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Abstract. Polar dissolved organic matter (DOM) was isolated from a surface-water sample from the
Great Salt Lake by separating it from colloidal organic matter by membrane dialysis, from less-polar
DOM fractions by resin sorbents, and from inorganic salts by a combination of sodium cation exchange
followed by precipitation of sodium salts by acetic acid during evaporative concentration. Polar DOM
was the most abundant DOM fraction, accounting for 56% of the isolated DOM. Colloidal organic matter
was '“C-age dated to be about 100% modern carbon and all of the DOM fractions were “C-age dated to
be between 94 and 95% modern carbon. Average structural models of each DOM fraction were derived
that incorporated quantitative elemental and infrared, '>*C-NMR, and electrospray/mass spectrometric
data. The polar DOM model consisted of open-chain N-acetyl hydroxy carboxylic acids likely derived
from N-acetyl heteropolysaccharides that constituted the colloidal organic matter. The less polar DOM
fraction models consisted of aliphatic alicyclic ring structures substituted with carboxyl, hydroxyl, ether,
ester, and methyl groups. These ring structures had characteristics similar to terpenoid precursors. All
DOM fractions in the Great Salt Lake are derived from algae and bacteria that dominate DOM inputs in
this lake.

Introduction

Biogeochemical studies of dissolved organic matter (DOM) in salt waters are
limited by the difficulty of DOM characterization when isolation of DOM from
large amounts of salts is required. High molecular weight (HMW > 1000 Da) DOM
in salt waters can be isolated by tangential-flow ultrafiltration (Benner et al. 1992;
Buesseler et al. 1996), but most marine dissolved organic carbon (DOC) (up to
70%) is low molecular weight (LMW) DOM (Amon and Benner 1996). Isolation of
LMW DOM by sorption onto nonionic XAD-resins only recovers an additional 5—
15% of the DOM (Benner et al. 1992), and this DOM is operationally classified as
‘hydrophobic’. Therefore, the majority of marine DOM is polar LMW material and
has never been isolated from salts. Another difficulty is the low concentration of
marine DOM, especially in the deep ocean where DOC values average 45 uM
(0.54 mgC/L) (Carlson and Ducklow 1995). These low DOM concentrations and
large ratios of salt:DOM require isolation methods that can accommodate large
volumes of water, high efficiencies of DOM separation from salt, and low DOM
processing blanks.
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A comprehensive approach for DOM fractionation and isolation was recently
developed (Leenheer et al. 2000) that combined vacuum evaporation with dialysis
to isolate HMW DOM, XAD resin sorption to isolate LMW hydrophobic DOM,
and selective salt precipitations combined with vacuum evaporations to isolate
LMW polar DOM. This DOM isolation method has been applied to fresh surface
waters (Leenheer et al. 2000), and wastewater effluents and groundwaters
(Leenheer et al. 2001a). The success of the method with wastewater effluents and
groundwaters that had moderately large salt concentrations suggested application to
natural salt water.

The Great Salt Lake was selected for the first application of this new isolation
method because its reported DOC concentration (~20mgC/L at the surface) is
much greater than marine DOC and the organic geochemical processes that pro-
duce DOC have been investigated (Domalgalski et al. 1989). The salinity of the
Great Salt Lake at the surface is 3-5 times the salinity of the ocean, but the salt
composition is similar to marine salts (Domalgalski et al. 1989). The objectives of
this report are to report on the efficiency of the DOM isolation method; to char-
acterize isolated DOM by elemental, spectral and mass spectrometric techniques;
and to relate these characterizations to DOM diagenesis.

Materials and methods
Sampling

Two 20-liter polyethylene carboys were filled with water sampled on 1 April, 2002
at the lake surface in the south arm of the Great Salt Lake at latitude 40°53'56"N,
longitude 112°20’56”"W. This sampling occurred before the annual green algae
bloom that is responsible for the majority of annual productivity (Stephens and
Gillespie 1976). The samples were shipped to the US Geological Survey National
Water Quality Laboratory in Denver, CO where they were filtered through 25 and
1 um glass fiber cartridge filters in series. Two subsamples (1 L and 100mL) of
filtered water were taken for DOC analyses.

