultures containing sediment
collected from 3 — 6 cm downcore are termed B-Series cultures. The three replicate
cultures containing sediment collected from 6 —9 cm downcore are termed C-Series
cultures. Each series has a fourth flask attached to its argon inlet 4-way valve that is the
control for that series. The A-Control is termed A-C; the B-Control is called B-C; and the
C-Control,.C-C. See Figure 3-3 above for series and control gas routing and set-up.

Approximately 5 g of wet sediment was placed into each segment of dialysis
tubing and placed within the appropriate culture flask. Five g of wet sediment allows for
a maximal amount of sediment to be added while prov1dmg a mass of carbon that could
be oxidized within the time scale of thls research Methods of sediment analyses are
discussed in section 3.3.2.7.1. |

Organic carbon oxidation time is imiaortant for the scaling of the

experiment. Enough organic carbon must be provid:ed within the sediment inoculum so
that trends in denitrification can be observed. Howeiver, the addition of too much organic

carbon can cause changes in observed chemical species too quickly, as well as prevent
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heterotrophic limitation (discussed later). In order to estimate organic carbon oxidation
times, an average lacustrine denitrification rate, as well as high and low ranges, were
tabulated from the literature (see Table 3-2). These rate estimates are used as a range of
potential denitrification rates for the cultures. Sample frequency, media exchange, and

carbon oxidation times can be estimated from these rates.
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Table 3-2: Lacustrine Sedimentary Denitrification Rates estimates. *o = oligotrophic. m
= mesotrophic. e = eutrophic. Rates are given in pmol N m?h™’. Average Rate = 105
pmol N m”h™!. Maximum Rate = 480.5 pmol N m?h", Minimum Rate = 1 pmol N m?h"
(after Saunders & Kalff, 2001).

Lake Location Trophic Status* Average Denitrification Rate

1

Denmark o 375
Switzerland (o] 7
Switzerland (o] 23

Canada o] 7

Canada o 1

Canada o] 1

Canada o] 9

Canada (o] 13

Canada o 2

Canada o] 5

Canada o] 179

us o 31.5
Denmark o-m 275
Denmark o-m 27

us o-m 50

us o-m 56

Austria m 125
us e 13.5
Netherlands e 128
Switzerland e 68
Switzerland e 237
Switzerland e 137
Switzerland e 82
Switzerland e 37

Denmark — 267

Denmark e - 480.5

Denmark e 326

Denmark e 252

Denmark e 179

Denmark e ; 9

Denmark e i 371

Denmark e 159.5
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A range of possible denitrification rates for the cultures was calculated at the
highest (6 cm downcore) and lowest (1 cm downcore) wet bulk density in Core 22 (see
Tables 4-9, 4-20, & 4-31 for all values from Core 22) using the high, low, and average
rates from Table 3-3. Assuming a 5 g sediment inoculum, a high and low volume was
calculated for the sediment inoculum. These volumes are equivalent to the volumes of the
dialysis tubing in which the sediments are contained. Taking these volumes as the
volumes of cylinders (radii = 0.5 cm), then high and low lengths of dialysis tubing were
calculated. From these lengths, high and low surface areas of the dialysis tubing were
calculated. These two surface areas, when multiplie(i by the high, low and average rates
from Table 3-2, provide a range of possible denitrification rates for the cultures. If the
pmoles of organic carbon in a 5 g sediment inoculum (from 1 cm and 6 cm downcore in
Core 22) are equivalent to the pmoles of nitrogen required to fully oxidize it, then the
umoles of nitrogen multiplied by the high, low, and average rates at each surface area
yield a range of organic carbon oxidation times.

Based on the range of denitrification rates provided in Table 3-2, it is possible that
in some of the warm, artificially eutrophic cultures, all of the labile organic carbon could
be oxidized within 20 days if the denitrification rate;is very fast, or several years if the
rate is relatively slow (see Table 3-3). At the fastest frate, <20 pmoles of nitrate Would be
consumed in one day. At the slowest rate, it would take several days to detect a change in
nitrate concentration. Therefore a sampling ﬁequenéy (and/or media exchange) within

the batch cultures every one to three days was chosefn.
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Table 3-3: Minimum, Maximum, & Average Nitrate Consumption Rate and Carbon
Oxidation Time Estimates. Rate in pmoles NOj" hl. Time in days. Wet Bulk Density is
1.05 g cm™ at 1 cm downcore and 1.83 g cm™ at 6 cm downcore.

1 cm downcore 6 cm downcore

Minimum Rate 0.0019 0.0011
Average Rate 0.115 0.118
Maximum Rate 0.912 0.528
Min. C,, time 9144 3.6x10°
Avg. C, time 151 3382
Max. C, time 19 743

3.2.2.2 Heterotrophic Limitation and Chemolithotrophic Enrichment

The first stage of the experiment, heterotrophic limitation, was desighed to enrich
chemolithotrophic denitrifiers by satisfying their nutritional requirements and while
simultaneously limiting the growth of heterotrophic denitrifiers. Labile organic carbon
was oxidized by repeatedly adding 200 uM nitrate to the cultures to encourage
heterotrophic denitrifiers to oxidize organic carbon by reducing nitrate. Through this
oxidation of labile organic carbon, the system was pushed toward organic carbon
limitation and the loss of the ability to use nitrate as an electron acceptor. Any potentially

poisonous gaseous waste products, such as HZS,.wefre removed from the system by argon
|

sparging and media exchange. In addition, any prot(iins produced or consumed (see

Reactions 2, 5 - 11), which might cause undesirable?changes in pH, were buffered by

bicarbonate added during the second stage of the exiperiment, (chemolithotrophic

enrichment: discussed below). Note that not all of ﬂ:1e organic carbon needs to be

oxidized, only the labile fraction. Regardless of the jorganic carbon content, as long as
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heterotrophic denitrifiers are successfully limited, the chemolithotrophic enrichment
stage should allow the autotrophs to out-compete the heterotrophs.

Once the cultures reached the stationary phase of growth with respect to nitrate
use, the supernatant in the culture was exchanged fo:r the chemolithotrophic enrichment
stage stock media containing > 1 mM bicarbonate (to prevent inorganic carbon
limitation), 200 uM nitrate (or nitrite), and 100 uM ammonium. once the heterotrophs
can no longer use nitrate or nitrite, any subsequent disappearance of nitrate or nitrite and
ammonium could be attributed to chemolithotrophic denitrification.

The experiment was conducted as a sequential, stepWise enrichment process.
Nutrients were added, and, after a period of time, the cultures were sampled. If analyses
revealed that the nutrients within each flask had bc@ome depleted, a new sequence was
started by adding fresh, nutrient amended water to the flasks. Nutrient levels in the flasks
were usually depleted after 7 — 10 days. A total volume change was initiated when
nutrient amended stock culture media was added to all cultures at the start of each
sequence. Each media replacement step is the start of a new “enrichment sequence.”
During each enrichment sequence, concentrations were measured every one to three days.
During some enrichment sequences, nutrient levels ;were not monitored. These
enrichment sequences are called “stasis sequences.’? Later enrichment sequences were
monitored only for initial and final conditions after ssequence dynamics had been well
constrained. During each “Culture Cycle” (see Figufre 3-2) of both enrichment and stasis
sequences, argon flow is off, and the argon inlet antli sample lines into the cultures are
clamped not only to allow ingrowth df qhﬁﬁogen 11|1 the headspace, but also to prevent

: I
possible atmospheric contamination due to leakage.
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Based on measured denitrification rates (nitrate or nitrite loss) during the progress
of research, it was determined that denitrification rates were too slow to allow for
heterotrophic limitation within the time scale of this work. However, it was observed that
oncé several enrichment sequences of 200 uM nitrate had been added to and used by the
cultures, ammonium levels did not increase appreciably during the sequences (see
results), as would be expected during anaerobic carbon respiration. This observation
prompted a change in experimental design. The second stage of the experiment,
chemolithotrophic enrichment, was initiated after day 25. 100 pM ammonium, and later
500 uM bicarbonate, were added to the 200 uM nitrate (or nitrite) media without first
observing heterotrophic limitation conditions. Subsequent decreases in both nitrate/nitrite
and ammonium were taken as evidence for possible activity of chemolithotrophic
denitrification,

Over this 165-day incubation, the cultures within the A, B, & C series, as well as
the controls, were all treated the same (see Figure 3-4, Table 3-4). In one enrichment
sequence, nitrite alone was added to constrain the dynamics of nitrite within the cultures

without excess nitrate addition. However, during one enrichment sequence the series
were treated differently. The A-Series anfl control re:ceived the “normal” nitrate,
ammonium and bicarbonate amendment, but ammomum amendments to the B-Series and
control were doubled. The C-Series clﬂﬁkes and coﬁtrol were amended with ammonium
and bicarbonate only (no nitrate) in ord;er to further ;:onstrain ammonium dynamics. Both
series were returned to the “normal” a@en@en& o%' nutrients during the next enrichment

sequence. A complete explanation of each enrichmqint sequence, including nutrient

additions and notable observations of each culture, éan be found in Appendix II.
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Stock River Core 22 Culture Core 22 sectioned &

Water Collected f( Flasks N\ analyzed:

Collected |-¥] for Constructed | # A-Section (0-3 cm downcore)
for culture sediment | B-Section (3-6 cm downcore)
media culture C-Section (6-9 cm downcore)

A

Sediment divided into four culture series and placed in culture flasks
under argon w/ un-amended river water:
A-Series (3 cultures w/ sediments from A-Section of Core 22)
B-Series (3 cultures w/ sediments from B-Section of Core 22)
C-Series (3 cultures w/ sediments from C-Section of core 22)
Control Series (3 cultures w/ no sediments; 1 control is included as a
part of each respective series)

Cultures (all Series)
amended w/ Nitrate
& (each nutrient
addition is called an
Enrichment Sequence)

¥

Cultures (all
Series) amended
w/ Nitrate &
Ammonium

v

Cultures (all
Series) amended
w/ Nitrite &
Ammonium

4

Cultures (all Series)
amended w/ Nitrate,
Ammonium, &
Bicarbonate

| A-Series and A-Control amended w/ Nitrate and

1 Ammonium

1 B-Series and B-Control amended w/ Nitrate and

double the normal Ammonium

I' C-Series and C-Control amended w/ Ammonium

; only

| (all series are amended with Bicarbonate)

L B BN B am e g g e

\\ | IT Cultures
RN / Terminated
[=- | I [== y_ _. (sediments dried
; Cultures i Cultures 1 | and stored for
1 Diverged | 1 Converged ! | further analysis)
______ -———r--
, t
. ’
-,’ Modified
\ 4 Isotope Pairing
' . Experiment (see
Cultures (all Series) )
amended w/ Nitrate, ] App-endlx Il fora
Ammonium, & detall.ed.
Bicarbonate description)

Figure 3-4: Experimental Protocol Flowchart. This chart shows the progression of this
experiment. A detailed description of each Enrichment Sequence is available in Appendix -
II. Black Boxes correspond to all actions up to and including Enrichment Sequence I. Red
(Heterotrophic Limitation) corresponds to Enrichment Sequences II - III. Orange
(Chemolithotrophic Enrichment begins) corresponds to Enrichment Sequences IV - VL.
Blue corresponds to Enrichment Sequence VII. Green corresponds to Enrichment
Sequences VIII — XXITI. Dashed Green lines = Enrichment Sequence XVII.

37



Table 3-4: Culture Nutrient Addition Summary. This table is a summary of the
approximate nutrient additions to the cultures during each sequence. A detailed
description of each sequence is located in Appendix II. Time series data, including initial
masses, are available in Appendix III. Cultures shown in bold are stasis sequences. Initial
masses for each stasis sequence are average masses of ~20 pmole nitrate and ~10mmole
ammonium amended enrichment sequences. These average initial masses are: 22.87
pmoles NO;3™ & 7.93 pmoles NH4" for the A-Series, 24.18 umoles NO3™ & 6.47 umoles
NH;" for the A-Control, 23.87 umoles NO3™ & 7.88 umoles NH;" for the B-Series, 24.76
umoles NO;™ & 8.76 pmoles NH," for the B-Control, 23.67 umoles NO3™ & 8.77 pmoles
NH;" for the C-Series, 25.47 pmoles NO3™ & 9.05 pmoles NH4" for the C-Control.
Asterisk denotes a single ~20 pmole nitrite addition. During Enrichment Sequence
XVII, the cultures were diverged, and masses added to the A, B, & C-Series (and
controls) are shown separately.

Sequence umoles NO; added pmoles NH," added umoles HCO, added
| 0 0 0
il 20 0 0
] 20 0 0
v 20 10 0
A" 20 10 0
vi 20 10 0
Vil 0* 10 0
Vil 20 10 0
IX 20 10 0
X 20 10 0
Xi 20 10 50
Xl 20 10 50
Xii 20 10 50
Xiv 20 10 50
XV 20 10 50
Xvi 20 10 50
XV 20 . : 10 50
XVIil (A-Series & Control) 20 .10 50
XVIII (B-Series & Control) 20 C 20 50
XVIiI (C-Series & Control) 0o 10 50
XIX 20 © 10 50
XX 20 | L0 50
50

XXI 20 P10
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3.3 METHODS
Sampling methods are addressed in section 3.3.1. Section 3.3.2 is devoted to the

analytical methods used in this research. Section 3.3.3 covers the isotope pairing method.

3.3.1 Sampling

3.3.1.1 Aqueous Culture Sampling

Aqueous culture samples were taken into polyethylene test tubes via the sample
line from each flask (see Figure 3-2). The samples were reacted unfiltered. The unfiltered
samples showed no significant turbidity blank. The samples were reacted and analyses
completed within 3 hours. Some nitrate samples were refrigerated and analyzed 12 hours

later.

