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Cindy Lee, Stuart Wakeham and Carol Arnosti

Particulate Organic Matter in the Sea:
The Composition Conundrum

As organic matter produced in the euphotic zone of
the ocean sinks through the mesopelagic zone, its
composition changes from one that is easily charac-
terized by standard chromatographic techniques to
one that is not. The material not identified at the mo-
lecular level is called “uncharacterized”. Several pro-
cesses account for this transformation of organic mat-
ter: aggregation/disaggregation of particles resulting
in incorporation of older and more degraded material;
recombination of organic compounds into geomacro-
molecules; and selective preservation of specific bio-
macromolecules. Furthermore, microbial activities may
introduce new cell wall or other biomass material that
is not easily characterized, or they may produce such
material as a metabolic product. In addition, black car-
bon produced by combustion processes may compose
a fraction of the uncharacterized organic matter, as it
is not analyzed in standard biochemical techniques.
Despite these poorly-defined compositional changes
that hinder chemical identification, the vast majority of
organic matter in sinking particles remains accessible
to and is ultimately remineralized by marine microbes.

INTRODUCTION

The sinking of particulate material from surface to deeper wa-
ters is a major pathway for transporting carbon and other biolog-
ically-associated elements within the ocean. Material exported
from the euphotic zone leaves as large, fast-sinking particles,
and constitutes a source of food for pelagic and benthic organ-
isms. A variety of biological, physical and chemical processes
alter the organic composition of particles as they sink. Organic
compounds synthesized in the surface ocean are consumed by
heterotrophic zooplankton and bacteria that remove most of the
organic matter in the surface waters before it can be exported
below the euphotic zone. The majority of exported organic mat-
ter is remineralized to CO, on its way to the sea floor. Despite
this great loss, the surface productivity signal can extend to the
deep-sea floor and into the sediments, and remnants of a phyto-
plankton source are reflected in the composition of organic mat-
ter there. Organic biomarkers have been used to investigate the
sources of organic matter; similarly, specific diagenetic indica-
tor compounds have been used to ascertain the extent of organic
matter degradation. Use of organic indicators is limited, how-
ever, by labile compounds being preferentially lost with depth,
while the proportion of total organic carbon that is chemically
uncharacterizable at the molecular level (not easily recognizable
as a specific compound by standard techniques) increases with
depth and makes up most of the bulk carbon in sediments. The
origin, lability and fate of this uncharacterized organic material
have been the subject of considerable recent research and even
more speculation.
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Vertical fluxes of organic carbon through the water col-
umn vary temporally and spatially, generally as a function
of the physical forcings that influence biological production
(1, 2). Fluxes of individual classes of biochemicals out of
the surface ocean also directly reflect local production (3-5).
These flux-productivity relationships for specific organic
compounds typically are much more variable than for total
organic carbon alone, reflecting their greater sensitivity to
foodweb dynamics, source and other factors. Although virtu-
ally all primary production is limited to the euphotic zone,
chemosynthesis to form new organic matter from CO, can oc-
cur in areas of the water column with low oxygen and in hy-
drothermal vent environments (6, 7). Individual compounds
can also be synthesized from other compounds through al-
teration reactions, resulting in local maxima (of products) or
minima (of precursors). There exists, in addition to the spa-
tial correlation of particle flux with primary productivity, a
well-defined temporal relationship. Close temporal coupling
between phytoplankton blooms and particle flux maxima in
the underlying water column clearly indicates rapid down-
ward transport of biogenic debris (4, 8—-10).

Fluxes of specific organic compounds generally decrease
with depth due to dissolution, disaggregation and hetero-
trophic consumption by zooplankton and bacteria (11, 12).
Regardless of the location in the ocean, two trends are ob-
served: i) the flux of organic matter reaching the sea floor
is a tiny fraction of primary production; and ii) there are
two zones of intense organic matter remineralization, the
epipelagic zone and the benthic boundary layer. Compari-
sons of particle rain rates at various depths over the entire
marine water column clearly demonstrate that typically <
1% of the organic matter produced by phytoplankton in the
surface ocean reaches the sea floor in the open ocean (1, 13,
14). The preferential removal of certain components from
sinking particles with depth leads to major changes in the
organic composition of the particles. Decomposition and
transformation mechanisms, rates and extent vary depend-
ing on the molecular structure of individual compounds and
their availability as substrates for heterotrophic metabolism
(5, 11). Measurements of individual compounds indicate
that flux attenuation factors in the upper water column are
consistent with the biochemical stability of different com-
pound classes. There is also strong evidence that organic
matter/mineral-matrix association provides a strong second-
ary control on the fate of both the inorganic and organic
phases of particles as they sink through the ocean (15, 16).
Sinking particles include the biogenic mineral phases of
planktonic diatoms, radiolaria, foraminifera, coccolitho-
phorids, and pteropods and lithogenic minerals (e.g. from
dust); these minerals may serve as dense ballast to allow the
particles to sink. Sinking speed in turn influences the profile
of organic matter remineralization with depth and the effec-
tiveness of the deep ocean as a carbon sink. The deeper that
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Figure 1. Left panel: Flux of organic carbon (mmol Corg m2d™) for plankton, sediment trap, and surface sediments in the equatorial
Pacific Ocean. Center panel: Fluxes of OC and compound classes, normalized to the production by plankton, to show relative losses
down the water column. Right panel: Individual chromatographically-determined biochemicals were converted to carbon equivalents
and compared to total organic carbon to show how much OC was present in the major biochemical classes (amino acid, carbohydrate
and lipid) and thus, by difference, how much remains uncharacterized at the molecular level. Chlorines were also measured but were

an insignificant fraction of the total. Data from Wakeham et al. (11).