DOM fractionation and isolation

A flow chart of the DOM fractionation and isolation procedure is shown in Figure
1. A number of changes were made in the comprehensive DOM isolation method
(Leenheer et al. 2000) to accommodate the differences in salt water chemistry from
fresh water chemistry. Firstly, the large salt concentration limits the utility of ion-
exchange separations until the salts are reduced or removed. Therefore, the initial
water-softening step by sodium exchange resin of the published method was
eliminated, and the hydrophobic, transphilic, and colloid DOM fractions were
isolated before inorganic salts were removed. Secondly, natural salt waters usually
have much larger ratios of magnesium to sodium cations than fresh waters (Hem
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37.9 liters of filtered water

Rinse with 4-L 0.01 M HCI, desorb resin with
l-L. XAD-8 800 mT. of 75% acetonitrile/25% water,
resin column evaporate and [reeze-dry Hydrophobic

Neutral (HPO-N) Fraction

Acidity with HCI to pH 3, vacuum evaporate to salt slurry, transfer slurry to 22-100 mL dialysis bags
(3.500 Dalton) and dialyze against 8-L deionized water in two-20 L polyethylene carboys. Equilibrate for
3-days. separate permeate, and repeat two more dialysis cycles. Vacuum evaporate dialysis retentate to
200 mL, and complete dialysis in 1-L graduate cylinders until permeate specific conductance in < 10
uSiemens. Freeze drv retentate to isolate Colloid Fraction.

Adijust 36 L of permeate to pH 2 with HCI

1-L XAD-8 Ri_nse with 4-L 9.01 ’M HCl,_d_esorb resin
with 800 mL of 75% acctonitrile/25% watcr,
evaporate and freeze-dry Hydrophobic Acid

:I: (HPO-A) Fraction

resin column

Rinse with 2-L 0.01 M HCl, desorb resin
with 400 mL of 75% acetonitrile/25% water,
evaporate and freeze-dry Transphilic DOM
(TPI-DOM) Fraction

0.5-L XAD-4
resin column

Remove NaCl, KCI, and CaSO, by zeotrophic distillation procedure (Leenheer et al., 2000) in which
water from the sample in evaporated from glacial acetic acid, and inorganic salts are removed filtration
while hydrophilic DOM, CaCl,. and MgCl, remain in solution.

Regenerate column with sample salt
1.5-L MSC-1 cation- Receycle column effluent to remove
exchange resin, NacCl produced by exchange with

sodium form CaCl; and MgCl,

Sodium, potassium, calcium, and
magnesium chlorides to waste from
salt wash from column regeneration

Add 100 mL of 1 M barium formate and centrifuge to remove barium sulfate precipitate

‘Wash BaSO, precipitate with 20-mL
of 1.0 M HCI, centrifuge, evaporate
supernatant Lo dryness with
acetonitrile to remove excess HCIL.
Dissolve residue in 5-mL of water and
add to sample.

Desorb hydrophilic bases from column with 3.0
M NH,OH, (reeze dry at pH 12 to remove NHs,
freeze dry at pH 2 (with HCI) to isolate

Hydrophilic Base Fraction (HPI-B), HCI form

0.5-L MSC-1 cation-
exchange resin,
hydrogen form

‘ Evaporate to dryness with acetonitrile to remove acetic acid, formic acid, water, and HCI ‘

Evaporate with methanol to remove boric acid

Dissolve residue in water and freeze-dry to isolate Hydrophilic Acid plus Neutral Fraction (HPI-A+N) ‘

Figure 1. Comprehensive DOM fractionation and isolation flow chart for salt water.
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1970). Magnesium chloride ion pair is soluble in acetic acid used to remove sodium
chloride, potassium chloride, and calcium sulfate ion pairs (Audrieth and Kleinberg
1953). Therefore, the salt removal step by zeotrophic distillation with acetic acid
was coupled with the water softening step to covert magnesium salts to sodium
salts, and these two steps were repeated with sample salts used for resin re-
generation to minimize the cation-exchange column size requirement. Lastly, the
lack or low concentrations of silica, nitrate, and phosphate in the seawater sample
allowed the elimination of steps to remove these constituents.