3.3.1.2 Culture Headspace Sampling and 55N of N, Determination

After the final enrichment sequence (XX), cﬁlturc headspace samples were taken
into gas-tight 50 mL glass syringes fitted with a two-way valve and a medium gauge 1.5-
inch stainless steel needle. The syringe was first filled with approximately 30 mL of
argon-degassed DDW. All lines into and out of ‘the <§:ulture flask were double-clamped to
prevent atmospheric contamination. The needle was forced through the top of the rubber

i

stopper until it pierced the bottom of the stdpper mto the headspace of the flask. De-
gassed DDW was forced into the headspace, thus suipplying an overpressure. When the

plunger of the syringe was released the overpressure% forced gas headspace back into the

|
syringe. This step was repeated until the entire headspace gas was displaced with water
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and transferred to the syringe. Most of the DDW remaining in the syringe was wasted,
and the valve was closed. It was necessary to leave a small amount of DDW in the
syringe to avoid atmospheric contamination. The needle was discarded, and the syringe
was plumbed and discharged directly into an elemental analyzer/ mass spectrometer for

total N, mass and 815N-N2 determination.

3.3.2 Analytical Methods
The following section contains the analytical methods used in this research. All

culture aqueous samples were reacted unfiltered.

3.3.2.1 Reactive Phosphate

Reactive phosphate was determined by the spectrophotometric phosphomolybdate
method (Murphy & Riley, 1962; Parsons et al., 1984). Standards were made such that
their concentrations bracket the expected sample concentrations. 4 mL river samples were
filtered through 0.45 mm Acrodisk filters and reacted immediately. This method has an

error of £ 0.1 uM.

3.3.2.2 Nitrite and Nitrate Determmatlon

Nitrite was determined colonmetrlcally on a Techmcon AutoAnalyzer This
automated system reacted nitrite with sulfamlamlde The resultant complex reacted with
an N-1-napthyethylenediamine dlhydrochlonde solunon to form a light purple diazo dye.

The absorbance was measured on a colonmeter at 540 nm. Standards were made to
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bracket expected high and low nitrite and nitrate concentrations. Samples with high
nitrite were diluted 10-fold with DDW. This method has an error of + 0.4 pM.

Nitrate was determined after reduction to nitrite in a Technicon AutoAnalyzer.
The method for nitrate is the same as nitrite except for the addition of a copper-cadmium
reduction column to the AutoAnalyzer, which reduces nitrate to nitrite. Sample nitrate to
nitrite conversion was >95%. Sample volumes of < 0.64 mL were required for the
sample/rinse ratio of 2:1 that I used. Samples with high nitrite were diluted 10-fold with

DDW.

3.3.2.3 Ammonium and Exchangeable Ammonium Determination

Ammonium was determined spectrophotometrically using the indophenol blue
method (Parsons ef al., 1984). Standards were made to bracket expected high and low
concentrations. 3.5 mL samples are reacted with sodium hypochlorite and phenol in a
sodium citrate solution. Sodium nitroferricyanide dihydrate acts as a catalyst. River
samples are filtered through a 0.45 mm Acrodisk and reacted. Culture samples are
reacted unfiltered. Absorbance is measure at 640 nm in a 1 cm cell. This method has an
error of 0.1 pM.

Exchangeable ammonium was determined 0;1 wet sediments from the dialysis
tubing at the termination of the experiment. The sed:iment was divided into two fractions.
One fraction was sealed and stored at 4 °C for later janalysis of Total N (see section
3.3.2.7.2). The other fraction (dried) was washed W1th 2 M KCl solution (Rosenfeld,
1979; Mackin & Aller, 1984) at a solid to solution xr:atio of 10:1 (mg: mL). The

supernatant 2 M KClI solution was analyzed with th;e indophenol blue method for
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ammonium. Exchangeable ammonium is the mass of ammonium found in the
supernatant. This ammonium concentration value was multiplied over the entire sediment

inoculum on a mass/mass basis to determine the total exchangeable ammonium fraction.

3.3.2.4 Manganese (II) Determination

Mn (1) was determined spectrophotometrically by the formaldoxime reaction, in
most cases immediately after sampling (Brewer & Spencer, 1970). In some instances,
samples were preserved with 10% hydroxylamine hydrochloride. This method requires a
5% EDTA solution if iron interference is suspected.ZO.IOO mL of mixed reagent are
added to 1 mL of sample and absorbance is read in a 1 cm cell at 459 nm after 30

minutes.

3.3.2.5 pH Determination
pH was determined with a handheld Cole Parmer pH wand calibrated with pH 3,

7, and 10 buffers before and after each sample set.

3.3.2.6 5'°N of NO; Determination

5'°N of NO3™ was measured using the Adap{ed Ammonia Diffusion Method
!
(Sigman et al., 1997). This method reduced nitrate to ammonia with Devarda’s alloy
under alkaline conditions. The ammonia diffused 01;1t of the solution and was recovered

on an acidified glass fiber filter (GFF). This GFF was then combusted for isotopic

analyses.
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Each GFF, along with NaCl and MgO reagents were combusted at 450 °C for four
hours to remove trace organics. Samples must be in 10 % HCl cleaned and DDW rinsed
glass bottles with treaded caps. Sample volume is not crucial, but is typically <100 mL,
as long as there is sufficient nitrogen mass within the sample for detection. This mass
varies between mass spectrometers, but is targeted at 2 pmol N (Sigman ef al., 1997). For
freshwater samples, 5 g of combusted NaCl must be added to assure osmotic balance
between the solution and the filter packet (discussed below). 300 mg of MgO was added
to buffer the solution to pH ~ 9.7. The samples were evaporated to ~100 mL overnight to
drive off any ammonia. If volumes were less than 100 mL, samples were diluted with
DDW. Filter packets were added along with 0.5 g of .Devarda’s alloy. Filter packets are
constructed of a combusted and acidified (25 pL of 5 N sulfuric acid) GFF sandwiched
between two Teflon filter membranes. After packet and Devarda’s addition, samples
were tightly capped and placed in an oven at 40 °C. After 2 days, samples were shaken at
100 rpm at 40 °C for 5 days. After 5 days filter packets were removed, rinsed of debris,
and stored under vacuum in a desiccator with an open vial of concentrated sulfuric acid
(to absorb any traces of ammonia) for 3 — 4 days. %en dry, the packets were opened
under a clean bench, and the GFF was placed inside 'a compressed tin capsule for

combustion and isotopic analysis.

3.3.2.7 Sediment Analyses

The following sections discuss sediment analyses cdnducted before and after the 165-day

incubation. i

I
i
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3.3.2.7.1 Carbon Content, Porosity, & Bulk Density Determination

Carbon content within each sediment inoculum was estimated by simple loss on
ignition (LOI). Porosity, as well as wet and dry bulk density, were estimated during the
LOI determination. An aliquot of each wet sediment was weighed. The sediments were
dried at 130°C for approximately 24 hours. Once cooled, the sediments were weighed
again. The weight difference is water content. Porosity was then estimated as water loss
per gram of wet sediment. The dried sediments were ground in an agate mortar. A small
subset of dry, ground sediment was removed and weighed. This fraction was placed into
an oven for 4 hours at 485°C to burn off organic matter, cooled and re-weighed. All pre-
and post-combustion masses were recorded.

Equations used to estimate carbon content, porosity, and wet and dry bulk density
are:

my,,= wet sediment mass (g)
mry= dry sediment mass (g) (130 °C dried)
Am = mass of pore water (g) = Myes - Mayy
W, = “wet” sediment water content = 4,/ My, (2)
P = grain density (g cm’3) =25g cm™ (assumed)
¢=porosity = Wy, / (Wa + (1~ W)/ p)) (cn’lg)
B, =“wet” bulk density = p, + ¢ - (¢ x py) (g/em’)
My, = pre-ignition dry éediment ma*fss ®
Mpost = POst-ignition mass (g) (485 °jC)
LOI = mass lost on ignition = m,. - mpos, (®
OC = mass of organic carbon in sedliment =
0.40 x (LOT) +0.0025 x (Lor)2 () (Craft ef al., 1991)
%0C = percent organic carbon— OC / My (g/g) x 100



33.2.7.2 =N and 5"N of EN Determination

The solid fractions of KCl treated and untreated sediments from the exchangeable
ammonium determination were placed in an oven, covered and dried at 60 °C. The dry
sediments were ground in an agate mortar and pestle and placed in capped 10% HCI
cleaned glass test tubes to prevent any contamination with organic matter. A small
fraction (~30 mg dry sediment) of each sediment sample is compressed inside a tin

capsule and analyzed for nitrogen mass, carbon mass, 5"°C, and 5"N.

3.3.2.8 Membrane Inlet Mass Spectrometry

Membrane inlet mass spectrometry (MIMS) iis arelatively new technique that
allows for quick and precise measurement of dissolved gas (Kotiaho ef al., 1991; Kana et
al.,1994). This technique is a powerful tool for estimating denitrification rates,
particularly when coupled with the isotope pairing technique (see section 3.3.3) (Kana et
al., 1998; An et al., 2001).

This technique uses a high vacuum to strip dissolved gas from solution ﬂirough a
small membrane. The gas passes through a cryogenic loop submerged in liquid nitrogen
that is boiling and open to the atmosphere. The gas js then expanded and accelerated into
a quadrupole mass spectrometer. The standard for this technique is N; at equilibrium with
the atmosphere in two water baths held at two different temperatures. Standards are
argon, nitrogen stable isotope, and oxygen stable isotope concentrations in each water
bath for the specific temperature, altitude, and atmospheric pressure.

This system seems to yield good results for analyses of nutrient amended natural

samples. However, my argon-sparged samples produced an over-response for argon.,
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Argon concentrations appeared to be up to 4 times over-saturated (400% of the pure Ar-
gas solubility). This over-saturation is not possible at the temperature (~20 °C) and
pressure (~1 atm) of my cultures, and is probably due to saturation of the detector. Argon
in the standard is in relatively small concentrations (atmosphere = ~1 % argon). When
relatively large amounts of argon are introduced from my argon-saturated cultures, the
effect is noticeable. Because of this unknown “argon effect,” the measured masses of all
other gas in solution within my cultures are unknown since I have no standard for
comparison. As a result, further MIMS determinations on the aqueous phase of my
cultures were abandoned.

Additionally, I discovered that a boiling liquid nitrogen or argon cold trap open to
the atmosphere in a laboratory may affect gas concentrations and isotopic abundances of
air in the lab. There is essentially an artificial sourcefof light isotopes to the air in the
room as they escape from the boiling liquid. This boi]ing liquid (either nitrogen or argon)
is located in close proximity to the water baths used for standardization and may have an
effect on the isotopic abundances and gas concentrafions in the water baths. Typically,
the cold trap is liquid nitrogen and the standard used to calibrate the MIMS is argon in
equilibrium with the atmosphere. However, when wé attempted to use liquid argon in the

cold trap, the standard was affected.

3.3.3 The modified isotope pairing technique
The isotope pairing technique is a method with which denitrification rates may be
measured using the heavy stable isotope of nitrogen N (Neilsen, 1992). When the

abundance of 'SN-NO;" is artificially increased in a system, the labeled nitrate mixes into
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the ambient nitrogen pool. When denitrifiers utilize the labeled nitrate, labeled N3 is
produced. Denitrification of labeled nitrate results in ‘the isotope pairing of two °N
labeled nitrate molecules resulting in Ny with mass 30. When a labeled nitrate molecule is
paired with an unlabeled nitrate molecule, the result production of N; with mass 29. If
two unlabeled nitrate molecules are paired during dehitriﬁcation, then there is production
of N; of mass 28. By measuring the mass of the N produced, denitrification and coupled
nitrification/denitrification rates can be calculated through the application of the

following formulae (Neilsen, 1992):

Djs = (M*NN) +2(*N*N)
Dis = ((“N"N) / 2("N15N)) * (“N"N) +2("N"*N))
where:
D;s and Dy are the rates of dénitriﬁcation of N0y
and "*NOj;" respectively.
HNN is the measured mass of *N;.

I5N'5N is the measured mass 'of 3"Nz

This method appears best ;suited for other ecfological settings, such as in coastal
and freshwater systems (RisgaardfPetefsen etal., l?j9S; Robinson, 2001). One such
limitation seems to occur becausé of ﬁdnuniform mjixing of the labeled nitrogen (Neilsen,
1992; Middelburg et al., 1996). In my system, the airgon sparging should provide

adequate stirring to overcome thié concém. One major advantage of the tracer addition is
i
that fractionation can be neglected. |
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This technique has been used to evaluate marine systems for chemolithotrophic
denitrification (Thamdrup and Dalsgaard, 2000; Thaﬁ&up and Dalsgaard, 2002;
Dalsgaard ef al., 2003; Kuypers et al., 2003).

One problem that I faced is that the pairing of the nitrogen isotopes was lost with
the abandonment of the MIMS method for determining N5, N, and 3°N,. N-isotope
determination by coupled elemental analyzer/ MS introduces splitting and re-mixing of
the nitrogen isotopes before they reach the mass spectrometer. The 8'*N can be
determined, but not the actual fractions of each isotdpe pair (i.e. % NN, ¥N'*N, and
15N5N). Another problem I faced was that the nearly 100% argon in my headspace
samples caused fractionation in the source inlet that was not accounted for by my isotope
standards. This mass bias effect in the mass spectrometer calls into question the
quantitative value of the data. Therefore, in my system, I modified the isotope pairing
method to provide a qualitative answer for the fates of ammonium and nitrate in my
system. By measuring the 5N of the dinitrogen produced, I can constrain whether or not
ammonium is being denitrified. I added labeled nitrate (240 uM nitrate; 5'>N ~ 444 %)
and unlabeled ammonium to some cultures, and 1ab¢1ed ammonium (100 pM ammonium;
8N = 469 %) and unlabeled nitrate to others (see iAppendix 1I). In cultures that
received labeled nitrate and unlabeled ammonium, \vahen nitrate is converted to
dinitrogen, the dinitrogen should have enriched >N and therefore a high 8'°N. In cultures
that received unlabeled nitrate and labeled ammonitjlm, if the 5N of the dinitrogen is
high, then ammonium is ending up as dinitrogen. Sijnce the cultures are not oxygenated,
then ammonium disappearance should be attributab:le to chemolithotrophic

denitrification. However, if labeled N; is not produced, then the tracer should be observed
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either in the organic fraction of the sediments as a high 8N of N (ammonium
disappearance can be attributed to biological uptake), in the cléy fraction (ammonium

disappearance can be attributed to fixation in exchangeable cation sites), or in DON

{unmeasured).
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CHAPTER 4
RESULTS

This chapter is organized into three major sections. The first section contains the
nutrient data collected over a six-month period from ihe Chattahoochee River. I used
these data to choose the location of Core 22. The second section contains time series data
from the cultures. These data were used to establish patterns of nutrient utilization within
the cultures and as a basis for the third section of this chapter. The third section contains
nitrate and ammonium mass and isotopic enrichment data collected from the culture
solid, aqueous, and gas phases. This section attempts to constrain the fates of nitrogen

through mass balance and stable isotope tracer investigations.