remineralization occurs, the longer recycled carbon is kept
from contact with surface waters and the atmosphere.
Although we now know much about the origin and fate of
particulate organic matter gained from specific compound
distributions, we know relatively little about the molecular-
level organic composition of a large fraction of the organic
matter in seawater, marine particles and sediments (17). Even
recent attempts at molecular characterization of particulate
organic matter fail to identify a significant fraction of the to-
tal carbon demonstrating the inadequacy of current analyti-
cal tools and the need for new ones. The substantial decrease
in the amount of organic carbon that may be easily identified
at the molecular level is illustrated in a sea surface-to-sedi-
ment study in the equatorial Pacific Ocean that showed an
increase in uncharacterized organic matter with increasing
water column depth (Fig. 1) (11). In phytoplankton, most of
the organic matter (> 80% of OC) consisted of amino acids,
carbohydrates and lipids that could be efficiently character-
ized at the molecular level with conventional chemical hy-
drolysis and chromatographic methods. Particles exported
from the euphotic zone contained only a slightly lower pro-
portion of molecularly-characterizable material. The major
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decrease in molecularly-characterized material occurred in
the mesopelagic zone (200—1000 m depth), even though the
larger relative decrease in flux was in the euphotic zone. In
fact, there was an absolute increase in uncharacterized mate-
rial between these depths suggesting either that uncharacter-
ized material was being produced from characterized mate-
rial, or that it was being incorporated from the surrounding
water column. The percentage of characterized organic mat-
ter in sinking particles continued to decrease down the water
column becoming a minor component in the sediments (<
20% of OC), while the amount of material that remained
molecularly-uncharacterized increased concurrently and be-
came the major fraction (> 80%) of OC in sediments. Below
we discuss the composition of particulate organic matter at
various depths in the ocean, and the processes (Fig. 2) that
are responsible for the fact that portions of it are not eas-
ily characterized by the standard analytical methods used to
date.

Particles in the ocean are part of a size continuum that in-
cludes dissolved and colloidal molecules as well as suspend-
ed and sinking particles (Fig. 3). The differentiation between
these fractions is discussed in more detail elsewhere (18).
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Here we concentrate primarily on sinking particles, those
generally larger than about 50 pm (19, 20). Most particles
are of course much smaller, but directly contribute little to
the sinking flux.

COMPOSITION OF MOLECULARLY-CHARACTER-
IZED PARTICULATE ORGANIC MATTER

Just as primary productivity affects the amount of particu-
late material sinking in the ocean, the predominance of com-
pounds derived from phytoplankton, and to a lesser extent
zooplankton, influences the composition of organic matter
in sinking particles, some of which ultimately reaches the
sea floor. The composition of this particulate and sedimen-
tary organic matter can vary significantly depending on its
original source matter and subsequent alteration reactions
(5, 21). The fact that some small fraction of the original
particulate organic matter composition is preserved, albeit
selectively, is the basis of using "molecular biomarkers" as
indicators of the source of sedimentary organic matter. The
great number and chemical diversity of biomarkers among
the biochemicals typical of living organisms provides a fin-
gerprint that can be used to infer sources of organic matter
(22), assuming we understand how compositions are altered
in the water column and surface sediments.

Although phytoplankton producers dominate the organic
composition of sinking particles in surface waters, hetero-
trophic consumers can substantially alter this composition
through selective degradation and alteration reactions. Not
only can organic compounds be selectively consumed, but
also alteration products, which include a structural portion
of the original compound, can be left behind. High relative
percentages of nitrogen and carbon in the form of chromato-
graphically-measured amino acids (3, 12) and carbohydrates
(23, 24) are generally indicative of relatively undegraded

Ambio Vol. 33, No. 8, December 2004
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Figure 2. The formation of uncharacterized
organic matter in the ocean water column
may be affected by several complementary
processes, including aggregation and disag-
gregation, formation of bio- and geo-macro-
molecules, interactions between organic
substances and inorganic mineral matrices,
production of organic materials in the form
of microbial biomass or detritus, black car-
bon, and the fact that some organic materi-
als are simply not routinely measured.

organic remains. Many individual compounds can be used to
indicate the freshness or diagenetic state of organic matter.
Many can also suggest the type of organism (zooplankton or
microbe) that was responsible for degradation.

Certain labile phytoplankton constituents, such as poly-
unsaturated fatty acids, are readily degraded in the environ-
ment and/or herbivore guts, and thus are depleted in more-
degraded particles. Preferential loss of labile algal fatty
acids leading to an enrichment of more stable components in
the products of heterotrophic metabolism has been observed
in field studies (11, 25) and laboratory feeding experiments
(26, 27). Organic matter alteration via zooplankton degrada-
tion is also seen in the production of chlorophyll degrada-
tion products, particularly the formation of pheophorbide
(28). Similar alteration reactions during zooplankton graz-
ing hydrolyze the algal carotenoid esters, fucoxanthin and
peridinin, to the corresponding alcohols fucoxanthinol and
peridininol (29). These four compounds (fucoxanthin, peri-
dinin, fucoxanthinol and peridininol) are the major carot-
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Figure 3. Size continuum of organic matter, particulate and
dissolved, in the ocean and analytical tools that may be used
in collecting and characterizing the nature of these materials.
After Verdugo et al. (18).
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Figure 4. Diagnostic biomarkers in plankton, trap material and
surface sediments from the equatorial Pacific Ocean fall into four
categories depending on their behavior. The bar sizes for each
individual compound are normalized to the maximum relative
abundance in one of the sample types. In Group |, compounds in
the plankton are rapidly lost with depth. Group Il compounds
show maximum abundance at mid-depth because they are either
resistant remains of plankton or are produced at mid-depth by
zooplankton or bacterial heterotrophs. Group lll biomarkers are
likely produced by bacteria near the water-sediment interface.
Group IV compounds are most abundant in subsurface sediments
because they are produced there or because they are refractory
remains of water column sources that have been selectively pre-
served. Adapted from Wakeham et al. (11).