Spectral characterizations of DOM fractions

Infrared spectra were collected using 2-5mg of DOM fraction isolates in KBr
pellets. The Perkin Elmer System 2000 FT-IR used an infrared source with a pulsed
laser carrier and a deuterated triglycine sulfate detector. The instrument was set up
to scan from 4000 to 400cm ' averaging 10 scans at 1.0cm ™' intervals with a
resolution of 4.0cm™'. All spectra were normalized after acquisition to a maximum
absorbance of 1.0 for comparative purposes.

CPMAS '"*C-NMR spectra were obtained on 20-200mg of isolated DOM
fractions. Freeze-dried samples were packed in zirconia rotors. CPMAS '*C-NMR
spectra were obtained on a 200-megahertz (MHz) Chemagnetics CMX spectro-
meter with a 7.5-mm-diameter probe. The spinning rate was 5000 Hz. The acqui-
sition parameters included a contact time of 5ms, pulse delay of 1s, and a pulse
width of 4.5 us for the 90° pulse. Variable contact time studies by Alemany et al.
(1983) indicate these are the optimum parameters for quantitatively determining
different carbon structural group contributions to the NOM NMR spectra.

Electrospray/mass spectrometric characterization of the DOM fractions was
conducted using a Hewlett Packard Series 1100 LC/MS with electrospray ionization.
Samples were dissolved in UV grade 25/75 water/methanol at 5 mg/L and analyzed
by flow injection analysis. The flow rate of the 25/75 water/methanol mobile phase
was 0.2 mL/min. The quadrupole mass spectrometer scanned from 100 to 1000 m/z
with capillary exit at 70 V for both positive and negative polarity. For electrospray
ionization, the drying gas was 350 °C at 12 L/min with 35 psig nebulizer pressure,
and capillary voltage of 4000 V. The scan range was often increased to 3000 to detect
larger mass ions, along with ramped quadrupole voltages to increase high mass ion
transmission. Source capillary exit voltage was decreased to 50V, based on results
with standards, to maximize formation of molecular ions and minimize adducts
(positive mode) or fragmentations (negative mode). Although the instrument can
scan down to m/z 50, the possibility of interference from solvent ions precluded this.

Organic carbon and elemental analyses

Huffman Laboratories, Golden, Colorado, conducted the subject analyses. DOC
analysis was directly conducted on the 100 mL subsample by high temperature
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combustion (ASTM Method D4129) with coulometric detection of CO, and in-
directly conducted by measuring the percentage organic carbon in the salt (LECO
CR-12 combustion) from freeze-drying 1-L of sample. Elemental analyses (C, H,
O, N, S, Cl, and ash) of DOM fractions were conducted according to methods
reported in Huffman and Stuber (1985).

Radiocarbon analytical method

Freeze-dried isolates were weighed and placed individually into 6 mm Vycor tubes,
which were then inserted into 9 mm Vycor tubes along with a stoichiometric excess
of CuO. The 9mm tubes were evacuated, flamed sealed, and the isolates were
combusted to CO, at 900 °C for 3 h in a muffle furnace. The CO, was cryogenically
purified, converted into graphite at 570 °C in the presence of H; and a Fe catalyst
(Vogel et al. 1987). The graphite was packed into an aluminum target, and analyzed
for '*C using an accelerator mass spectrometer at Lawrence Livermore National
Laboratory. Raw data were corrected to recognized standards (Stuiver and Polach
1977) and converted to percent modern carbon (pmc). Combustion procedure
blanks and reproducibility was 1 pmc. However, no '“C procedural blanks or mass
balance analysis were conducted during the comprehensive isolation procedures.
Nevertheless, significant inclusion (>1%) of organic solvents used during the
isolation procedures and that potentially remained in the measured isolates was
ruled out by their absence in spectral and LC/MS data. In addition, all isolation
procedures that utilized organic solvents underwent freeze-drying steps in order to
remove them.