4.1 Chattaheochee River Nutrient Transects

This section is the analytical results of the nutrient transects of the Chattahoochee
River collected and averaged over a six-month period. This is the data used to choose the
area of the core sample location. The analytical data presented in this section can be
Jound in Appendix 1.

The graphs shown in Figure 4-1 are six-monﬁzh averages of (clockwise from the
top left) dissolved reactive phosphate, shown in gree;n with open green circles; nitrate,
shown in black with open black circles; nitrite, shovg)n in red with open red circles; and
ammonium, shown in blue with open blue circles. ﬂe sample dates were December 18,
2001, March 6, 2002, May 8, 2002, and June 5, 200;2. The x-axis is km downstream, and

the y-axis is the 6 month average concentration (pmfol/L). Buford Dam is located at 0 km.
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Figure 4-1: Chattahoochee River Nutrient Transects- Six-Month Average Concentration
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Water from the river below the dam is the stock rivef water used in the culture flasks.
This site reflects bottom water nutrient concentlation:s found in Lanier Reservoir.
Holcomb Bridge is located 20 km downstream and is near an intake for Atlanta’s
drinking water treatment facilities. 40 km is upstreaxﬁ of the confluence of Utoy Creek
and the Chattahoochee River. Utoy Creek is the receiving water for one of Atlanta’s
wastewater treatment plants. The 50 km sample site is downstream of the Chattahoochee-
Utoy convergence. The 96 km sample site is just upstream of two major coal fired power
plants located along the river, Georgia Power’s Planfs Yates and Wansley. 105 km
downstream is between the two power plants, and the 112 km site is downstream of the
plants. Franklin, Georgia, is 129 km downstream and is approximately 4 km upstream of
the Core 22 sample location. 172 km is downstream‘of West Point reservoir at the town
of West Point, Georgia.

Dissolved reactive phosphate (green) is below detection limits at 0 km
downstream. The PO4” concentration increases to a Iﬁaximum 0f 0.72 pmol/L between
two the coal-fired power plants (105 km), and falls to 0.27 pmol/L below the plants and
West Point Reservoir at 172 km.

Nitrate (black) is 20 pmol/L at 0 km downs@eam, and is 22 pmol/L at 20 km
downstream. The concentration triples from 53 pumol/L above Utoy Creek (40 km) to a
maximum of 157 pmol/L below the Chattahoochee - Utoy confluence (50 km). The
concentration falls across the coal-fired power plants to 105 umol/L at Franklin, Georgia
(129 km downstream). Below West Point Reservoir_, the NO3” concentration is 61

umol/L, a drop in concentration of roughly 60%.

52



Nitrite (red) is 0.08 umol/L at 0 km, and rises to a maximum of 2.11 umoVl/L at
105 km downstream between the power plants. The concentration of NO; falls to 0.7
pmol/L as it enters the reservoir at Franklin (129 km) and remains at 0.7 pmol/L below
the reservoir.

Ammonium (blue) is 0.53 pmol/L at 0 km. The concentration rises sharply
between 40 and 50 km- nearly quadrupling from 2.2 pmol/L to 7.8 umol/L respectively.
The value falls to a local minimum of 2.14 pmol/L below the coal-fired power plants, and
rises again across Franklin and the res.ervoir to 3.8 p.rhol/L at 172 km. The fall in
ammonium concentration from it’s maximum coincic_ies with the rise of nitrite to it’s
maximum, probably reflecting oxidation of ammonium to nitrite- the first step in the
nitrification sequence.

These data indicate that riverine portion of Wést Point reservoir is receiving a
high nutrient load. Elevated nitrate, nitrite, and ammonium values, coupled with the
anoxic, organic carbon rich muds found here, may provide a suitable environment for

chemolithotrophic denitrifiers.

4.2 Time Series Re:sults
The following section contains the .mmlyticaliE results of the A-, B-, & C-Series
sediment and control cultures. The A-series sedimex!;t cultures contain sediments
collected from the top 3 cm of Core 22. The B-Sen'cffs sediment cultures contain
sediments collected from 3 — 6 cm of Core 22. The ?-Series sediment cultures contain

sediments collected from 6 — 9 cm of Core 22. A dei’ﬁcription of each enrichment
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sequence can be found in Appendix II. The time series data for the A, B, C, and Control
series can be found in Appendix III.

Each time series is an average of the three replicate sediment cultures within the
series (e.g., Al, A2, &A3). Control cultures are shown separately. All “normal” 20
pmole nitrate plus 10 pmole ammonium amended enrichment sequences are plotted
together over ten days to establish series behavior dufing an enrichment sequence. The
complete time series plot for each analyte (NO3", NO,’, NH,", pH, & Mn*?) during each
individual sequence can be found in Appendix IV,

In general, when nitrate is added, it disappeafs from solution over the course of
several days. Over this time, nitrite accumulates to a maximum and then disappears in the
sediment cultures- presumably reflecting the reduction of nitrate to nitrite and then
subsequent nitrite reduction (nitrite accumulates to a maximum in the control cultures).

When ammonium is added, the mass of ammonium in solution decreases with time.

- 4.2.1 Nitrate Mass vs. Time

Figures 4-2 through 4-7 show average nitrate mass vs. time for the three
culture series. The x-axis is time in days. The y-axis is mass in units of pmoles. Nitrate is
plotted with open black circles. The first-order rate equation of each trend line is in the
form N=N,e™*, where N is the mass of nitrogen, N, is the average initial nitrate addition, t
is time in days, and k is the rate constant in day™. The lines represent the best fit
exponential curves to the data,

In the control cultures (Figures 4-2 through 4-4, A-C, B-C, & C-C) nitrate loss

was slow and nearly linear with time. While there was considerable scatter (R>~0.5),
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Figure 4-5: A-Series Sediment Culture Nitrate Mass versus Time
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Figure 4-7: C- Series Sediment Culture Nitrate Mass versus Time
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nitrate mass in solution always decreased with time. The first order rate constants for A-
C, B-C, and C-C were —0.07, -0.05, and —0.07 day respectively.

In the A, B, & C-Series sediment cultures, shown in Figures 4-5 through 4-7,
nitrate also always decreased with time. While R? showed scatter comparable to the
control cultures, the first order rate constants for the A, B, & C-Series sediment cultures
were an order of magnitude larger, -0.26, -0.22, and —0.38 respectively. In all three series,
the addition of ammonium and bicarbonate appeared to have no observable effect on
nitrate disappearance (see Appendix II and Appendi;i V).

These data indicate that sediment addition had a clear affect on nitrate dynamics.
The control cultures consumed nitrate slowly and aré probably zero order with respect to
nitrate utilization. Sediment cultures consumed nitraie much faster and nitrate utilization

is well represented by a first order loss.

4.2.2 Nitrite Mass vs. Time

Figures 4-8 through 4-13 show the average nitrite mass vs. time for the
three culture series. The x-axis is time in days. The y-axis is mass in units of pmoles.
Nitrite is plotted with open red circles.

In Figures 4-8 through 4-13, the control cultu;rei nitrite accumulated to a maximum at the
NI
end of the enrichment sequence. This accumulétion probably reflects the reduction of
nitrate to nitrite, the first stage of demtr1ﬁcat101}1.j However, nitrate loss did not equal
I

X 1‘ i | - . .
nitrite gain. In the sediment cultures, nitrite acc:jtl‘mulated to a maximum much earlier in
RN
R
the sequence, usually at one to four days, and t1?¢n disappeared from solution.

I
[
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This disappearance probably reflects reduction of nitrite to dinitrogen, the second
stage of denitrification. Again, nitrate loss did not eqﬁal nitrite gain. When ~20 pumoles
nitrite were added to the cultures in Enrichment Sequence XVII (see Appendix II and
Appendix IV), nitrite disappearance behavior was very similar to nitrate disappearance.
The A, B, and C-Series sediment culture first order nitrite rate constants (for nitrite
amended Enrichment Sequence XVII only) are -0.64, -0.25, and —0.31 day™ respectively.
The A-C, B-C, & C-C first order nifn'te rate constants for Enrichment Sequence XVII are
-0.06, -0.03, and ~0.05 day™ respectively. Unfortunately, the overall observed behavior
of the control and sediment cultures was not readily modeled by simple first order rate
equations. As a result, nitrite is omitted from mass balance calculations (nitrite-nitrogen
addition was <5% of total nitrate-nitrogen addition).

In the control cultures, net nitrite gain was observed. This gain was
smaller than nitrate loss, and probably reflects nitrate reduction to nitrite with a small
amount of nitrite utilization. This behavior is in stark contrast to the sediment cultures,

which showed faster nitrite production and near zero net nitrite gain.

4.2.3 Ammonium Mass vs. Time

Figures 4-14 through 4-19 show the average ammoqium mass vs. time for the three
culture series. The x-axis is time in days. The y—axis: is mass in units of pmoles.
Ammonium is plotted with open blue circles. The ﬁfrst-order rate equation of each trend
line is in the form N=N,e™™, where N is the mass of fnitrogen, N, is the average initial
ammonium addition, t is time in days, and k is the l‘t:lte constantin day™. All cultures

showed ammonium loss with time. A-C & C-C were nearly linear versus time with
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Figure 4-15: B-Control Ammonium Mass versus Time
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Figure 4-17: A-Series Sediment Culture Ammoniu.in Mass versus Time
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Figure 4-18: B- Series Sediment Culture Ammonium Mass versus Time
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respect to nitrate mass. The first order rate constant for A-C and C-C was -0.04 day™.
The first order rate constant for B-C was an order of ;nagIﬁmde larger than the other two
controls, -0.29 day". This control culture was simila: to the A and B-Series sediment
cultures with rate constants of —0.32 and -0.27 day™ fespectively. The C-Series sediment
cultures were very similar to A-C and C-C, showing inore linear behavior with respect to

ammonium and a smaller rate constant, -0.06 day™.

4.3 Mass Bglanée

The following sections attempt to constrain the fates of ammonium and nitrate in
the cultures through mass balance and isotope tracer:investigations. The first section
constrains the masses of nitrate and ammonium that were added to and disappeared from
the aqueous phase of the cultures. The second section provides the mass balance of
nitrogen in the sediments as exchangeable ammonium in clays and N in the bulk
sediment. The masses of Nz and Cyrg and relative iéotopic enrichments of sediments
labeled with *NO;™ or *’NH," provide clues to the ihteractions of these species within the
solid phase of the cultures (including biological assimilatory activity within the
sediment). The third section contains the results of t;he headspace nitrogen measurements
(gas phase) conducted at the end of the isotope tracelr experiment. The results of that
section, while quantitatively problematic, provide aélditional qualitative clues to the fates

of ammonium and nitrate within the system.

|
|
4.3.1 Nutrient Addition and Disappearance
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Table 4-1 contains the average mass data of ﬂitrate and ammonium added and lost
for the three series. These data reflect the total mass of each nitrogen species added to the
system and the total mass of nitrogen that disappeared during the 165-day incubation.
The data presented in this section are in units of pmoles.

The A-Series sediment cultures were amended with an average of 441.3 pmoles
NOs" total. A total of 374.4 umoles NOj3™ disappeared from the A-Series, a total
utilization of 85 %. Similarly, A-C, the A-Series conu'ol culture, was amended with 466.4
pmoles NO;" total. However, a total loss of only 197.2 umoles, or 42 %, was observed.

The A-Series showed similar behavior with respect to ammonium. The sediment
cultures were amended with 142.9 pmoles NH," total; while 113.3 pmoles, or. 79 %,
disappeared. The control culture, A-C, was amended with 138.8 umoles NH,4*, and
showed a total loss of only 36.2 umoles NH;", or 26 %.

The B-Series sediment and control cultures were similar in behavior to the A-
Series with respect to both nitrate and ammonium. The B-Series sediment cultures were
amended with 451.2 ymoles NO;", and 71 %, or 318.6 umoles NO;™ disappeared. B-C,
the B-Series control, lost 31 %, a total of 149.9 p.mqles NOj™ out of 477.2 pmoles NO3”
added. Ammonium loss in the B;Sefies sediment cultures was 112.7 pmoles NH4" out of
150.4 pmoles NH," added total, a total loss of 75 %. B-C showed a total disappearance of
38.1 umoles NH;" from 168.5 pmoles NH," added tjotal, or 23 %.

The C-Series cultures also showed similar btfahavior with respect to nitrate. A total
of 436.4 pmoles NO3™ were added to the C-Series‘se;diment cultures, and 92 %, or 402.4
pmoles NOj", disappeared. C-C lost 243.6 pmoles I\_EIO3', or 52 % of the 469.8 umoles

NO;" added total. However, with respect to ammonium, all of the C-Series cultures
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Table 4-1: Culture Fixed Nitrogen Addition and Consumption. ZNO3™ Added is the total
pmoles of nitrate added to the cultures. ANO;"is the total pmoles of nitrate consumed by
the cultures. ENH4" Added is the total pmoles of ammonium added to the cultures.
ANHy" is the total pmoles of ammonium consumed by the cultures ANO;” & ANH," for
each stasis sequence are calculated using the formula: ([N]imi:e™), where the average rate
constant (k) is used for stasis sequences, [N]ini is the mass of nitrogen initially added at
the start of the sequence, and t is the length of each stasis sequence. The AN for each
stasis sequence is added to the total for the series.