enoids transported to the sea floor in sinking particles. Es-
terification of chlorins during zooplankton grazing may also
be common; both steryl esters (30, 31) and carotenoid esters
(32) of chlorins have been found in water column particles
and sediments.

Microbial alteration reactions also affect organic matter
composition, especially that of organic nitrogen compounds.
Aspartic and glutamic acid, two commonly found amino
acids in phytoplankton, decarboxylate to form non-protein
amino acids that are not commonly found in phytoplank-
ton and zooplankton. Ratios of protein to non-protein amino
acids have been used as indicators of bacterial activity in
sinking particles of several oceanic areas (5). These ratios
can increase with depth in both water column particles and
in sediments as bacteria degrade the original compounds.
Another non-protein amino acid, ornithine, is a decomposi-
tion product of the protein amino acid arginine. Particulate
ornithine fluxes increase with depth in the strong oxygen
minimum off the coast of Mexico (3, 5). Recently, Dauwe
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and Middelburg (33) and Dauwe et al. (34) developed a
degradation index that provides a statistical basis for quan-
tifying the extent of organic matter degradation based on
amino acid composition. Their work has inspired others to
extend principal components analysis to include other or-
ganic diagenetic indicators (35, 36). In addition to consum-
ing plankton-derived organic matter, bacteria colonizing a
particle can synthesize new biomass either from organic
matter within the particle or by consuming DOC. Bacterial
biomarkers such as muramic acid have been used to quantify
bacterial biomass in particulate matter and sediments (37,
38). Microbes can also be detected directly via nucleic acid
stains such as DAPI; cell count data can then be used to es-
timate microbial biomass.

Rapid developments in molecular biology over the past
few years (reviewed in 39) have provided a wide range of
methods for accessing one of the ‘ultimate’ biomarkers, the
16s rRNA gene. This gene, conserved across all forms of life,
varies slightly among species, providing an unambiguous
fingerprint for specific members of prokaryotes and eukary-
otes alike (40). Detection of 16s rRNA can be accomplished
through extraction and PCR (polymerase chain reaction)-
based amplification of rDNA (41), or by applying FISH
(fluorescent in situ hybridization) to directly stain rRNA in
fixed cells using fluorescent probes that are complementary
to specific regions of rRNA (42, 43). Extraction, PCR ampli-
fication, chromatographic separation, and sequencing of 16s
rRNA genes have provided insight into the vast diversity of
microbes present in seawater, on particles, and in sediments.
Direct comparisons of community response to specific en-
vironmental conditions or experimental manipulations can
be made via TRFLP (terminal restriction fragment length
polymorphism) or DGGE (denaturing gradient gel electro-
phoresis) (44, 45), while FISH staining provides the means
of directly detecting subgroups of organisms in a specific
sample. Depending on the type of PCR primer or FISH probe
used, the information gained can be at the broad division or
at the single species level. Current work is also focused on
detection and quantification of specific functional genes in
order to understand organism-process links (46). Genomic
approaches (construction and analysis of clone libraries)
are also being used to indicate the functional capabilities of
uncultured organisms (47). These approaches can provide
information about “who is there”, and begin to suggest the
types of processes in which they may be involved.

Use of multiple organic compounds as indicators of rela-
tive diagenetic reactivity can provide a sensitive and consis-
tent means of comparing changes in the molecular “quality”
of organic matter in aquatic environments. In the sea sur-
face-to-sediment study mentioned earlier, Wakeham et al.
(11) used a combination of 16 lipid, amino acid, pigment or
carbohydrate compounds or groups of compounds to divide
organic matter collected in the water column and sediment
of the equatorial Pacific into four clearly-defined diagenetic
classes that could be traced from sea surface to sediment
(Fig. 4). For example, chlorophyll-a and C,, and C,, polyun-
saturated fatty acids were diagnostic of plankton in surface
waters and were rapidly lost from particles in the euphotic
zone. Zooplankton contributions of pheophorbide and oleic
acid appeared deeper in the water column. Several organic
compounds specific to bacteria such as muramic acid, cis-
vaccenic acid and iso and anteiso-15:0 fatty acids, served
as source indicators of the presence of microbes or their
products in particulate matter. They became important in
deep-water particles and surface sediments. High-molecu-
lar-weight straight-chain fatty acids, fatty alcohols and al-
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kanes that are resistant to microbial alteration became more
abundant in subsurface sediments. Changes in the molecular
“quality” of particulate matter down the water column were
accompanied by a substantial decrease in the amount of or-
ganic carbon that could be easily identified at the molecular
level.

WHAT IS THE “UNCHARACTERIZED” MATERIAL?