Results
DOM fractionation and isolation

A bar diagram of DOM fractionation results is shown in Figure 2. The concentration of
the colloid fraction underestimated actual concentrations because of losses that oc-
curred when dialysis bag clamps on five of the 22 bags opened during the first dialysis
cycle because of osmotic pressure. The hydrophilic acid plus neutral fraction con-
centration was also underestimated because of excessive recycling (seven cycles)
required to remove calcium and magnesium by ion exchange after removal of sodium
chloride by zeotrophic distillation with acetic acid. Only three softening cycles were
theoretically required to convert calcium and magnesium salts to sodium chloride
based upon proportions of these ions (Domagalski et al. 1989) and a present (2002)
measured surface salinity of 14.5%. A tailing conductivity curve during deionized
water rinses in the MSC-1 resin regeneration coupled with positive sulfate tests
(barium sulfate precipitate) revealed that the porous resin beads were being fouled with
a sulfate colloid (likely calcium sulfate). These colloidal sulfates were formed in the
previous zeotrophic distillation step, and were not removed by filtration because of the
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Figure 2. Bar diagram of DOM fractionation of Great Salt Lake. Fraction abbreviations are given in
Figure 1.

Table 1. Elemental analyses and radiocarbon content of major DOM fractions from the Great Salt Lake
(Results reported on a dried sample basis, NA = Not analyzed).

Fraction %C %H %0 %N %S  %Cl %Ash  %Total '*C (pmc)

Hydrophobic acid  54.52 588 3433 202 NA NA 2.80 99.55 94.6
Transphilic DOM  51.08 5.66 3733 325 NA NA 0.75 98.07 94.4
Hydrophilic acids ~ 36.86 491 35.08 441 227 9.27 7.33  100.13 94.8
plus neutrals

Colloids 40.78 5.67 4191 362 NA NA 10.28 10226 104

coarse glass-wool filter used in the neck of the large funnel used to filter out salts.
Extensive rinsing with deionized water restored resin capacity and enabled completion
of the water-softening step in the procedure.

Organic carbon, elemental analyses, and radiocarbon content

DOC analyses by direct analyses of the water gave 40 and 41 mgC/L in duplicate
determinations. Organic carbon percentages in the salt in 1 L of water were 0.046
and 0.051 in duplicate determinations. Based upon 116.1 g of salt weighed residue,
these DOC determinations were computed to be 53 and 59 mgC/L.

Elemental analyses of the major DOM fractions are presented in Table 1. The
sum of element percentage plus ash percentage is near 100% for all fractions that
indicate quantitative accounting for the major elements. The significant chloride
content for the hydrophilic acid plus neutral fraction is likely an artifact caused by
HCI substitution with alcohols in this fraction during the final evaporation and
drying steps of this fraction as shown in Figure 1.
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Sample Latitude/longitude Collection date DIC (mg/L) ¢ (pmc)
San Carlos River, AZ 33°17'50"/110°27'02" 7/1/94 243 99
Gila River, AZ 33°09'54"/110°08'06" 7/1/94 322 106
Rio Grande River, NM 32°12/25"/106°45'33" 7/2/94 159 101
Red River, TX 33°36/28"/93°48'55" 7/4/94 164 108
Missouri River, MS 38°50/26"/90°14'10” 3/27/97 200 100
Missouri River, MS 38°50'26"/90°14'10” 7/23/97 - 109
Mississippi River, IL 38°59'49"/90°40/45" 3/27/97 231 85
Mississippi River, IL 38°59'49"/90°40/45" 7/23/97 193 101
Illinois River, IL 39°09'28"/90°36'49” 3/27/97 252 93
Illinois River, IL 39°09'28"/90°36/'49" 11/3/97 235 117

The DOC recovery based upon fraction weights and elemental analyses is
computed to be 24.9 mgC/L. Thus, percent DOC recoveries are 62% for a DOC of
40.5 mg/L or 44% for a DOC of 56 mg/L.