Culture XINO; Added (pmoles) ANO;" (umoles)
A1 Series Avg. = Series Avg. =
A-2 441.3 -374.4
A-3
B-1 Series Avg. = Series Avg. =
B-2 451.2 -318.6
B-3
C-1 Series Avg. = Series Avg. =
Cc-2 436.4 -402.3
C-3
A-C 466.4 -197.2
B-C 477.2 -149.9
Cc-C 469.8 -243.6

Culture =NH," Added (umoles) ANH,*(umoles)
A-1 Series Avg. = Series Avg. =
A-2 142.9 ' -113.3
A-3
B-1 Series Avg. = Series Avg. =
B-2 ‘ 150.4 ~-112.7
B-3 :

C-1 Series Avg. = Series Avg. =
C-2 157.9 -50.4

C-3 ’

A-C 138.8 -36.2
B-C 168.5 -38.1

Cc-C 163.0 -43.8
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showed behavior like the A and B-Series control cu]fures. The C-Series sediment cultures
were amended with 157.9 pmoles NH;". Only 50.4 umoles NH,", a total of 32 %,
disappeared. C-C was amended with 163 pmoles NH,", and 43.8 umoles NH;", or 27 %,
disappeared from solution.

These data indicated nitrate dynamics betweep all control and sediment is very
consistent. Observed divergences in ammonium dynémics occurred between the A and B-
Series sediment cultures and the C-Series sediment cultures, where the C-Series sediment

cultures showed behavior similar to the control cultures.

4.3.2 Sediment Nitrogen Mass Balance

This section constrains nitrogen in the solid phases of the cultures. This section
does not include data on the control cultures since they contain no sediment. All data are
in pmoles per sediment culture. Exchangeable mnmpni@ is inorganic ammonium
released from clays by cation exchange. Sediment total nitrogen is presented as two
values, one value before cation exchange and one vélue (denoted by an asterisk) after

cation exchange. Also presented here are the stable isotopic analyses of sediment

nitrogen. Cultures in bold were amended with ISNO%;', and all others were amended with
"NH,". The "N of sediment nitrogen is presented jboth before and after cation exchange
to determine if isotope tracers were present in the orjganic fraction (sediment 8'°N*) or
the inorganic (NH,") fraction. Additionally, sedimelflt analyses of organic carbon are
presented both before (as LOI data) and after (as elejmental analyzer data) the 165-day

incubation, These values provide clues to total organic carbon fixed or remineralized
|

during this experiment.
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The data in Table 4-2 indicate that total ammonium in clays is insignificant in the
total sediment nitrogen pool. At maximum, ENH," in clays accounted for only 16 % of
the total sediment nitrogen. Additionally, the ammonium tracer did not appear in the
exchangeable ammonium pool since 8'°N is not significantly different before or after
cation exchange.

The data in Table 4-2 indicate that the °NO3™ was incorporated in the sediment
nitrogen pool as shown by elevated 5'°N. The elevated 5'°N cannot be an artifact of
15NO5 that crystallized from pore waters upon drying because the elevated 8'°N of the
sediment was retained after the sediment was washed for cation exchange. Therefore, the
15N 05 was most likely incorporated into the organic fraction, indicating reductive
anaerobic nitrate assimilation.

The ammonium isotope tracer did not appear in the sediment fraction in NH4"
amended cultures since 5'°N of the '"NH," amended cultures is small, and after cation
exchange, sediment 815N is still relatively low. This }low 8N indicates that ammonium is

not assimilated in the organic fraction of the sediments and is apparently not exchanged

into or out of clays.
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Table 4-2: Sediment Nitrogen Balance. Mass of nitrogen measured in the culture
sediments after 165 days of incubation. Cultures shown in bold italics were amended with
15N enriched nitrate; all others were amended with °N enriched ammonium. ¥NH," in
clays is total ammonium in clays extracted by cation exchange (exchangeable ammonium
determination). Sediment XN is total nitrogen in the culture sediments (umoles) Sediment
5'°N is Delta 15-N of sediment nitrogen. ”*” denotes sediment values after cation
exchange.

Culture =NH,"in clays (umoles) Sediment N (umoles) Sediment ZN* (umoles)

A-1 1.38 26.60 28.64
A-2 0.97 30.20 25.86
A-3 1.22 29.63 29.47
B-1 6.07 146.97 116.16
B-2 9.95 156.96 139.13
B-3 32.92 205.79 188.04
C-1 24.67 218.82 177.33
C-2 8.52 162.61 149.69
C-3 7.21 164.52 196.08

Culture  Sediment8N (%)  Sediment 8'*N* (%y,)

A-1 71.42 79.52
A-2 5.76 6.15
A-3 47.34 40.51
B-1 26.80 25.01
B-2 10.75 9.13
B-3 18.79 29.93
C-1 14.77 15.89
Cc-2 146.97 165.85
C-3 15.80 23.96
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Since there are relatively large masses of nitrogen in the sediment in Table 4-2, artificial
isotopic enrichment of N (on a mass basis) is overwhelmed by the natural background.
It is necessary to subtract the natural background '*N from the total mass by applying the
natural **N to "N +*N ratio (3.66 x 10 atom %) to the sediment total nitrogen mass.
This mass is subtracted from the total, and the remainder is that which was artificially
introduced (added over the course of this experiment) '°N mass per sediment culture,
shown in Table 4-3. >N mass in *NO; amended cultures is slightly higher than **N
masses observed "NH,;" amended cultures. Only culture C-2 was different, showing a

large "°N sediment component and indicating almost complete assimilation of °NO;".
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Table 4-3: Sediment '*N- Tracer Component: Mass of 1N in Culture Sediment due to
tracer addition. Natural background '°N has been subtracted. “*” denotes sediment values
after cation exchange (exchangeable ammonium determination). Cultures shown in bold
jtalic were amended with 128 nmoles of *’NOj", all others were amended with 54 nmoles

OflsNH4+.

Sample Sediment '°N Tracer Component (nmoles)
A1 8.80
A2 2.58
A3 7.14
B1 24.1
B2 16.3
B3 27.6
C1 26.0
Cc2 99.8
C3 20.2
A1* 10.3

- A2* 2.24
A3* 6.34
B1* 18.3
B2* 13.6
B3* 33.0
c1* 21.8
cz2* 102.4
C3* 30.1
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Another crucial component in the constraint of sediment mass balance is the role
of organic carbon. Oxidation of organic carbon by heferotrophic processes is reflected by
a decrease in organic carbon content from initial LOvaalues to final elemental analyzer
carbon values. Conversely, carbon fixation in the cultures is reflected by a gain of carbon
from beginning to end.

In Table 4-4, the A-Series sediment cultures reflect a predominance of carbon
fixation shown by an overall increase in carbon content. This indicates that the B and C-
Series sediment cultures show an overall decrease from initial to final values, indicative

of oxidation of organic carbon and a dominance of heterotrophic processes.

Table 4-4; 1.OI Carbon Content vs. EA Carbon Content. LOI total carbon content is
carbon content per sediment culture in pmoles measured by loss on ignition. These
values reflect the initial carbon content of the cultures. EA total carbon content is carbon
content per sediment culture in pmoles determined at the end of the experiment. These
values reflect the final carbon content in the cultures.

Culture ZCgqyin Sediments (umoles) =Cg,) in Sediments (umoles)

Al 407 490
A2 429 572
A3 428 - 543
B1 5732 | 2604
B2 6690 2727
B3 8403 ; 3646
C1 7606 ; 3606
Cc2 5845 | 2760
Cc3 6019 | 2892
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4.3.3 Headspace Nitrogen Mass Balance

Due to mass bias effects in the mass spectrometer because I used a 100 % argon
atmosphere in the cultures that is not accounted for by the isotope standards, the results
presented in this section must be evaluated qualitatively. The actual masses and partial
pressures presented here are less meaningful than the qualitative relationships that the
data imply.

In Table 4-5, total headspace N,-N mass is p;esented in pmoles. The masses
shown were in excess of the total nitrogen added duﬁng the enrichment sequence (~30
pmoles), indicating either an atmospheric leakage into the headspace or an unknown
factor introduced by the mass bias effect artificially increasing the mass of nitrogen
measured by the mass spectrometer. The most important information shown in Table 4-5
is the isotopic enrichment of the headspace gas. The data show that in '’NO;” amended
sediment cultures (shown in bold), I*N is enriched in the headspace, indicating
denitrification of nitrate to dinitrogen. In the ’NO5;” amended control (B-C), the
headspace showed little or no enrichment. In the 1>NH," amended cultures, neither
sediment nor control culture headspace gas analyses showed enrichment of '°N,
indicating that the headspace was not a sink for amnfxonium. Therefore, ammonium-
denitrification (i.e. chemolithotrophic denitrification) is not occurring. However, mass
balance indicated ammonium loss from solution. Since ammonium losses cannot be
accounted for in the sediment or gas nitrogen pools, these data offer no definitive answer

for the fate of ammonium.
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Table 4-5: Culture Headspace Nitrogen. Cultures shbwn in bold were amended with N
enriched nitrate; all others were amended with *N enriched ammonium. Headspace XN
(umoles) is total pmoles of N; found in the headspace (for enrichment sequence XXI
only). P(N2)(atm) is the partial pressure (atm.) of the dinitrogen in the headspace.

Headspace 8'°N is isotopic enrichment of 1N in the headspace gas.

Culture Headspace ZN (umoles) P(N,)(atm) Headspace 5'°N (%/y)
A-1 72.99 0.06 401.03
A-2 66.89 0.06 40.69
A-3 60.65 0.05 452.78
B-1 67.57 0.06 774.02
B-2 192.51 0.17 29.40
B-3 no data no data no data
C-1 217.66 0.18 16.73
C-2 196.32 0.17 178.41
C-3 190.56 0.17 19.72
A-C 45,65 0.04 24.15
B-C 38.72 0.03 37.57
Cc-C no data no data no data
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CHAPTER 5
DISCUSSION

5.1 Overview of Rationale and Objectives

The primary focus of this work was to test anoxic freshwater muds for the
presence of chemolithotrophic denitrification. A sediment core was collected from the
upper, riverine section of West Point Reservoir, an impoundment of the Chattahoochee
River. This portion of the reservoir receives a high nutrient load and seemed a likely
target to search for chemolithotrophic denitrification. The sediment core was sectioned,
and mud inocula from three depths were incubated fpr 165 days. During this incubation,
the concentrations of nitrate, nitrite, ammonium, and bicarbonate were manipulated in an
attempt to test for the presence of naturally occurring chemolithotrophic denitrifiers
within the sediment inocula. Rate, mass balance, and isotope tracer investigations
showing simultaneous denitrification of nitrate and ammonium might indicate the
presence of this autotrophic microbial pathway. However, my data indicate that this

process in not occurring within these anoxic lacustrine muds.

5.2 Chemolithotrophic Dfenigrifigtion
Chemolithotrophic denitrification is an alter:ilate pathway to dinitrogen. This
microbial process couples nitrate or nitrite reductior:x and ammonium oxidation to produce
dinitrogen without direct oxidation of organic carbofn (see Section 2.4). Time series data
indicated this that this process was occurring. Simuljtaneous nitrate (and nitrite) and
ammonium disappearance was observed within conFol and sediment batch cultures (see

|
Section 4.2). These data alone indicate that reactions 4 and 5 are occurring. Nitrate,
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nitrite, and ammonium rate estimates (discussed below) also indicated that these reactions
might be important. However, stable isotope tracer evidence did not support this idea and

indicated that another process was responsible for the observed behavior.

5.2.1 Culture Rate

5.2.1.1 Control Culture Nitrate and Ammonium Rates & Rate Constants
Table 5-1 contains nitrate rate constants and maximum rates (rate at t= 0 days) for
the cultures. Rate constants were calculated by a best-fit exponential curve through the

time series data (see Figures 4-2 — 4-7).

Table 5-1: Sediment and Control Culture Nitrate Maximum Rates and Rate Constants.
Rate constants (k), in day™, are estxmated from best-fit curves (see Section 4.2).
Maximum Rates (Ry), in pmoles m 2 !, were calculated from the rate constants:

Ro= (k / 24 hours) x M / 0.0015 m?) where k is rate constant, M is initial mass (mass at
t= 0 days), and 0.0015 m? is average surface area of a sediment inoculum.

Culture k(day™) R, (umoles m?h)

A-Series -0.26 -165
A-C -0.07 -49
B-Series -0.22 -146
B-C -0.05 -33 : !
C-Series -0.38 -251 c
C-C -0.07 -46 B

The control cultures represent the contributibn of all non-sédinie)ht factdrs to
s
‘ ' 1 i :
nitrogen dynamics. The control culture rates shown in Table 5 1 are snmlar to

'\H“

denitrification rates observed in oligotrophic ﬁ‘eshwater systems (seé Table 3-2). Since

heterotrophic denitrification is dependent on organic carbon, and the control cultures
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have a low organic carbon content, the control culture rates probably reflect organic
carbon limited nitrate utilization. Therefore, observed similarities to oligotrophic
denitrification rates are fitting.

Table 5-2 contains the ammonium rate constants and maximum rates of the
control and sediment cultures. Ammonium rate constants were estimated in the same
manner as nitrate rate constants (Figures 4-14 through 4-19).

Table 5-2: Sediment and Control Culture Ammonitim Maximum Rates and Rate
Constants. Rate constants (k), in day , were estimated from best-fit curves (see Section
4.2). Maximum Rates (Ry), in umoles m™ h’, are calculated from the rate constants:
Ro= (k / 24 hours) x (M / 0.0015 m?) where k is rate constant, M is initial mass (mass at

t=0 days), and 0.0015 m? is average surface area of a sediment inoculum.

Culture k(day™) R, (umoles m?h™)

A-Series -0.32 -72
A-C -0.04 -10
B-Series -0.27 -61
B-C -0.29 -72
C-Series -0.06 -14
C-C -0.04 -10

If the control cuitures approximate an oligotrophic system as indicated by nitrate
consumption rate, then some ammonium utilization is expected. Indeed, relatively slow
ammonium utilization is observed in A-C and C-C. jHowever, the ammonium rate of B-C
is seven times faster then the other control cultures. This rate suggests different
ammonium dynamics are occurring in the B-Series control culture. The relationship
between ammonium and nitrate rates in this control :culture suggests that B-C may be

supporting a population of microorganisms with different nutritional requirements than
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those inhabiting the other control cultures. The nitrogen dynamics suggested by B-C’s

rate relationship appear very similar to reaction 5.