What can cause the large increase in uncharacterized ma-
terial in the mesopelagic zone? First it is important to re-
member that complete characterization is seldom possible
and was not accomplished in the equatorial Pacific study,
where over 150 individual compounds were identified (11).
Wakeham et al. defined characterized material as that which
could be chromatographically determined as hydrolyzable
amino acids, neutral sugars, solvent-extractable lipids, and
chlorophyll and its immediate degradation products. There
are in fact many compounds outside this analytical “win-
dow”. Application of other analytical tools may have iden-
tified many more compounds, e.g. amino sugars, nucleic
acids, lectins, uronic acids (48) and other acidic sugars,
glycosylated or otherwise abiotically-modified proteins
(49), adsorbed quinones, etc. The proportion of total carbon
contributed by these other compounds is unknown simply
because they have not been measured. However, it is un-
likely that their contributions increased as dramatically with
depth as did the uncharacterized fraction of organic matter,
though possible if they are very resistant to degradation (see
later discussion). Furthermore, the macromolecular nature
of compounds was not determined in the Wakeham et al.
study since a hydrolysis step was usually used. In that study,
molecular-level characterization provided no information
on the manner in which individually identified compounds
are linked together. Such information about macromolecu-
lar structure, however, is likely critical to considerations of
bioavailability and susceptibility to degradation. Since rem-
ineralization of macromolecules requires hydrolysis (in the
digestive apparatus of eukaryotic organisms, or by extracel-
lular enzymes prior to transport into microbial cells), the
manner in which individual building blocks such as amino
acids, simple sugars, and lipids are linked as complex struc-
tures is a central issue. Macromolecular structural informa-
tion is rare at the present time: methods used to analyze in-
tact samples (solid state NMR, for example) do not have the
resolution required to provide this information, while most
other analytical approaches require chemical or thermal de-
composition of complex samples—and therefore loss of this
information—to analyze the residual monomers.
“Analytically uncharacterized” is synonymous with nei-
ther “biologically available” nor “biologically unavailable"
carbon. Although it may be tempting to equate “analytically
uncharacterized” and “biologically unavailable”, ample evi-
dence suggests that microbes do not do so. Identifiable ami-
no acids and carbohydrates persist at depth in sediments of
considerable age (50); the specific factors that render them
resistant to microbial remineralization remain to be deter-
mined. Conversely, uncharacterized carbon is not necessar-
ily biologically recalcitrant. Even though sediment can con-
tain a large proportion of uncharacterized carbon (> 80%),
absolute concentrations of the uncharacterized fraction con-
tinue to decrease in the sediment column (11), and this car-
bon can still support comparatively high rates of microbial
metabolism (51). Whatever its molecular character, most of
the organic matter that reaches the seafloor appears to be
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biologically available to benthic organisms, even though it
may be analytically uncharacterized.

A further point to consider is that molecular biological
surveys have shown that microbial community composition
can vary greatly with location as well as in response to envi-
ronmental conditions (52, 53). Although efforts to link func-
tional to phylogenetic diversity are still in their early stages,
it is reasonable to suppose that the tools that these diverse
microbial communities have to access macromolecular sub-
strates may differ significantly. A survey of extracellular en-
zyme activities in seawater microbial communities ranging
from 39°S to 79°N showed that patterns of enzyme activi-
ties varied greatly; several polysaccharides that remained
unhydrolyzed in seawater from high-latitude locations were
rapidly hydrolyzed in the Gulf of Mexico (54). Compari-
sons of seawater and sedimentary microbial communities
have also demonstrated that some soluble polysaccharides
remain unhydrolyzed in seawater, although they are read-
ily hydrolyzed in surface sediments from the same location
(54a, 55).

Below we discuss possible sources of uncharacterized
material in addition to the “unmeasured” category discussed
above. These include direct sources of uncharacterized ma-
terial (microbes, black carbon, biomacromolecules) and pro-
cesses that might lead to their production (selective degrada-
tion, organic-mineral interactions, aggregation).

Microbial Biomass or Microbial Products

Many of the uncharacterized compounds in the “unmea-
sured” fraction mentioned above are found in microbial bio-
mass or microbial products (Fig. 2). Lee (56) suggested that
the accumulation of bacterial biomass could be responsible
for much of the organic carbon preserved in sediments. Bio-
marker studies also indicate that bacterial biomass makes
a significant contribution to sedimentary carbon (57), but
studies focusing on bacterial biomarkers in particulate mat-
ter are limited in number. It is unlikely that bacterial bio-
mass contributes a major fraction of the carbon in sinking
particles (5), where the POC can be actively recycled by the
water column grazing community. Bacterial counts on sedi-
ment trap particles suggest that bacterial concentrations on
particles are similar to concentrations of free-living particles
in seawater. Ducklow et al. (58) report average concentra-
tions of 1150 (10)° cells g! POC in trap material, half of
which are attached. Thus, if we use 12.4 fg C per bacterial
cell (59), viable bacterial biomass (1-2% of total POC) does
not appear to be large enough to account for a substantial
fraction of the C in sinking particles, although bacteria con-
tribute somewhat more (~ 4%) to sedimentary carbon (56).