Radiocarbon contents of the DOM fractions are presented in Table 1. Radio-
carbon contents of dissolved inorganic carbon (DIC) in various terrestrial rivers are
presented in Table 2.

Infrared spectra of DOM fractions

Infrared spectra of DOM fractions are presented in Figure 3. A major peak in all DOM
fractions is the 1720cm ' peak of carboxylic acids except for the colloid fraction. A
peak at 1660 cm " indicative of amides (amide I band) is found in the hydrophobic
neutral, hydrophilic acid plus neutral, hydrophilic base, and colloid fractions. An
additional amide peak (amide IT band) near 1550 cm ™', which is specific for secondary
amides, is found for the hydrophilic acid plus neutral and colloid fractions. The greater
intensity of the amide I band compared to the amide II band, plus the broad N-H
bending band from 500-700cm™' are two indicators for the presence of primary
amides for the specified DOM fractions. Another indicator of primary amide structures
is that ammonium chloride peaks were found in the infrared spectrum (spectrum not
shown) of the hydrophilic acid plus neutral fraction after hydrolysis with HCI.

Alcohols are indicated in the hydrophobic neutral, hydrophilic acid plus neutral,
and colloid fractions by broad peaks at 3300-3400 and 1000-1150 cm™". Aliphatic
hydrocarbons in the hydrophobic fractions are indicated by peaks at 2960, 2930,
1460, and 1380 cm™'. The base fraction has a broad N-H stretching band from 2800
to 3200cm ™', Peaks caused by inorganic borate, carbonates, phosphates, silicates,
and sulfates are absent in all spectra.

I3C-NMR spectra of DOM fractions

'3C-NMR spectra of DOM fractions are presented in Figure 4. Aliphatic C-H, C-C, and
C-N carbon linkages occur from 0 to 60 ppm; aliphatic C-O linkages (alcohols, esters,



132

] ] Hydrephobic Neutral W ‘\/\\

1 - Hy drophobic Acid /\/\//\\v_\—\
1 Trausphilic DOM/\ \/"/k\,,\
A 4
‘/ Hy drophilic Acid
4 plus Nentral \qu [\/k,//\
4 Hydroplhilic Base
(Cl Form

KC olloids

4008 3600 3200 2800 2400 2600 18080 1600 1400 1200 00 SO0 s00 a0n
cm-l

Figure 3. Infrared spectra of DOM fractions from the Great Salt Lake.

and ethers) occur from 60 to 90 ppm, anomeric carbon linkages of carbohydrates (O-C-
O) occur from 90 to 110 ppm; aromatic and olefinic carbon linkages occur from 110 to
160 ppm; carbonyl groups of amides, carboxylic acids, and esters occur from 160 to
190 ppm; and carbonyl groups of ketones occur from 190 to 220 ppm. The number of
carbons in an empirical formula calculated from the elemental analyses apportioned to
each structural region of the '>*C-NMR spectra is shown in Table 3 for the hydrophobic
acid, transphilic NOM, hydrophilic acids plus neutrals, and colloid fractions. For the
aliphatic hydrocarbon region from 0 to 60 ppm for the hydrophobic acid and transphilic
NOM fractions, the peak near 20 ppm is caused by methyl groups and a portion of the
peak near 45 ppm is caused by quaternary aliphatic carbon based upon dipolar de-
phased '*C-NMR spectra which detects only methyl and quaternary carbon groups
(dipolar-dephased '*C-NMR spectra not shown). The remainder of the 45 ppm peak is
caused by methine carbons on alicyclic rings as indicated by ring content analyses in
Table 3. Methylene groups indicative of straight chain hydrocarbons are only sig-
nificant for the hydrophobic neutral fraction.