5.2.1.2 Sediment Culture Nitrate and Ammoniuni Rates & Rate Constants

Nitrate rate constants in the sediment cultures shown in Table 5-1 are an order of
magnitude higher than the control cultures. Therefor:e, maximum nitrate utilization rates
are much faster. The sediment culture nitrate utilization rates are in fact similar to
denitrification rates observed in eutrophic lakes shown in Table 3-2. The warm, nutrient
rich culture media, coupled with sediment inocula rich in organic matter is certainly a
suitable environment for heterotrophic denitrifiers, and nitrate rate suggests heterotrophic
denitrification is important. However, ammonium utilization rates within the A and B-
Series sediment cultures are high as well. This substantial ammonium reaction rate
indicates that the nutritional requirements of the organisms in these cultures inciude
ammonium. The relationship between ammonium a;id nitrate rate in these two sediment
cultures suggests that reaction 5, probably in conjun‘ction with reaction 1, may govern

nitrogen dynamics.

5.2.1.3 Control Rates vs. Sediment Rates
The following sections compare the rates of nitrate and ammonium reaction in the
sediment cultures and the control cultures.

5.2.1.3.1 Nitrate Rates: Sediment Cultures vs. C(introl Cultures
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Nitrate rate constants in the sediment culture$ are fully an order of magnitude
higher than those of the control cultures. The flat nature of the exponential curves (see
Figures 4-2 through 4-7) for nitrate in the controls suggests that nitrate utilization rate in
the control cultures is zero-order while nitrate utilization rate in the sediment cultures is

first-order.

5.2.1.3.2 Ammonium Rates: Sediment Cultures vs. Control Cultures

Ammonium rate constants in the A and C-Series sediment cultures are an order of
magnitude higher than the A and B-Series control cultures. However, the C-Series
sediment culture rate constant is very similar to the A and C-Control rate constants. The
flat nature of the best-fit exponential curves (see Figurcs 4-14 through 4-19) indicates
that ammonium utilization rates of A-C, C-C, and tﬁe C-Series cultures are probably
zero-order. The B-Series control culture rate constant is very similar to the A and B-

Series sediment culture rate constants. The rates of these cultures are probably first-order.

5.2.2 Rates vs. Depth Downcore

The following sections discuss rates versus depth in the sediment. Since each
series contains sediment from a different depth, var;iations in rates could be attributed to
differences in substrate or microbial activities at ea%h depth. The A-Series contains
sediment from 0 — 3 c¢m in Core 22, The B-Series scjediment was collected between 3 and

6 cm downcore, and the C-Series sediment was frorfn 6 — 9 cm downcore,

5.2.2.1 Nitrate Rate Constants vs. Depth
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Nitrate utilization rate constants vary little in the top six cm (-0.24 +0.03 day™).
However, the rate constant is 63 % higher in the C-Series, -0.38 day;l. This increase in
rate constant reflects an increase in nitrate utilization rate with depth below 6 cm. This
increase in rate with depth could be due to a higher organic carbon content in the
sediment cultures from this depth. An increased availability of substrate translates into a

faster rate,

5.2.2.2 Ammonium Rate vs. Depth

Ammonium rate constants show a trend opposite from nitrate rate constants with
depth. In the top 6 cm, ammonium rate constant is —0.30 £0.03 day™. Below 6 cm,
ammonium rate constant is §0% lower at -0.06 day'I:. This trend suggests that the
microbial community below 6 cm does not require a reduced nitrogen source and that the
utilization rate that we do observe in cultures from this depth downcore is probably due

to organisms in the stock culture media.

5.2.3 Rate Constants Reproducibility

HE
b

5.2.3.1 Control Culture Nitrate & A@ménium R;ate Constants Reproducibility

The control culture rate constafriis show goo{i reproducibility with respect to
s |

nitrate. The average control culture m@éte rate cbnsiant is —0.06 + 0.01 day™. This
consistency translates into similar nitrate utilization rates within the control cultures.
I -
Ammonium rate constants show different béhavior in all of the control cultures.

!
The A and C-Series controls show good reproducibility; however, the B-Series control

82



culture is markedly different. The A and C-Controls have the same rate constant, -0.04

day™, but the B-Control has a rate constant of —0.29 day, an order of magnitude greater.

5.2.3.2 Sediment Culture Nitrate & Ammonium Rate Constants Reproducibility

The A and B-Series sediment cultures show good agreement with respect to the
nitrate rate constants. The average rate constant of these cultures is —0.24 +0.03 day™’.
The C-Series nitrate rate constant (—0.38 day™) is much greater than the other series.

The A and B-Series sediment cultures also show good reproducibility with respect
to ammonium rate constant. The average of the two cultures is -0.30 day™ and o = 0.03
day™. Again, the C-Series is unlike the other series with an ammonium rate constant of

—0.06 day™.

5.3 Mass Balance: Constraining the Fate of Ammonium

The following is a discussion of nitrogen mass balance within the A, B, and C-
Series sediment and control cultures. This discussiop is an attempt to constrain
ammonium loss within the system and thereby confirm or deny the presence of
chemolithotrophic denitrification. .

Table 4-5 shows that the 3amr§10nium and nitrfate tracers did not accumulate in the
gas phase of the control cultures in any significant axinounts (see Table 4-5 and Appendix
V). 5'°N of the headspace gas in both tracer amend¢d control cultures was small. Still,
NOs;™ and NH;" disappeared from the control culture:s. Neither nitrogen species
accumulated in the headspace as labeled N, yet the)f' disappeared from solution. This

disappearance cannot be attributed to chemolithotrophic denitrification since both
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reactions 4 and 5 would have produced labeled dinitrogen. Additionally, since labeled N,
did not appear, mass balance is not satisfied in the céntrol cultures with respect to either
species.

Therefore, nitrate nitrogen and ammonium nitrogen must remain in the control
cultures in a different, unmeasured nitrogen pool. The near zero-order nitrate utilization
rate (and ammonium in A-C and C-C) suggests two possibilities. The first explanation is
adsorption to the glass and/or plastics inside of the culture flask. This explanation seems
more likely for ammonium than nitrate, given the m?atively small mass of ammonium
that disappeared over the course of the experiment and the tendency of this cation for
adsorption. Another possibility is a small population of heterotrophic nitrate reducers
were present in the stock media. When introduced with each enrichment sequence to the
anoxic environment of the control culture flasks, these microorganisms were able to carry
out assimilatory nitrate reduction using dissolved organic matter in the stock media as a
carbon source (and possibly ammonium as an additional reduced nitrogen source). No
visible growth was observed in the controls, which suggests suspended growth was
occurring. If the population remained suspended, any evidence of this assimilatory
activity would have been lost each time the next enxﬁchment sequence was injtiated.
Without analyses of particulate organic matter in thcia aqueous phase at the end of the
modified isotope tracer experiment, no definitive aniswer can be given as to the fate of
ammonium within the controls. :

This theory suggests that the control culturesé represent true non-sediment

contributions to nitrogen dynamics. If the average n|itrate and ammonium masses used by
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the controls are averaged and subtracted from the sediment cultures, then the remainder
can be attributed to activity within the sediment.

The same mechanism operating in the control cultures seems to be occurring with
ammonium dypamics in the C-Series sediment cultures. ANH4" in the C-Series sediment
cultures (Table 4-1) is very similar to the control cultures. In fact, the C-Series sediment
cultures only used an average of 50.4 pmoles of ammonium, only 11 pmoles more than
average control ammonium uptake. This mass is within error (see Appendix IV). It is
likely that ammonium disappearance in the C-Series sediment cultures can be attributed
to the stock culture media and not processes in the sediments. Ammonium tracer
amended C-Series sediment results seem to support this theory.

Table 4-2 sediment data show little or no ammonium tracer in ""NH;* amended C-
Series sediment; however, °N does appear in '5NO§’ amended culture C-2 sediment. This
>N enrichment in C-2 suggests assimilatory nitrate ;eduction within the C-Series
sediment with little or no assimilation of ammonium. Additionally, nitrate tracer appears
in the gas phase of C-2 while ammonium tracer does not. The absence of labeled
headspace N, rules out reactions 4 and 5 in the C-Series sediment cultures. The
enrichment of "N in C-2 headspace gas does suggeét heterotrophic denitrification
(reaction 1) is occurring simultaneously with assimilatory nitrate reduction within the C-
Series sediment. Indeed, Table 4-4 suggests a predominance of heterotrophic processes in
the C-Series sediment since total carbon mass decreésed with time.

Nitrate dynamics in the B-Series sediment cgltures closely parallel those of the C-
Series sediment cultures. Nitrate tracer appears in the sediment organic matter as well as

the headspace gas, suggesting simultaneous assimilatory nitrate reduction and
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denitrification. However, the B-Series sediment cultures behave differently than the C-
Series sediment cultures and the control cultures with respect to ammonium. If the
average pmoles of NH," loss seen in the controls, 39.4 umoles NHy", is subtracted from
the B-Series sediment culture total ammonium loss, ‘1 12.7 pmoles NH,", then 73.3
umoles of NH4* can then be attributed to the activity of the sediments. This value is
outside of error. Therefore, ammonium disappears from solution in excess of what can be
accounted for by the stock media. However, this mass could certainly be accounted for in
the mass of N found in the B-Series sediment in Table 4-2; that is, /f ammonium
assimilation by sediment microorganisms is responsible for the observed ammonium loss.
Table 4-2 shows the 8!°N of the sediment N in '*’NH,* amended culture B-2 is only 10.75
% 0. Therefore, little or no ammonium tracer was incorporated into the organic matter
during the isotope tracer experiment. Table 4-5 shows that ammonium tracer does not
appear in the headspace as labeled N,. Reactions 4 and 5, as well as assimilation of
ammonium by sediment microorganisms can almost completely be ruled out. Ammonium
in clays as a potential reservoir for “excess” ammonium disappearance is ruled out
because very little mass was observed through cation exchange. Thefefore, 70.51 umoles
of ammonium must be attributed to some unknown pool that cannot be determined from
this series of experiments. NHj is not important at nieutral pH. N>O and NO are also very
unlikely products. The only other potentially significant unmeasured nitrogen pool is
dissolved organic nitrogen.

The A-Series sediment culture results are similar to the B-Series sediment culture
results. Simultaneous assimilatory nitrate reduction and denitrification are both evidenced

by the elevated 8'°N values in ""NO;” amended sediment and headspace results. Again, if
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the average ammonium loss attributed to the stock culture media, 39.4 pmoles, is
subtracted from the total ammonium lost by the A-Series sediment cultures, 113.3
pumoles, then 73.9 umoles of excess ammonium mass lost from solution must be
attributed to activity in the sediments. The A-Series sediments contain an average of 28.8
umoles of N, so the total ammonium lost from solution, even after the subtraction of the
stock culture media ammonium assimilation, can clearly not be accounted for in the
sediment organic fraction. Therefore, the activity in the sediments that is consuming the
ammonium is clearly not assimilation by microorganisms. Isotope enrichment data
support this argument. The 8'°N of the sediment N in the ammonium amended culture A-
2 shows very little 5N enrichment at 5.76 %o. Again, the ammonium tracer does not
appear in the headspace as labeled gas. These data almost completely rule out reaction 4
and S, as well as ammonium assimilation by sediment microorganisms. Ammonium in
clays cannot account for “excess” ammonium disappearance. Therefore, this 63.66 umole
ammonium loss from the A-Series cultures must also be attributed to the same unknown
pool that cannot be determined from this series of experiments.

The A-Series sediments also yield another caveat. In Table 4-4, ~100 pmoles of
carbon seem to have been fixed by the A-Series sediment cultures. This carbon fixation
could be attributed to any number of autotrophlc prc;cesses However, carbon fixation in
the “closed” system of my batch cultures should not lower pH, as shown in Appendix IV.
I cannot explain this phenomenon.

While all cultures show simultaneous nitratei and ammonium loss from solution,

the failure of this series of experiments to fully cons;train the fate of ammonium within

the system does not allow me to demonstrate the présencc of chemolithotrophic
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denitrification. The data suggest that reactions 4 and 5 are not occurring. However, the A
& B-Series both have large masses of “excess” ammc_')nium that remain un-accounted for
in the mass balance. Since the ammonium ldss in these cultures cannot be explained, no
conclusion can be drawn as to the true nature of the nitrate loss that is observed within
them. Assimilatory nitrate reduction appears to be iniportant in the nitrogen dynamics of
these sediments, as is heterotrophic denitrification (r¢action 1). However, ammonium
dynamics within both the control and sediment cultures cannot be constrained. As a
result, this experiment fails to either confirm or deny the presence of chemolithotrophic

denitrification.
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CHAPTER 6.
CONCLUSIONS

This experiment attempted to constrain the nitrogen dynamics of freshwater
sediments collected from the Chattahoochee River in western Georgia. Through a series
of nutrient additions to batch cultures, the main goal of this research was to test for the
presence of chemolithotrophic denitrification in these sediments. This autotrophic,
microbially mediated anaerobic process simultaneously removes oxidized nitrogen as
nitrate or nitrite and reduced nitrogen as ammonium‘through a direct couple to produce
N; gas. |

Time series results were encouraging. In these time series, I observed
simultaﬁeous consumption of nitrate and ammonium in anoxic sediment batch cultures.
Mass balance and isotope tracer investigations could attribute nitrate loss to reductive
assimilation and heterotrophic denitrification. Ammonium loss, though observed, could
not be attributed to assimilation or chemolithotrophic denitrification in these sediments.
Ammonium loss is attributed to an unmeasured nitrogen pool within the cultures,
possibly DON.

One major obstacle in this work was the pro?lem that arose when trying to
measure nitrogen through mass spectrometry.i The c}jnoice of a 100% argon atmosphere
seems to have been a mistake. It would seem that a liaetter choice would have been one of
the lighter noble gases such as neon or helium. Usin_?g one of these gases may have
eliminated mass bias effects and help me to better cé)nstrain gas phase nitrogen mass

balance.