The contribution of microbial products to POC is not at
all well known. Bacteria produce a wide range of extracellu-
lar polymeric substances (EPS) to form multifunctional cap-
sules, sheaths, or gel-like matrices (60). EPS are composed
of polysaccharides, proteins, nucleic acids and lipids. Much
of the C in these bacterial products may not be “molecular-
ly-characterized” by the relatively simple chromatographic
scheme used in previous studies. As a simple example, the
amino sugars glucosamine and galactosamine were not in-
cluded in the characterization. Benner and Kaiser (61) es-
timated that these two amino sugars make up 1-2% of the
carbon in suspended POC. Hydroxy fatty acids of bacterial
origin constitute < 1% of OC in particulate matter (62).

The BC-NMR results of Hedges et al. (15) suggested that
sinking particle organic compositions were consistent with
the presence of intrinsically resistant biomacromolecules
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with a bulk chemical composition similar to that of plank-
ton being selectively preserved as particulate organic matter
sinks. Hedges et al. suggested that peptidoglycan, a common
macromolecule in bacterial cell walls, might fit this descrip-
tion since downward increases of glycine and total carbo-
hydrate found in sinking particle samples were consistent
with a growing peptidoglycan content. Benner and Kaiser
(61) measured concentrations of muramic acid, a compound
found only in bacterial peptidoglycan. They found it to be as
concentrated in POM as in bacteria. But bacteria were not
found in high enough numbers to account for all the pepti-
doglycan in their samples, so they hypothesized that much
of the peptidolgycan in POM is detrital. Muramic acid was
not included in the Wakeham et al. (11) inventory. Nor were
uronic acid and other acidic carbohydrates that are common
in bacterial exudates (63). Uhlinger and White (64) found
that uronic acids increase with time in microbial exopoly-
saccharides, which eventually accumulate to be as much
carbon as in the original microbial cell.

Transparent exopolymer particles (TEP) are another set of
biomacromolecules common in seawater (65) and thought to
be produced by both bacteria and algae. TEP plays a major
role in flocculation in the ocean (66), and is thus likely to be
present in sinking particles. Only about half of the carbohy-
drates in TEP are neutral sugars (67), the type measured by
Wakeham et al. (11). The remaining carbohydrate fraction
was unidentified, but thought to contain sugar alcohols and
monosaccharide degradation products. Acidic sugars such
as uronic acids are not a major fraction of TEP, but sulfated
deoxysugar-containing polysaccharides are likely compo-
nents (68). Thus, some of the uncharacterized fraction is
probably not-yet-identified compounds of bacterial origin
that are produced on particles. Their increasing proportion
with depth, rather than the presence of inherently resistant
compounds, would then be responsible for an increase in
uncharacterized material with depth.

Black Carbon

Another type of organic matter that may contribute to un-
characterized C is black carbon (Fig. 2). Black carbon (BC,
including soot and charcoal) is a highly condensed, carbon-
rich product of incomplete combustion of biomass and fossil
fuels; graphitized BC (GBC) may arise from weathering of
ancient sediments. BC is now recognized to play a signifi-
cant role in the global carbon cycle, and although purely ter-
rigenous in origin is apparently also prevalent in the marine
environment (reviewed in Schmidt and Noack (69)). Because
analyses of BC are highly operational (70-72), reported con-
tributions of BC to marine OC are highly variable, perhaps
up to 30% of OC (73, 74). BC in marine POM has not been
measured to date, but Deuser et al. (75) found fly-ash par-
ticles in sediment trap material collected in the Sargasso Sea.
BC is highly surface-active and hence readily sorbs organic
substances, so that many forms of marine organic matter
could readily become associated with BC-rich particles. As
BC is already highly oxidized, it might be highly resistant to
degradation, although evidence for its degradation is mixed
(74); if highly refractory, then BC might offer considerable
protection to any sorbed organic substances. In a compari-
son of contributions to sedimentary OC by hexosamines,
amino acids, and carbohydrates, BC was found to constitute
15-40% of the unidentified OC (which in turn represented
60-80% of total OC) (74). It is clear that BC might be a very
important and at present understudied fraction of marine OC,
and its contribution needs to be better evaluated.

570

© Royal Swedish Academy of Sciences 2004

T
()
13C NMR |
T
0, OR L')
; 5
I =
N\ R
6 (W]
o
¢
EqgPac
Plankton

! T T T T T
250 200 150 100 50 0 ppm

Figure 5. 3C-NMR spectrum of marine particulate
material showing the major organic functional
groups that are assigned to specific resonances.

Geomacromolecule Formation/Selective Preservation

Labile intermediates released during microbial degradation
of biomacromolecules (e.g. polysaccharides, lignins and
proteins) may spontaneously recombine to form chemically
complex "geopolymers" (76, 77) (Fig. 2). These geomac-
romolecules may be structurally too complex to analyze
chemically, and may increase preferentially with depth if
they do not degrade enzymatically. Alternatively, some bio-
macromolecules may be intrinsically resistant to biodeg-
radation and thus may also be selectively preserved. Nu-
merous hydrolysis-resistant biomacromolecules have been
identified in terrestrial and marine plants and bacteria, as
well as in sedimentary environments (77). However, both
these mechanisms should result in pronounced changes in
organic matter composition as particles are degraded in the
water column.