The peak at 52 ppm for the hydrophilic acid plus neutral fractions is also a
methyl group and its chemical shift is indicative of a methyl ester. This was con-
firmed by subjecting a portion of this fraction to hydrolysis in 1.0 M HCI at 100 °C
for 1h followed by vacuum evaporation of the reagents. After hydrolysis, methyl
peak near 52 disappeared in the '*C-NMR spectrum (spectrum not shown), but the
methyl peak at 20 ppm remained. It is likely that methyl esters were created in this
fraction by esterification reactions with the methanol used to remove boric acid
during the isolation of this fraction.

The hydrophobic hydrocarbon structures (aliphatic hydrocarbon and aromatic
hydrocarbons) decreased in the order HPO-N >HPO-A >TPI-NOM > HPI-
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Figure 4. '3C-NMR spectra of DOM fractions from the Great Salt Lake.

A + N =HPI-B = colloids, and the polar structures (carboxyl, amide, amines, and
alcohols) increased in the fractions in the same order. The peak at 52 ppm for the
hydrophilic base fractions is caused by C-N linkages of amines or amides; this peak
cannot be a methyl ester as methyl esters are not indicated by the infrared spectrum
of this fraction shown in Figure 3. The only fraction with significant carbohydrate
content is the colloid fraction as indicated by the anomeric carbon peak near
105 ppm for this fraction. Aromatic carbon contents are lower than found for
corresponding DOM fractions isolated from terrestrial waters with allochtonous
inputs of tannins and lignins, and peaks (140-160 and 110-120 ppm) caused by
phenol structures in tannins and lignins are not significant in the spectra.

Electrospray/mass spectrometry
Electrospray/mass spectra of selected DOM fractions are presented in Figure 5. The

spectra of these fractions indicate that the molecular-weights of these fractions are
relatively small and the molecular mixture complexity is great with the qualification
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Figure 5. Electrospray ionization, negative ion mass spectra of selected DOM fractions from the Great

Salt Lake. Fraction abbreviations are given in Figure 1.
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that multiply charged ions and molecular aggregates and adducts can affect both
molecular weight distributions and mixture complexity. There are no ions indicative of
aromatic sulfonates and alkylphenol polyethoxylate carboxylates that are metabolites
of surfactants commonly found in water.

The hydrophobic neutral, hydrophobic acid, and transphilic NOM fractions had
clusters of ions differing by 14 m/z which is indicative of methylene group differ-
ences caused by variable aliphatic chain lengths, alicyclic ring sizes, and/or methyl
group contents. It was difficult to obtain reproducible spectra for the hydrophilic
acid plus neutral fraction. Tailing of the total ion current infusion curve indicated
interactions with the components of the mass spectrometer. The spectrum of this
fraction (Figure 5) was weak in ion intensity and clusters of ions occurred out to
about 1300 m/z which may indicate the presence of molecular aggregates. The low
molecular-weight ions (<300m/z) of the hydrophilic acid plus neutral spectrum,
where molecular aggregates are not likely, had predominately odd masses that is
indicative of structures containing either no or two nitrogens per molecule.

Discussion
DOM fractionation and isolation

The fractionation and isolation procedure of Figure 1 could be improved by some
simple changes to increase DOM recoveries. Firstly, recoveries of the colloid fraction
could be increased by double clamping the dialysis bags to prevent clamp opening
because of osmotic pressure. Secondly, supercentrifugation should be combined with
filtration to remove sulfate colloids after the zeotrophic distillation steps of Figure 1 to
remove salts. Removal of these sulfate colloids will prevent resin fouling during the
sodium softening steps. Lastly, the final drying steps of the hydrophilic acid plus neutral
fraction to remove boric acid and HCI could be performed under higher vacuums and
lower temperatures to minimize addition of methyl groups and chloride to this fraction.
These improvements are needed to isolate polar DOM fractions from marine waters
where the ratio of DOM to salt is lower than in the Great Salt Lake. The low DOM
concentration of marine waters is not an intractable limitation as DOM in groundwaters
with similar DOM concentrations were fractionated and characterized by '*C-NMR
and IR spectrometry on 100L of sample (Leenheer et al. 2001b). If greater amounts
of DOM fraction isolates are required for additional analyses, the sample size can be
increased to 1000 L and be preconcentrated by a combination of reverse osmosis and
vacuum evaporation before DOM fractionation (AWWARF 2001).