89



The results of these experiments are promising. That is, while I cannot confirm
the presence of chemolithotrophic denitrification, as was my original goal, neither can I
completely rule out that this process is occurring in these sediments. The large masses of
ammonium allocated by mass balance to an unknown nitrogen pool bear further

investigation through continued research.
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The following tables contain the nutrient data collected over a six-month period
from the Chattahoochee River. Distance downstream is in kilometers below Buford Dam

at Lake Lanier reservoir. Each sample date is listed across the top of each table. All data

APPENDIX 1

Chattahoochee River Nutrient Data

is listed in units of pmoles/L. “nd” indicates that data analysis for this field was not

determined. “<dl” indicates below detection limits. Data not included in this appendix are
metalloid and silica concentrations, as well as water quality data such as pH,

conductivity, and dissolved oxygen. These data can be found included in Lesley (2003).

Table Al-1: Chattahoochee River Dissolved Reactive Phosphate Concentrations

Sample Date
Dist. Downstream (km)  12-18-01 3-6-02 5-8-02 6/5/02

0 nd nd nd <d|
20 0.23 0.13 0.09 <di
40 nd nd nd 0.31
50 nd nd nd 0.31
96 1.19 0.27 0.57 0.75
105 1.14 0.32 0.53 0.90
112 0.91 0.31 0.53 0.46
129 0.68 - 0.31 0.57 0.21
172 0.45 0.38 0.1
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Table A1-2: Chattahoochee River Nitrate Concentrations

Sample Date
Dist. Downstream (km)  12-18-01 3-8-02 5-8-02 6/5/02
0 nd nd nd .19.53
20 21.91 22.17 24.53 21.15
40 nd nd nd 52.79
50 nd nd nd 156.83
96 204.25 100.68 99.02 210.17
105 179.08 102.42 96.94 201.61
112 169.32 87.44 73.76 163.15
129 133.39 73.33 61.54 150.28
172 61.07 74.78 61.52 47.15
Table Al1-3: Chattahoochee River Nitrite Concentrations
Sample Date
Dist. Downstream (km)  12-18-01 3-6-02 5-8-02 6/5/02
0 nd nd. nd 0.08
20 0.72 0.19 0.33 0.18
40 nd nd nd 0.65
50 nd nd nd 1.61
96 2.39 1.30 1.30 3.10
105 2.43 0.93 1.95 3.14
112 1.565 0.38 0.65 1.31
129 1.15 0.32 0.52 0.78
172 0.80 0.60 0.43 0.99
Table A1-4: Chattahoochee River Ammonium Concentrations
Sample Date
Dist. Downstream (km)  12-18-01 3-6-02 5-8-02 6/5/02
0 nd nd: nd 0.53
20 0.43 nd 2.56 0.06
40 " nd nd nd 2.22
50 nd nd, nd 7.86
96 6.01 nd 5.94 4.08
105 3.42 nd 6.12 1.42
112 0.49 nd 4.38 1.56
129 2.75 nd. 4.44 297
172 0.28 nd 4.77 6.28
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APPENDIX 11
Enrichment Sequence Labels and Specifics

In the following appendix, each enrichment sequence is given a Roman numeral
designation. A short description of that step and any important observations follows. A
“stasis” sequence indicates nutrient addition but no nutrient analysis.

I) -6 — 0 days: The initial set-up of culture flasks with un-amended river water and
sediment inocula

IT) 0 - 9 days: The first enrichment step of the cultures. Approximately 20 umoles of
nitrate added. NOTES: t= 7 & 9 days, water and plastics appears stained. Brown/Black
growth appears on the outside of dialysis tubing in B-3, C-2.

III) 9 - 26 days: Approximately 20 umoles of nitrate added. NOTES: t= 12 days, after
sampling, a segment of DDW soaked and rinsed dialysis tubing and two DDW rinsed
weighted closures were added to each control. T= 23 & 26 days, more brown staining of
the water and plastics within the flasks containing sediments. More brown to red-brown
and black growth noticeable on A-2, A-3, B-2, B-3, C-2, C-3.

IV) 26 — 37 days: Approximately 20 pmoles of nitrate added. Approximately 10 pmoles
of ammonium added. NOTES: Ammonium was added to increase the ammonium
concentration so that we could observe what was happening to ammonium within the
cultures, to get the ammonium “baseline concentration” high enough to observe any
changes. t= 28 days, dark, red-brown “fuzzy” growth has appeared to increase in some of
the cultures. Any growth visible is outside of the dialysis tubing or on the air diffuser
where it touches the dialysis tubing. A large gas bubble is visible INSIDE of B-1. t= 30 -
37 days, extensive growth on outside of dialysis tubing in A-3, B-2, & C-3. t= 37 days,
very strong H,S smell from culture A-1.

V) 37 — 40 days: Detailed time series- Analyses every day. Approximately 20 umoles of
nitrate added. Approximately 10 pmoles of ammonium added. NOTES: t= 37 — 40 days
Continued visible growth outside of dialysis tubing. Bubble inside dialysis tubing in A-2,
B-1. '

VI) 40-51 days: STASIS. Approximately 20 pmoles of nitrate added. Approximately 10
pmoles of ammonium added. NOTES: t= 51 No apparent visible changes. H,S smell
from A-1, A-2, and A-3.

VII) 51- 61 days: Approximately 20 pmoles of NITRITE added. Approximately 10
pmoles of ammonium added. NO nitrate added NOTES: t= 54 — 58 days, A-series
cultures generating strong H,S smell.

VIII) 61- 65 days: STASIS; Approximately 20 umoles of nitrate added. Approximately
10 pmoles of ammonium added. NOTES: t= 65 days large volume removed from A-1, B-

93



2, C-3 and sealed in glass ampoule for carbon analysis in M. Purdue lab. Several
connections re-glued where glue was peeling from wear.

IX) 65 — 72 days: STASIS; Approximately 20 pmoles of nitrate added. Approximately
10 pmoles of ammonium added. NOTES: lab temp variations from 19 —24 °C

X) 72 — 79 days: STASIS; Approximately 20 pmolés of nitrate added. Approximately 10
umoles of ammonium added. NOTES: none

X1I) 79 — 89 days: STASIS; Approximately 20 pmoles of nitrate added. Approximately
10 pmoles of ammonium added. Approximately 50 pmoles sodium bicarbonate added
NOTES: none

X11I) 89 — 96 days: STASIS; Approximately 20 pmoles of nitrate added. Approximately
10 pmoles of ammonium added. Approximately 50 pmoles sodium bicarbonate added
NOTES: none

XIID) 96 — 101 days: STASIS; Approximately 20 pmoles of nitrate added.
Approximately 10 pmoles of ammonium added. Approximately 50 pumoles sodium
bicarbonate added NOTES: 101 days, A-1 generating H,S smell. Noticeable growth on
outside of dialysis tubing in B-3

X1IV) 101 - 110 days: Approximately 20 pmoles of nitrate added. Approximately 10
pumoles of ammonium added. Approximately 50 umoles sodium bicarbonate added
NOTES: 110 days: A-1, A-2, A-3 strong H>S smell

XV) 110 — 118 days: STASIS; Approximately 20 pmoles of nitrate added.
Approximately 10 pmoles of ammonium added. Approximately 50 umoles sodium
bicarbonate added NOTES: none

XVI) 118 — 126 days: Approximately 20 umoles of nitrate added. Approximately 10
pmoles of ammonium added. Approximately 50 pmoles sodium bicarbonate added
NOTES: none

XVII) 126 —- 133 days: Diverge Cultures; A-Series: Approximately 20 pmoles of nitrate
added. Approximately 10 pmoles of ammonium added Approximately 50 pmoles
sodium bicarbonate added. B-Series: Approxunately 20 pmoles of nitrate added.
Approximately 20 pmoles of ammonium added. Approx1mately 50 pmoles sodium
bicarbonate added. C-Series: No nitrate added. Approx1mate1y 10 pmoles of ammonium
added. Approximately 50 pmoles sodium blcarbonate added NOTES: 133 days, visible
outside growth in B-3 has become rusty, brOWn/black

XVIIT) 133 —- 140 days: Approxnmately 20 umolesrof nitrate added. Approximately 10

umoles of ammonium added. Approximately 50 pmoles sodium bicarbonate added
NOTES: 140 days, MIMS analysis on cultures: analysis FAILED
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XIX) 140 — 150 days: Approximately 20 pmoles of nitrate added. Approximately 10
umoles of ammonium added. Approximately 50 pmoles sodium bicarbonate added
NOTES: none

XX) 150 - 158 days: Approximately 20 pmoles of nitrate added. Approximately 10
pumoles of ammonium added. Approximately 50 pmoles sodium bicarbonate added
NOTES: none

XXI) 158 — 165 days: Modified Isotope Pairing Experiment: Approximately 20 pmoles
of nitrate added. Approximately 10 pmoles of ammonium added. Approximately 50
pmoles sodium bicarbonate added; A-1, labeled nitrate & unlabeled ammonium; A-2,
labeled ammonium & unlabeled nitrate; A-3, labeled nitrate & unlabeled ammonium; B-
1, labeled nitrate & unlabeled ammonium; B-2, labeled ammonium & unlabeled nitrate;
B-3, labeled nitrate & unlabeled ammonium; C-1, labeled ammonium & unlabeled
nitrate; C-2, labeled nitrate & unlabeled ammonium; C-3, labeled ammonium &
unlabeled nitrate; A-C, labeled ammonium & unlabeled nitrate; B-C, labeled nitrate &
unlabeled ammonium; C-C, labeled nitrate & unlabeled ammonium.

XXTI) 166 days: cultures terminated, dried and prepared for exchangeable ammonium
analysis. :
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APPENDIX III
Culture Time Series Data
The following tables contain the time series aqueous chemistry data for each
culture in the A, B, C, and Control series. The tables are listed by day for each
enrichment sequence. All nitrate, nitrite, ammonium, and manganese data is in units of
pmoles. pH is in units of —log[H']. “ND” indicated “not determined.” t is time in days.
Stasis sequences were not monitored and are not included here.

Enrichment Sequence 1

t= -6
Culture NO; NO, NH,” Mn pH
A-1  3.80 0.00 0.03 ND ND
A2 3.80 0.00 0.03 ND ND
A3 380 0.00 003 ND ND
A-C 380 0.00 003 ND ND
B-1 380 000 0.03 ND ND
B2 380 000 003 ND ND
B-3 380 000 0.03 ND ND
B-C 3.80 0.00 0.03 ND ND
C-1 380 0.00 003 ND ND
C2 3.80 0.00 0.03 ND ND
C-3 380 0.00 0.03 ND ND
C-C 380 0.00 003 ND ND

t= -3.42
Culture NO3 NO, NH,” Mn pH
A1 007 032 ND ND ND
A2 047 039 ND ND ND
A3 067 032 ND ND ND
A-C 319 002 ND ND ND
B-1 128 046 ND ND ND
B2 000 059 ND ND ND
B-3 000 046 ND ND ND
B-C 214 087 ND ND ND
C-1 1.00 0.87 ND ND ND
C-2 000 087 ND ND ND
C3 154 080 ND ND ND
C-C 302 019 ND ND ND
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Enrichment Sequence I (continued)

t= -1.68

Culture NO; NO; NH;” Mn pH
A-1 0.18 0.07 3.27 ND ND
A-2 0.00 0.07 6.13 ND ND
A3 006 013 560 ND ND
A-C 270 0.07 020 ND ND
B-1 0.36 019 877 ND ND
B2 009 005 513 ND ND
B-3 003 005 999 ND ND
B-C 155 110 070 ND ND
C-1 0.07 024 739 ND ND
C-2 012 0.07 6.38 ND ND
C-3 019 047 658 ND ND
C-C 253 030 022 ND ND

Enrichment Sequence II
t= 0.51

Culture NO; NO, NH,” Mn pH
A-1 238 043 0.03 ND ND
A-2 249 070 0.03 ND ND
A-3 19.7 036 0.03 ND ND
A-C 26.2 0.03 003 ND ND
B-1 254 017 003 ND ND
B-2 247 023 003 ND ND
B-3 240 023 0.03 ND ND
B-C 269 010 0.03 ND ND
C-1 262 010 0.03 ND ND
C-2 262 010 0.03 ND ND
C-3 261 017 0.03 ND ND
C-C 276 0.03 0.03 ND ND
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Enrichment Sequence II (continued)

t= 3.71
Culture NO3- NOz- NH4+ Mn pH
A-1 445 515 068 ND ND
A-2 10.3 110 060 ND ND
A-3 966 055 147 ND ND
A-C 234 006 014 ND ND
B-1 122 043 126 ND ND
B-2 937 38 104 ND ND
B-3 112 325 140 ND ND
B-C 23.2 031 017 ND ND
C-1 129 037 249 ND ND
C-2 139 356 143 ND ND
C-3 141 031 174 ND ND
C-C 234 012 0.14 ND ND
t= 7.54
Culture NO; NO, NH, Mn pH
A-1 140 027 081 ND ND
A-2 249 033 021 ND ND
A-3 393 004 088 ND ND
A-C 212 010 004 ND ND
B-1 330 010 123 ND ND
B-2 128 039 136 ND ND
B-3 128 039 155 ND ND
B-C 209 033 005 ND ND
C-1 2.61 021 244 ND ND
C-2 405 107 179 ND ND
C-3 272 010 208 ND ND
C-C 210 021 012 ND ND
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Enrichment Sequence IIT

t= 9.63
Culture NO; NO, NH," Mn pH
A-1 210 059 0.03 ND ND
A-2 21.8 039 0.03 ND ND
A-3 214 019 0.03 ND ND
A-C 22.8 009 003 ND ND
B-1 220 019 0.03 ND ND
B-2 220 026 003 ND ND
B-3 221 0.13 0.03 ND ND
B-C 228 0.13 0.03 ND ND
C-1 228 013 0.03 ND ND
C-2 221 0.13 0.03 ND ND
C-3 228 013 0.03 ND ND
c-C 241 0143 0.03 ND ND
t= 12.54
Culture NO3 NO, NH,” Mn pH
A-1 321 171 017 ND ND
A-2 835 148 011 ND ND
A-3 120 026 0.10 ND ND
A-C 194 026 009 ND ND
B-1 978 066 038 ND ND
B-2 648 090 080 ND ND
B-3 178 253 0.80 ND ND
B-C 200 0.26 0.10 ND ND
C-1 829 031 122 ND ND
C-2 355 136 096 ND ND
C-3 823 037 1144 ND ND
C-C 200 0.26 0.09 ND ND
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Enrichment Sequence I1I (continued)