The study of plankton and sediment trap material from
the equatorial Pacific and Arabian Sea by Hedges et al. (15)
suggested that major biochemical compositions obtained by
modeling solid-state 3*C-NMR spectra (e.g. Fig. 5) were sim-
ilar to those directly measured by chromatographic analysis
of these same samples. This compositional similarity, while
surprising, was true both for shallow samples where 80% of
the organic carbon was chromatographically characterized,
and for deep trap samples where only 20% of the POC was
characterized. There was no evidence for the increase with
depth in alkyl carbon that would be expected from selective
preservation of aliphatic algaenan-like biopolymers, or for
the increase of unsaturated carbon expected from humifi-
cation. Hedges et al. (15) concluded that most of the lost
organic matter was recycled in the water column with little
or no chemical selectivity. Although these results provide
strong evidence against substantial selective degradation
and humification as sinking ocean particles are extensively
remineralized, other mechanisms might also lead to the ob-
served biochemical uniformity. For example, stereochemi-
cal changes or crosslinking of proteins and polysaccharides
in plankton might increase their resistance to biodegradation
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and yet not be detectable by *C NMR. In addition, intrin-
sically resistant biomacromolecules with a bulk chemical
composition similar to plankton might be selectively pre-
served as particulate organic matter sinks.

An unknown factor is the extent to which microbial com-
munities vary spatially in their abilities to make use of spe-
cific structures as mentioned earlier, as well as to the extent
to which they are reliant upon degradation of macromolecu-
lar compounds for their metabolism. If surface-water mi-
crobial communities have the ability to dismantle a wider
variety of macromolecules than do deep-water communities,
organic matter that initially escapes remineralization due to
rapid sinking, encapsulation, aggregation, or surface-asso-
ciation, for example, may be enzymatically inaccessible for
deep-water communities. One significant puzzle relates to
planktonic Archaea, which are a large fraction of total pro-
karyotic biomass at depths in excess of 1000 m in the North
Pacific gyre (78) and in Antarctic surface waters in the win-
ter (79). Because none of these organisms has been isolated
in culture, there is no specific information about their me-
tabolism, although some Archaea may use bicarbonate (80).
Analysis of lipid biomarkers from the Santa Barbara Basin
supports the idea that in this environment, Archaea do not
use surface-derived DOC or post-bomb CO, to synthesize
their cellular carbon (81). Perhaps particle composition in
the ocean interior is in part the result of microbial indiffer-
ence to the rain of material sinking through this region.

In support of the selective preservation hypothesis, more
recent results using direct temperature-resolved mass spec-
trometry (DT-MS) of the same samples studied by Hedges
et al. (15) suggest that a substantial proportion of the un-
characterized material is in fact dominated by recognizable
biochemical signals (82). Although DT-MS analysis gives
a picture intermediate between the earlier chromatographic
(i.e. 11) and NMR (i.e. 15) scales of compositional resolu-
tion, it suggests that biogeochemical alterations indeed do
occur within the water column but do not result in radical
changes to the primary molecular structure of the bulk of the
particulate organic matter. Minor et al. (82) conclude that
neither extensive physicochemical nor biologically-medi-
ated geopolymerization occur in the water column. Instead,
there appears to be selective removal and editing of the sur-
face-derived organic matter leading to selective preserva-
tion of a portion of this organic matter in deep water and
sediments.

On the other hand and in direct contrast to the chromato-
graphic, *C-NMR and DT-MS results, Hwang and Druffel
(83) used isotopic evidence to suggest that the uncharacter-
ized material is “lipid-like” material that has selectively ac-
cumulated. They measured stable and radiocarbon isotopes
of different chemically-isolated fractions of sinking POC
from sediment traps from the California margin. An acid-in-
soluble fraction was used as a proxy for the uncharacterized
fraction, and was found to have the same isotopic signature
as the lipid fraction obtained by conventional solvent extrac-
tion, but a different isotopic signature from the amino acids
and carbohydrates. This exciting work is consistent with the
hypothesis that the uncharacterized material is formed by
selective preservation of algaenan-type structures (76, 84).
Future isotopic work in areas not so dominated by terres-
trial sources of old carbon (petroleum or weathered ancient
rocks) will show whether a “lipid-like” isotopic signature of
the uncharacterized fraction is general in the ocean.
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Mineral/Organic Matrix Interactions

Compositional similarities of the major biochemicals in
POC over the entire water column are more consistent with
a hypothesis that physical protection of organic matter by an
associated mineral matrix is more important than selective
preservation based solely on molecular factors as described
above (15). Several mechanisms could account for physical
protection of organic matter by minerals. Inorganic matter
makes up most of the total mass of sinking particles. If or-
ganic matter and a mineral matrix are intimately associated
with each other, this association may afford physical pro-
tection to the organic fraction. Adsorption of organic com-
pounds onto a mineral matrix can protect them from micro-
bial degradation (85), perhaps by promoting intermolecular
interactions between adjacent molecules adsorbed to a sur-
face (86). Adsorption of DOC onto a mineral matrix could
significantly increase the proportion of uncharacterized or-
ganic compounds on particles since most of DOC is itself
uncharacterized (87). In this respect, it would be interest-
ing to determine whether diagnostic bacterial components
of DOC (e.g. peptidoglycan-derived D-amino acids (88) or
hydroxy acids (89)) might be present in the uncharacterized
fraction of POC. However, it is not clear why this process
would occur more in the mesopelagic than any other ocean
depth.