Radiocarbon content of GSL DOM fractions
The '*C content of DOM isolates in the GSL was essentially bimodal, with the

colloidal fraction measured at 104 pmc and the HPO, TPI, and HPI fractions all
approximately 95 pme. Although data is not extensive, the '*C content of terrestrial
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river and lake derived DOM ranges from about 85 to 120 pmc (Hedges et al. 1986;
Raymond and Bauer 2001; Davisson 2002). In marine systems, DOM ranges from
around 50 pmc to modern, with the highest content being associated with HMW
material in near-surface environments (Williams and Druffle 1987; Druffel and
Williams 1990; Santschi et al. 1995). Open ocean 14C measurements of DOM
represent relative ages of autotrophic-derived material, whose carbon source is
ultimately derived from DIC in the photic zone and is in approximate isotopic
equilibrium with the atmosphere.

Assuming that terrestrial DOM input in the GSL is small relative to primary pro-
duction by algae (Stephens and Gillespie 1976) and is removed by photolytic oxidation,
then the 'C reflects the relative age distribution among the DOM fractions in this
autotrophic driven system. Chemical and spectroscopic evidence presented thus far
demonstrates the structural similarities of the colloidal fraction (analogous to marine
HMW fraction) to bacterial cell wall components (i.e., N-acetyl polysaccharides).
However, its '*C content is approximately 6 pmc lower than the content in modern
atmospheric CO, (assumed to be 110 pmc in the GSL vicinity). This suggests that the
autotrophic bacteria generating colloidal material fixes DIC from a source with a '*C
content less than modern (GSL DI'*C not measured in this study). A similar effect was
observed for some lakes in the McMurdo Dry Valleys of Antarctica where DIC fixed by
autotrophs was derived from relict CO, in glacial melt (Doran et al. 1999). Furthermore,
as shown in Table 3, the '*C content of many major rivers in the continental US are lower
than atmospheric CO, levels, owing to contributions from older terrestrially derived
inorganic carbon sources (Davisson 2002). It is therefore likely that the colloidal fraction
of DOM in the GSL is essentially modern and the bacterial consortium it represents fixed
carbon from DIC with a '*C content of 104 pmc. Consequently, if the HPO, TPI, and HPI
fractions (representing LMW DOM) are derived from decay of the same bacterial
consortium, then their "*C content indicates an older age than that of its parent material.

The '*C content of these three factions can be taken at face value to calculate an
age. In this case, the 95 pmc would suggest a mean age of approximately 400 years
using a 5730 year half-life for '*C. However, this age ignores the contribution from
bomb-pulse '*C and the isotopic dis-equilibrium between DIC and atmospheric
CO,. Therefore, it is more accurate to assume that the HPO, TPI, and HPI fractions
measured in this study were derived from a pre-bomb carbon source (ca. mid-
1950s). Given the indirect evidence that the '*C of the DIC pool in the GSL is less
than atmospheric CO, by approximately 6 pmc, then the '*C content in these three
fractions would essentially be the same as a pre-bomb DIC pool in the GSL (i.e.,
94 pmc) when the '*C of atmospheric CO, was 100 pmc. Consequently, the mean
age of the HPO, TPI, and HPI fractions could be as young as approximately 45
years, corresponding to the period just before '*C levels began to increase.

Average structural models of DOM fractions

The elemental and spectral data can be combined to form average molecular
structures for the four major DOM fractions. These structures are shown in Figure
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Figure 6. Average structural models of NOM fractions from the Great Salt Lake.