t= 16.50
Culture NO; NO, NH,” Mn pH
A-1 1.06 0.04 0.21 ND ND
A-2 336 019 011 ND ND
A-3 531 0.07 009 ND ND
A-C 172 042 012 ND ND
B-1 374 042 019 ND ND
B-2 214 019 074 ND ND
B-3 0.17 001 053 ND ND
B-C 176 0.01 0.09 ND ND
C-1 269 025 052 ND ND
C-2 030 019 0.85 ND ND
C-3 275 019 0.84 ND ND
C-C 18.1 0.13 0.09 ND ND
t= 23.58
Culture N03- NOz- NH4+ Mn pH
A-1 0.21 001 0.07 ND ND
A-2 0.76 0.01 0.09 ND ND
A-3 076 001 010 ND ND
A-C 836 56508 0.08 ND ND
B-1 0.21 001 011 ND ND
B-2 0.76 0.01 010 ND ND
B-3 0.21 001 043 ND ND
B-C 138 131 011 ND ND
C-1 021 001 049 ND ND
C-2 000 001 076 ND ND
C-3 0.00 0.01 081 ND ND
C-C 166 061 0.09 ND ND
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Enrichment Sequence IV

t= 26.47
Culture NO; NO, NH,” Mn pH
A-1 212 162 820 ND ND
A-2 231 1.02 8.38 ND ND
A-3 231 035 851 ND ND
A-C 243 048 960 ND ND
B-1 231 041 833 ND ND
B-2 246 021 845 ND ND
B-3 229 061 852 ND ND
B-C 252 025 953 ND ND
C-1 252 028 863 ND ND
C-2 239 021 881 ND ND
C-3 245 028 866 ND ND
C-C 274 0.15 1007 ND ND
t= 28.69
Culture NO; NO; NH,” Mn pH
A-1 649 3.23 461 ND ND
A-2 669 6.76 489 ND ND
A-3 147 246 510 ND ND
A-C 1812 406 7.96 ND ND
B-1 1221 311 500 ND ND
B-2 164 174 471 ND ND
B-3 545 6.76 420 ND ND
B-C 214 174 831 ND ND
C-1 952 394 452 ND ND
C-2 944 370 492 ND ND
C-3 15.3 162 5.05 ND ND
C-C 226 0.79 8.51 ND

ND
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Enrichment Sequence I'V (continued)

t= 30.50
Culture NO; NO, NH,” Mn pH
A-1 047 0.04 363 ND ND
A-2 0.80 367 405 ND ND
A-3 1063 230 362 ND ND
A-C 13.0 6.11 658 ND ND
B-1 419 367 381 ND ND
B-2 914 154 314 ND ND
B-3 0.05 328 322 ND ND
B-C 174 285 7.05 ND ND
C-1 1.00 290 340 ND ND
C-2 069 236 3.84 ND ND
C-3 373 356 360 ND ND
C-C 225 140 7.72 ND ND
{= 33.79
Culture NO3 NO,” NH,” Mn pH
A-1 0.00 0.01 273 ND ND
A-2 0.00 0.01 380 ND ND
A-3 081 051 235 ND ND
A-C 765 882 563 ND ND
B-1 024 053 349 ND ND
B-2 0.81 051 187 ND ND
B-3 0.00 0.03 262 ND ND
B-C 13.7 469 6.14 ND ND
C-1 0.00 0.01 318 ND ND
C-2 0.00 0.01 333 ND ND
C-3 0.00 0.08 3.02 ND ND
C-C 175 175 6.93 ND ND
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Enrichment Sequence V

t= 37.58
Culture NO; NO, NH," Mn pH
A-1 22.3 074 8.30 1.23 ND
A-2 226 048 8.53 0.78 ND
A-3 228 0.28 8.55 0.36 ND
A-C 23.7 041 9.02 0.02 ND
B-1 22.8 0.25 8.55 0.35 ND
B-2 22.8 0.28 8.13 0.34 ND
B-3 227 0.38 8.36 0.63 ND
B-C 23.8 0.28 8.98 0.02 ND
C-1 228 022 851 056 ND
C-2 228 0.22 843 0.74 ND
C-3 22.8 0.28 8.33 0.33 ND
C-C 263 0.12 9.01 0.02 ND
t= 38.63
Culture NO; NO; NH,” Mn pH
A-1 8.11 6.20 5.34 0.31 ND
A-2 13.1 521 6.14 0.38 ND
A-3 120 258 56555 0.24 ND
A-C 219 206 7.96 0.03 ND
B-1 16,7 270 640 0.24 ND
B-2 10.56 349 4.77 0.38 ND
B-3 112 433 539 041 ND
B-C 229 078 8.08 0.04 ND
C-1 142 264 6.09 039 ND
C-2 120 261 6.03 043 ND
C-3 145 232 584 0.18 ND
C-C 23.0 0.37 842 0.03 ND
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Enrichment Sequence V (continued)

t= 39.56
Culture NO; NO, NH,” Mn pH
A-1 314 404 456 0.30 ND
A-2 6.51 6.26 5.23 042 ND
A-3 468 194 439 025 ND
A-C 175 366 7.16 0.03 ND
B-1 920 442 542 0.30 ND
B-2 283 323 363 041 ND
B-3 144 519 4.19 044 ND
B-C 18.0 159 7.27 0.03 ND
C-1 642 356 496 040 ND
C-2 3.84 251 4.99 0.47 ND
C-3 6.10 3.05 467 0.14 ND
C-C 19.7 0.90 7.67 0.03 ND
t= 40.52
Culture NO; NO, NH,” Mn pH
A1 149 008 412 030 ND
A2 310 5.67 463 042 ND
A3 137 071 373 023 ND
A-C 131 493 623 0.04 ND
B-1 408 469 458 029 ND
B-2 042 1.15 3.11 0.39 ND
B-3 0.57 125 3.71 040 ND
B-C 16.4 2.37 6.38 0.05 ND
C-1 202 237 427 035 ND
C-2 0.88 0.69 4.37 044 ND
C-3 179 184 401 0.14 ND
C-C 176 1.45 6.87 0.04 ND
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Enrichment Sequence VII

t= 5154

Culture NO3 NO, NH4+ Mn pH
A-1 285 208 6.96 ND ND
A-2 3.19 20.8 6.97 ND ND
A-3 285 208 6.81 ND ND
A-C 322 215 6.88 ND ND
B-1 3.19 20.8 6.79 ND ND
B2 253 212 6.70 ND ND
B-3 285 208 6.86 ND ND
B-C 288 215 7.27 ND ND
C-1 2.85 208 7.18 ND ND
C-2 317 205 696 ND ND
C-3 319 208 6.75 ND ND
C-C 355 215 694 ND ND

t= 54.50

Culture NO3; NO, NH," Mn pH
A-1 0.00 0.32 6.80 0.47 ND
A-2 0.07 10.3 6.15 023 ND
A-3 098 106 5.00 0.06 ND
A-C 033 200 6.48 0.03 ND
B-1 442 15.0 4.04 0.07 ND
B-2 038 106 6.14 0.14 ND
B-3 089 7.37 6.12 0.08 ND
B-C 125 206 6.35 0.04 ND
C-1 0.93 854 6.83 0.38 ND
C-2 000 443 6.89 0.55 ND
C-3 232 156 6.06 0.08 ND
C-C 300 182 6.37 0.05 ND
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Enrichment Sequence VII (continued)

t= 56.54
Culture NOy NO, NH,” Mn pH
A-1 0.00 0.22 554 ND ND
A2 049 238 559 ND ND
A-3 048 211 479 ND ND
A-C 0.00 170 590 ND ND
B-1 542 124 210 ND ND
B2 026 374 564 ND ND
B-3 042 076 563 ND ND
B-C 090 189 558 ND ND
C-1 046 1.84 6.37 ND ND
C2 013 049 6.35 ND ND
C-3 089 1213 525 ND ND
C-C 333 16,5 558 ND ND
t= 58.54
Culture NO; NO, NH,” Mn pH
A-1 0.00 022 454 ND ND
A2 0.00 022 468 ND ND
A3 000 0.22 4.07 ND ND
A-C 000 139 544 ND ND
B-1 1.77 11.0 157 ND ND
B-2 0.00 022 524 ND ND
B-3 000 022 492 ND ND
B-C 0.00 173 513 ND ND
C-1 0.00 0.22 567 ND ND
C-2 0.00 0.22 560 ND ND
C-3 004 681 496 ND ND
C-C 198 153 5.02 ND ND
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Enrichment Sequence XIV

t= 101.45
Culture NO;y NO, NH,” Mn pH
A-1 21.7 1.15 8.93 0.05 ND
A-2 23.2 0.71 8.86 0.04 ND
A-3 23.1 0.74 9.27 0.07 ND
A-C 247 0.51 10.0 0.02 ND
B-1 23.1 1.11 9.17 0.06 ND
B-2 236 0.61 9.05 0.05 ND
B-3 240 0.88 8.30 0.07 ND
B-C 242 034 985 0.01 ND
C-1 23.8 0.78 9.79 0.07 ND
C-2 229 098 982 0.10 ND
C-3 23.3 155 9.50 0.06 ND
C-C 246 0.61 10.0 0.02 ND
t= 103.45
Culture NO; NO, NH, Mn pH
A-1 533 2.31 595 0.06 ND
A-2 148 074 451 0.16 ND
A-3 145 326 6.17 0.04 ND
A-C 20.1 218 9.12 0.03 ND
B-1 1.7 7.41 6.08 0.16 ND
B-2 174 260 5.67 0.07 ND
B-3 187 355 4.68 0.06 ND
B-C 215 205 895 0.02 ND
C-1 14.4 4.40 8.24 0.09 ND
Cc-2 116 6.23 8.38 0.26 ND
C-3 126 7.41 7.80 0.06 ND
C-C 21.3 316 8.93 0.03 ND
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Enrichment Sequence XIV (continued)

t= 105.54
Culture NO; NO, NH;" Mn pH
A-1 194 0.81 4.05 0.04 ND
A-2 109 037 193 0.14 ND
A-3 956 226 3.72 0.03 ND
A-C 158 3.16 7.80 0.03 ND
B-1 6.78 7.03 4.09 0.09 ND
B-2 12.5 187 3.31 0.05 ND
B-3 13.9 419 3.27 0.05 ND
B-C 179 277 7.64 0.02 ND
C-1 848 505 6.86 0.05 ND
C-2 480 7.31 6.95 022 ND
C-3 877 7.03 640 0.04 ND
C-C 13.6 542 7.33 0.03 ND
t= 108.50
Culture NO; NO,” NH,” Mn pH
A1 076 013 219 008 ND
A-2 420 0.08 0.07 0.06 ND
A-3 526 033 143 0.05 ND
A-C 12.2 3.61 6.50 0.02 ND
B-1 395 399 219 0.05 ND
B-2 960 043 1.04 0.04 ND
B-3 145 1.04 141 0.05 ND
B-C 15.2 3.41 6.32 0.02 ND
C-1 3.84 3.06 5.88 0.04 ND
C-2 0.34 4.47 6.20 0.23 ND
C-3 2.11 6.36 565.31 0.04 ND
C-C 1.3 636 5.84 0.03 ND
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Enrichment Sequence XIV (continued)

= 110.54
Culture NO; NO, NH,” Mn pH
A-1 076 0.17 1.25 0.09 ND
A-2 175 011 012 0.06 ND
A-3 206 0.26 090 0.04 ND
A-C 894 383 580 0.03 ND
B-1 232 140 1.27 0.04 ND
B-2 6.18 032 043 0.03 ND
B-3 11.3 120 090 0.04 ND
B-C 11.7 434 557 0.01 ND
C-1 186 1.16 5.16 0.04 ND
C-2 021 072 574 015 ND
C-3 196 478 476 0.03 ND
C-C 726 806 5.07 0.02 ND

Enrichment Sequence XVI

t= 118.67
Culture NOy NO, NH; Mn pH
A-1 23.8 0.76 7.57 0.01 ND
A-2 232 070 7.36 0.06 ND
A-3 233 064 760 0.05 ND
A-C 239 033 893 0.01 ND
B-1 242 070 7.39 0.03 ND
B-2 241 045 8.01 011 ND
B-3 249 030 7.60 0.12 ND
B-C 250 0.27 8.61 0.01 ND
C-1 237 058 8.84 0.09 ND
C-2 237 058 892 0.10 ND
C-3 229 1.01 8.66 0.10 AND
C-C 248 0.76 8.77 0.01 AND
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Enrichment Sequence XVI (continued)

t= 126.45

Culture NO; NO,; NH,” Mn pH
A-1 025 018 066 0.21 7.16
A-2 3.03 0.15 0.00 0.10 7.30
A-3 126 0.06 0.00 0.04 7.23
A-C 180 202 745 0.02 7.36
B-1 159 0.09 0.00 0.05 7.12
B-2 936 055 0.54 0.07 7.38
B-3 227 035 0.00 0.07 7.72
B-C 196 219 7.37 0.02 8.32
C-1 543 081 7.49 0.11 7.98
C-2 230 6.39 811 0.15 7.86
C-3 166 6.72 6.79 0.07 8.33
C-C 12.8 7.54 6.83 0.02 8.34