Mayer (90) confirmed earlier studies showing that organic
matter coats mineral particles in concentrations equivalent
to a “monolayer” and postulated that adsorption of organic
matter into mesopores physically removes it from the action
of hydrolyzing enzymes, which cannot function within the
tiny pores. He hypothesized that this mechanism is responsi-
ble for the almost universal correlation between organic car-
bon content and mineral grain size observed in marine sedi-
ments. Likewise, some fraction of the organic matter might
be protected in mesopores of particles sinking through the
water column. Recently, the mesopore hypothesis has been
modified to consider discrete organic aggregates on mineral
surfaces (91-93). Organic matter acts as a “glue” to hold par-
ticles together, and the organic glue may be protected from
decomposition by its location in these intergranular areas
(94, 95). In either case, there appears to be a threshold below
which sorbed organic matter cannot be attacked by exoen-
zymes. On the other hand, a surprisingly high proportion of
organic matter sorbed to particles is reversibly bound. Ex-
periments have shown that once desorbed, this organic mat-
ter is remarkably susceptible to microbial degradation (96,
97). In addition, there are clear compositional variations as
a function of particle size (98, 99) which may affect OC
behavior. Hedges and Keil (50) developed the mineral-pro-
tection hypothesis further by suggesting that organic matter
in association with mineral material beyond that equivalent
to a mono-layer coating might be due to its isolation from
oxygen. Subsequently, Hedges et al. (100) showed that the
nature of organic matter in surface sediments off the coast of
Washington State, USA, was highly dependent on exposure
time to oxygen. It is intriguing to extrapolate this observa-
tion to water column particles, for which suboxic or anoxic
conditions might exist within the particles themselves.

It is also possible that refractory macromolecular organic
or inorganic matrices may protect intrinsically labile or-
ganic substances. Knicker and co-workers (101, 102) sug-
gested that proteins could be encapsulated within refractory
macromolecular organic matrices and thus be preserved.
This encapsulation hypothesis is supported by experimental
observations by Nguyen et al. (103) that protein can be pre-
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served during degradation of algaenan-rich algae. Resistant
organic matrices may also protect otherwise labile lipids.
For example, waxy epicuticular coatings common to land
plants apparently protect higher plant alkanes, fatty acids,
and fatty alcohols from degradation. Thus, terrestrial bio-
markers may be relatively abundant in abyssal sediments
even though they are minor components of the particles pro-
duced in the overlying waters (104). The behavior of ma-
rine-derived compounds suggests that they lack a protective
matrix and thus are subject to preferential degradation in the
water column.

Some organic matter is incorporated into silicate and car-
bonate tests during biological deposition of these minerals
(105). This organic material is entombed within the mineral
matrix and will not be exposed to hydrolyzing enzymes until
it is released when the mineral phase dissolves. In particu-
lar, preservation of several amino acids and sugars occurs
in both siliceous and carbonate tests. Diatom cell walls,
for example, contain a protein-silica complex (106), whose
preservation is thought to account for the increase in gly-
cine and serine commonly observed with depth in marine
particles (3, 107). Carbonates are often enriched in acidic
amino acids, which are thought to participate in the carbon-
ate precipitation mechanism (105). These acidic amino ac-
ids and glycine are the dominant compounds found in deep
equatorial Pacific sediment traps and sediment (12) where
they appear to be protected until they are exposed following
dissolution of the associated mineral phase. The mechanism
of association of organic matter to mineral grains is not well
understood and is probably multi-faceted. Simple adsorp-
tion undoubtedly plays a major role. If the mineral is terres-
trially-derived, adsorption could occur before deposition in
the ocean; the organic coating could remain with the particle
when the mineral grain enters the water, could be replaced
by marine DOC, or further adsorption of marine DOC could
occur. Work by Keil et al. (108) and Hedges and Keil (109)
demonstrate this process. Berner (110) suggested that ben-
thic animals may coat fine-grained minerals as they pass
through animal guts; this process could also occur in the
water column as particles pass through zooplankton guts.
And, as mentioned above, organic matter could be contained
within the inorganic skeletal matrices of organisms. Ingalls
et al. (36) found that amino acids bound within the opal frac-
tion made up 3—4% of the amino acids in sinking particles;
this proportion increased with depth, and reached 60% in
sediments of the silica-rich Southern Ocean.

The suggestion that minerals both preserve associated or-
ganic matter and provide ballast that allows particles to sink
has led to a new conceptual model about factors that con-
trol organic matter fluxes and composition in the ocean (16).
Typical mixes of organic carbon compounds that comprise
marine organic matter have densities close to that of seawa-
ter, while the density of typical inorganic mineral ballast is
about 2-2.5 times that of seawater. Since sinking velocities
are proportional to the excess in density over that of the fluid
through which particles sink, a particle that is half organic
matter and half inorganic ballast will sink many times faster
than a particle of comparable size composed totally of or-
ganic matter. Wind-blown (terrestrial) dust particles, opaline
silica (produced by diatoms and radiolarians), and calcium
carbonate (produced by coccolithophorids and foraminifera)
are the major types of mineral ballast in the world ocean (9,
10). Dust that does not dissolve appreciably with depth in
the ocean, and therefore does not expose its associated or-
ganic matter to degradative enzymes, will carry its protected
organic matter efficiently during transit through most of the
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water column to the sea floor. In contrast, organic matter
external or internal to opal and carbonate tests will be sub-
ject to decomposition as the biomineral begins to dissolve.
The mineral phase with which organic material is associated
may therefore provide a strong control on organic carbon
flux in two ways: through mineral-specific differences in the
amount of organic carbon that can be protected internally per
unit ballast mineral, and through differential exposure of in-
ternal organic matter resulting from differential dissolution
of the ballast minerals themselves. Considering mineral bal-
last and protection, a quantitative description of POC remin-
eralization must account both for POC that is "protected" by
its association with ballast and for POC that is "unprotected"
from degradation. Both types of POC are assumed to be as-
sociated with the same sinking aggregates (flocs and/or fe-
cal pellets); the same ballast would then provide the excess
density needed for both types of carbon to sink. Only further
research on organic-inorganic associations will allow prog-
ress in making quantitative and predictive models of organic
matter flux that are useful over broad regions of the ocean
and over seasonal and interannual time scales. The concept
of physical protection, whether by sorption, encapsulation,
or other mechanisms, provides a plausible explanation for
the presence of amino acids, carbohydrates, or other identifi-
able structures as components of persistent organic matter.
The question as to why such materials should be identifiable
with techniques such as solid-state NMR and DT-MS, yet
resist hydrolysis and chromatographic identification, is still
unanswered.