6. These models should not be perceived as actual structures, but are useful for
imaging the compound-class characteristics of each fraction. Each model was
constructed to fit the empirical formula and structural functional group data of
Table 3. The hydrophobic acid model of Figure 6 is a complex ring structure with
branched methyl groups and quaternary carbon linkages. This structure is clearly
representative as being derived from terpenoid hydrocarbon precursors. Primary
production of algae and secondary production of bacteria in the Great Salt Lake is
the likely source of terpenoid precursors as pigments and steroids. The model of
Figure 6 indicates extensive oxidative degradation of these terpenoid precursors by
the presence of carboxyl and hydroxyl groups, and by the absence of double bonds
and straight-chain hydrocarbon structures that are easily oxidized.

The transphilic NOM model also has a complex ring structure that is indicative
of terpenoid precursors. The N-acetyl functional group probably does not belong
attached to the model structure as shown, but it probably belongs to compound
class represented by the hydrophilic acid plus neutral model. As the name indicates,
the transphilic NOM fraction has intermediate polarity between the hydrophobic
and hydrophilic fractions, and both types of molecules are found in this fraction.

The hydrophilic acid plus neutral fraction compound-class structure is of greatest
interest based upon the objectives of this report. The empirical formula used in the
construction of these two models was adjusted to remove the methyl esters and
chloride groups (methyl esters were replaced with carboxyl groups and chloride
groups were replaced this hydroxyl groups) that were artifacts of the isolation
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procedure. The model is an oxidized amino sugar acid derived from amino sugar
precursors such as chitin, bacterial cell-wall peptidoglycans, and glycoproteins. The
evidence for the N-acetyl groups in this model is strong based upon the methyl of
the N-acetyl groups of the '*C-NMR spectra (20 ppm peak in Figure 4) that did not
change when this fraction was hydrolyzed. Amides are much more resistant to acid
hydrolysis than esters. The 1550 cm ™" amide II band of the infrared spectra (Figure
3) is also indicative of secondary amide N-acetyl groups. The primary amide
structure (also found in the colloid model) is postulated to be derived from de-
gradation of glycoproteins in which asparagine is linked to the carbohydrate
(Lehninger et al. 1993) and is degraded as shown in the following reaction:

(0]

0O
- Il
ol ~ H . S
CH,OH o CH,OH | NH Microbial HN—C 0 COOH
—_—
0 0 N \meinDegradaLion TTI RN OH
OH OH ¢} NH HO H | HO
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The complex molecular weight distribution of hydrophilic acid plus neutral
fraction indicated by the electrospray/mass spectrum can be explained by varying
degrees of molecular aggregation, varying degrees of carboxyl group methylation,
varying degrees of oxidation of terminal carbons to carboxyl groups, and varying
amounts of N-acetyl substituents. The ring content data (0 rings) of Table 4 is
indicative of carbohydrate ring opening as contrasted with the rings in the colloid
model. Open-chain sugar acids form lactone rings in the acid form, and it is likely
that methanol treatment in the presence of HCI during the isolation steps resulted in
transesterification/methylation that opened up the lactone rings.

The colloid model is presented as a N-acetyl heteropolysaccharide. The '*C-
NMR spectra of this colloid fraction is nearly identical to spectra for HMW DOM
isolated from fresh waters and marine waters by Repeta et al. (2002). The mono-
saccharide composition is likely composed of rhamnose, fucose, arabinose, xylose,
mannose, glactose, glucose, glucosamine, galactosamine, glucuronic acid, and
galacturonic acid as was found for several HMW DOM isolates from fresh waters
and marine waters by Repeta et al. (2002). The average model data clearly indicates
that only one ring in two has N-acetyl groups. The spectral data also does not show
any evidence for peptide structures that might be expected for peptidoglycans, but
the small peak near 18 ppm (Figure 4) might be indicative of a methyl group of a
bound lactic acid side chain found in muramic acid constituents of peptidoglycans,
or it might be the methyl group in rhamnose. The carboxylic acid group of this
model is seen in the acid form in the infrared spectra of Figure 3 by the peak near
1720cm ™. The primary amide structure was derived as shown previously for the
hydrophilic acid plus neutral fraction. The molecular weight of this colloid is
greater than 3500 Da of the dialysis membrane used in its isolation.
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