Enrichment Sequence XVII

t= 126.45

Culture NO;y NO, NH," Mn pH
A-1 227 104 8.73 0.08 8.35
A-2 232 082 875 0.04 845
A-3 23.3 076 8.37 0.03 8.40
A-C 243 038 9.27 0.02 849
B-1 242 054 18.0 0.04 8.29
B-2 244 032 16.8 0.11 8.06
B-3 247 069 14.2 0.07 8.61
B-C 249 019 195 0.02 8.34
C-1 361 051 999 0.09 8.11
C-2 330 0.82 10.2 0.07 8.14
C-3 318 094 940 0.05 842
C-C 398 048 10.3 0.03 8.50
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Enrichment Sequence XVII (continued)

t= 129.67
Culture NO; NO, NH,; Mn pH
A-1 12.1 0.88 2.70 0.07 ND
A-2 139 112 270 0.11 ND
A-3 178 056 2.70 0.02 ND
A-C 196 263 7.97 0.01 ND
B-1 138 3.00 7.16 0.05 ND
B-2 184 053 7.16 0.06 ND
B-3 18.2 257 447 0.05 ND
B-C 209 193 16.7 0.01 ND
C-1 0.00 0.07 6.83 075 ND
C-2 0.00 007 7.45 020 ND
C-3 0.00 0.07 6.39 034 ND
C-C 0.556 251 7.80 0.02 ND
t= 131.42 .
Culture NOy NO, NH,” Mn pH
A1 7.07 039 149 005 ND
A2 100 0.3 0.0 0.05 ND
A-3 145 021 020 0.03 ND
A-C 159 385 7.13 0.02 ND
B-1 9563 1.14 474 0.04 ND
B-2 148 016 539 0.03 ND
B-3 170 117 2,57 0.05 ND
B-C 179 292 156 0.01 ND
C-1 045 0.08 641 064 ND
C2 0.00 008 720 029 ND
C-3 125 0.08 5.97 058 ND
C-C 000 253 7.12 0.03 ND
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Enrichment Sequence XVII (continued)

t= 133.54

Culture NO; NO, NH, Mn pH
A-1 346 046 033 0.05 6.79
A-2 573 0.15 0.00 0.05 6.89
A-3 111 0.13 0.00 0.04 7.07
A-C 131 453 6.33 0.03 7.42
B-1 711 049 2.63 0.07 7.55
B-2 121 018 3.30 0.05 7.43
B-3 154 075 091 0.08 7.29
B-C 163 3.81 13.7 0.02 8.04
C-1 0.16 0.08 588 046 7.75
C-2 041 0.08 642 0.22 7.48
C-3 065 0.08 5.08 0.32 8.06
C-C 064 156 6.44 0.04 8.16

Enrichment Sequence XVIII

t= 133.54

Culture NO; NO, NH,” Mn pH
A-1 238 076 7.57 0.06 8.35
A-2 232 070 7.36 0.06 8.45
A-3 23.3 064 760 0.03 8.40
A-C 239 033 8.93 0.02 8.49
B-1 242 070 7.39 0.05 829
B-2 241 045 8.01 0.04 8.06
B-3 249 030 7.60 0.06 8.61
B-C 250 027 861 0.01 834
C-1 23.7 058 8.84 0.76 8.11
C2 237 058 892 0.34 8.14
C3 229 101 8.66 069 842
C-C_ 248 0.76 8.77 0.03 8.50
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Enrichment Sequence XVIII (continued)

t= 140.69
Culture NO; NO, NH,;” Mn pH
A-1 0.76 0.15 1.57 0.28 7.75
A-2 171 0.18 0.00 0.11 7.70
A-3 1560 0.12 0.00 0.03 7.65
A-C 204 193 754 0.02 744
B-1 287 021 0.05 0.03 7.80
B-2 148 059 389 0.12 7.52
B-3 262 024 0.00 0.05 7.78
B-C 223 122 8.10 0.02 8.04
C-1 542 086 6.91 0.29 7.84
C-2 145 861 6.80 0.07 7.55
C-3 073 712 6583 0.22 8.06
C-C 201 341 7.53 0.03 8.13

Enrichment Sequence XIX

t= 140.69
Culture NO; NO, NH," Mn pH
A1 238 076 757 0.06 8.35
A-2 232 070 7.36 0.06 8.45
A3 233 064 760 0.03 8.40
A-C 239 033 8.93 0.02 8.49
B-1 242 070 7.39 0.05 8.29
B-2 241 045 8.01 0.04 8.06
B-3 249 030 7.60 0.06 8.61
B-C 250 0.27 861 001 8.34
C-1 23.7 058 8.84 0.76 B.11
C-2 237 058 892 034 8.14
C-3 229 1.01 866 0.69 842
C-C 248 076 8.77 0.03 8.50
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Enrichment Sequence XIX (continued)

t= 150.45

Culture NOa- NOZ- NH4+ Mn pH
A1 049 0.19 266 0.59 7.96
A2 049 0.19 0.07 0.51 7.95
A3 213 0.22 0.00 0.03 7.78
A-C 163 3.96 8.23 0.02 8.09
B-1 152 0.92 0.00 0.03 7.76
B-2 6.84 127 249 023 7.71
B-3 271 028 0.00 0.02 8.00
B-C 212 2.03 861 0.02 8.10
C-1 4.07 078 7.65 0.26 7.91
C-2 028 338 7.82 0.36 7.73
C-3 112 075 6.92 0.20 8.24
C-C 114 953 7.27 0.03 8.09

Enrichment Sequence XX

= 150.45

Culture NO; NO, NH,” Mn pH
A-1 238 0.76 7.57 0.06 8.35
A2 232 070 7.36 0.06 845
A3 233 064 7.60 0.03 840 .
A-C 239 0.33 893 0.02 849
B-1 242 070 7.39 005 829
B2 241 045 801 0.04 8.06 :
B-3 249 030 760 006 861
B-C 250 0.27 861 001 834
C-1 237 058 884 076 8.11 |
C-2 237 058 892 034 8.14 !
C3 229 1.01 866 069 842
C-C 248 076 877 0.03

8.50
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Enrichment Sequence XX (continued)

t= 158.54

Culture NOy NO; NH,” Mn pH
A-1 113 020 204 008 7.91
A-2 536 0.20 0.00 0.05 7.93 .
A-3 181 020 0.00 0.04 7.83
A-C 17.2 092 783 0.03 8.06
B-1. 598 065 0.02 004 7.60
B-2 163 024 160 0.05 7.84
B-3 23.8 020 0.00 0.02 7.9
B-C 199 042 855 0.02 8.07
C-1 729 027 710 022 7.99
C-2 588 288 6.70 0.12 7.68
C-3 578 090 6.34 0.08 8.34
C-C 203 024 783 0.03 8.13
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APPENDIX IV

Time Series Plots

The following graphs are the time series plots for each series and control culture.
These data are presented as mass in pmoles versus Me in days of sequential enrichment
sequences.

Figures A4-1 through A4-6. Control and Sediment Series Nitrate and Nitrite Mass
vs. Time.

Mass in pmoles.

Time in days
Nitrate is in the upper graph and is represented by open black circles. Nitrite is in the
lower graph and is represented by open red circles. The Roman numerals in green
represent the enrichment sequence (see Appendix II). 0 days is the date of the first
nutrient addition (Enrichment Sequence II). Negative values of time reflect a single
addition of stock river water with no nutrients added (Enrichment Sequence I). Error bars
are in black and represent one standard deviation of jthe mean of the three replicates

within the sediment series.
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Figures A4-7 through A4-12. Control and Sediment Series Average Ammonium
Mass vs. Time.

Mass in pmoles.

Time in days
Ammonium is represented by open blue circles. The Roman numerals in green represent
the enrichment sequence (see Appendix IT). 0 days is the date of the first nutrient addition
(Enrichment Sequence II). Negative values of time reflect a single addition of stock river
water with no nutrients added (Enrichment Sequence I). Error bars are in black and
represent one standard deviation of the mean of the three replicates within each sediment

series.
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APPENDIX V

Sediment Data

Table AS-1 contains the data collected from Core 22 by the Loss on Ignition (LOI)
method. Table A5-2 is sediment mass added to each sediment culture (g). Table A5-3
contains data collected by elemental analysis on culture sediment after the isotope tracer

experiment.

Table A5-1: Core 22 Values. The values shown in this table were measured and/or
calculated by the LOI method. A description of each measurement or calculation is found
in Chapter 3, section 3.3.2.7.1.

cm Downcore Wet Sediment Weight (g) Mass of Water in sediment (g)

0.00 - 11.36 ' 11.17
3.00 9.82 8.12
4.00 0.91 0.95
5.00 1.01 0.95
6.00 0.69 0.81
7.00 0.69 0.83
8.00 1.14 1.01
9.00 1.13 1.03
10.00 1.40 1.11

cm Downcore Pre-Ignition Mass (mg) Post-Ignition Mass (mg)

0.00 109.50 83.10
3.00 180.80 . 155.50
4.00 160.50 ~132.10
5.00 203.90 - 173.20
6.00 297.20 ~259.90
7.00 240.80 207.30
8.00 261.40 . 226.60
9.00 233.90 . 201.90
10.00 222.60 194.00
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Table A5-1 continued

cm Downcore Mass "Lost" (mg) % Organic Matter

0.00 26.40 24.11
3.00 25.30 13.99
4.00 28.40 17.69
5.00 30.70 15.086
6.00 37.30 12.55
7.00 33.50 13.91
8.00 34.80 13.31
9.00 32.00 13.68
10.00 28.60 12.85
cm Downcore % Cary % Cet
0.00 10.13 0.10
3.00 5.88 0.11
4.00 7.43 1.31
5.00 6.32 1.28
6.00 5.27 - 2.26
7.00 5.84 2.03
8.00 5.59 1.28
9.00 5.75 ' 1.19

10.00 5.40 0.86

cm Downcore % Porosity (mL/cm®)  Wet Bulk Density (g/cm®)

0.00 96.89 | 1.05
3.00 88.79 = 1.17
4.00 5411 1.69
5.00 4988 1.75
6.00 44.78 | 1.83
7.00 44.88 1.83
8.00 51.79 | 1.72
9.00 54.16 5 1.69
10.00 53.68 ;’ 1.69
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Table A5-1 continued
cm Downcore Dry Bulk Density (g/cm3)

0.00 2.65
3.00 2.65
4.00 2.65
5.00 2.65
6.00 2.65
7.00 2.65
8.00 2.65
9.00 2.65
10.00 2.65

Table AS-2: Wet and Dry Sediment Mass, Wet Sediment Volume added per culture

culture  mMass,g(g) massy,(g)  Volume (cm®)

A1 4.65 0.80 4.19
A2 4.91 0.84 4.42
A3 4.90 0.84 4.41
B1 4.25 3.24 2.41
B2 4.96 3.78 2.82
B3 6.23 4.74 3.54
C1 6.09 4.59 3.48
C2 4.68 3.53 2.67

C3 4.82 3.64 2.75

129



Table A5-3: Elemental Analyzer Nitrogen and Carbon Data. This data was collected
from the sediment inocula after the 165-day incubation. “*” denotes data collected from
sediments after cation exchange.

Sample Mass, Sediment Added (mg) 8N pmoles N

Al 36.5 7142 1.22
A2 29.5 5.76 1.06
A3 31.7 4734 112
B1 27.3 26.8 1.24
B2 24.3 1075  1.01
B3 32.5 1879  1.41
C1 27.5 1477  1.31
c2 34.3 146.97  1.58
c3 31.6 15.8 1.43
IXE 33.9 7962 1.22
A2* 37.7 6.15 1.16
A3* 33.3 40.51 1.17
B1* 35.1 25.01 1.26
B2* 36.1 9.13 1.33
B3* 28 2003  1.11
c1* 27.2 1589  1.05
c2* 31.6 165.85  1.34
C3* 26.7 2396 144
Sample 6°C umolesC  C:N ratio

A1 2521 22.45 18.40

A2 -24.51 20.08 18.94

A3 -23.69 20.54 18.34

B1 -23.21 21.97 17.72

B2  -24.36 1755 17.38

B3 -23.36 24.98 17.72

C1 -22.93 21.59 16.48

c2 23.2 26.82 16.97 |

C3  -23.29 25.14 17.58

AT 252 24.99 2048 |

A2*  -24.43 21.3 18.36

A3*  -24.11 22.14 18.92

B1*  -24.2 22.81 18.10

B2*  -25.04 25.04 18.83 |

B3*  -24.29 20.19 18.19

C1*  -24.14 18.32 1745

c* 2382 23.3 17.39 |

C3*  -24.13 226 15.69
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APPENDIX VI

Headspace Data

Table A6-1 contains the data collected from the headspace of the cultures at the end of
the isotope label experiment, Table A6-2 contains headspace volumes of each culture and
the mass of '°N found in each sediment culture. The quantitative nature of these data is
uncertain because of the argon mass bias effect.

Table A6-1: Headspace Gas Analysis Data. Culture data shown in bold italics was
collected from >’NO; amended cultures. All other cultures were amended with *NH,".

Sample 8°N  BeamArea pmolesN

c-C - - -

B-C 37.57 1.05E-07 13.57
A-C 24.15 1.22E-07 16.00
A-3 452,78  1.65E-07 22.14
A-2 40.69 1.75E-07 23.57
A-1 401.03  1.89E-07 25.57
B-1 774.02  1.74E-07 23.43
B-2 29.4 5.02E-07 70.29
B-3 - - -

C-1 16.73 5.45E-07 76.43
C-2 178.41  4.92E-07 68.86
C-3 19.72 4.97E-07 69.57
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Table A6-2: Culture Headspace Tracer Component. The mass '°N found in the "NO5s”
and "NH;* amended control cultures are considered background values and have been
subtracted from the values shown. Background concentrations subtracted from sediment
cultures amended with '"NO;" are 0.005 uM '°N. Background concentrations subtracted
from sediment cultures amended with "NH,* are 0.006 uM °N. Cultures shown in bold
jtalics were amended with >NOj’, all others were amended with ""NH;*.

Culture  Vieagspace (ML)  pmoles N, Tracer

c-C 28.47 ND

B-C 28.53 -

A-C 28.53 -

A-3 27.39 0.185016958
A-2 28.38 0.086089511
A-1 28.54 0.23168371
B-1 28.84 0.296402793
B-2 27.39 0.570889765
B-3 28.81 -

C-1 28.48 0.650347143
C-2 28.51 0.712547931
C-3 27.39 0.556493647
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