Aggregation-Disaggregation

Many of the processes mentioned above are likely sources
of uncharacterized material, but why is the major transition
from characterized to uncharacterized observed in the me-
sopelagic zone? Aggregation and disaggregation processes
that occur especially widely in the mesopelagic zone may
result in incorporation of older and more degraded (and less
easily characterized) suspended material into large sinking
particles, such as marine snow (Fig. 2). If we consider the
hypothesis of Hill (111), large particles sinking through the
water column at high rates fragment because of high shear
stresses until they reach a size at which their sinking rate
slows and shear stresses diminish. As these now smaller par-
ticles sink slowly, they collide with other smaller particles,
and can reaggregate into larger particles again. This aggre-
gation-disaggregation process results in the constant rain of
material of a similar size all the way to the sea floor, and in
sinking and suspended particles that have exchanged mate-
rial with each other. Aspects of the effects of this continual
aggregation-disaggregation on the chemical composition
of particulate matter have been examined in the past (112),
but recently, Sheridan et al. (35) used principal components
analysis of pigment, lipid and amino acid compositions to
show that suspended particles in surface waters (0-200 m)
are dominated by fresh organic material and are similar in
composition to surface ocean phytoplankton. Suspended
particles are less degraded than particles sinking out of the
euphotic zone at 105 m. However, the organic composition
of midwater suspended particles (200-850 m) showed that
these particles are of a similar “freshness” to sinking par-
ticles throughout the mesopelagic zone, likely due to this
exchange between sinking and suspended particles at depth.
These depth variations in phytoplankton, zooplankton, and
bacterial biomarkers support the idea that surface suspended
particles are composed primarily of labile phytoplankton
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material, whereas midwater particles are composed of phy-
todetritus diluted with zooplankton and microbial source
material at depth. These new observations provide con-
clusive evidence for the complex dynamics between large,
fast-sinking and small, slow-sinking particles that could
only be hinted at in the past. Because mesopelagic depths
are characterized by such dynamic physical and biological
processes, the most probable mechanism for the increase in
uncharacterized material in this zone likely includes physi-
cal (aggregation-disaggregation) and biological (selective
degradation) components.

FINAL THOUGHTS

It is interesting to compare decomposition of marine partic-
ulate organic matter with that in soils and sewage. Baldock
and Skjemsted (113) review evidence for soil organic mat-
ter decomposition that suggests the critical role of mineral
matrices in protecting organic matter. They suggest that soil
organic matter decomposition is highly complex because of
the large range in size and source of both the minerals and
the organic matter present in soils. Larger particles retain-
ing intact biologically-produced compounds are influenced
most by the soil architecture, i.e. the degree of encapsula-
tion, aggregate stability and pore size. For smaller particle
sizes in the soils, Baldock and Skjemstad suggest that ad-
sorption onto mineral surfaces and the types of soil minerals
and cations present become dominant influences on decom-
position rates. In soils, mineral protection is only temporary,
slowing decomposition relative to unprotected organic mat-
ter. Long residence times will also increase the quantitative
importance of selective preservation of biomacromolecules.
Based on knowledge of soil mechanisms, it will be interest-
ing to further explore the interaction between marine organic
matter and minerals in producing labile but uncharacterized
OM in the ocean.

Dignac and others (114, 115) describe the production
of uncharacterized organic matter during the treatment of
wastewater with activated sludge; as in marine systems,
uncharacterized material in wastewaters accounted for a
substantial fraction of the total carbon present in degraded
material. Dignac et al. suggested that the uncharacterized
material resulted from the presence of organic compounds
not characterized by molecular analysis, the presence of
salts that interfere with hydrolysis, or the presence of com-
pounds refractory to chemical hydrolysis. But they thought
it most likely that refractory OM was formed by complex
rearrangements of simple biochemicals during the activated
sludge treatment. More than 80% of the organic matter is
decomposed during treatment, similar to the percentage of
particulate organic matter produced in the euphotic zone of
the ocean that is degraded in the water column (114). How-
ever, marine organic matter is produced in close association
with biominerals, and once produced, it can be consumed by
animals as well as microbes. Another interesting difference
between oceanic and wastewater environments is that the
uncharacterized material produced during wastewater treat-
ment appears to be refractory, while in the ocean much of
the material sinking in the water column can be further de-
composed once it reaches the sea floor. Although wastewater
and sludge are rich in organic carbon, a substantial portion
of the mass is still inorganic as shown by ash contents >
30% (115). Thus, it may be of value to explore the effects of
inorganic constituents in wastewater and sludge remineral-
ization processes.
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Further comparison of organic matter decomposition
in marine particles with that in soils and wastewater may
prove extremely useful in distinguishing between important
decomposition mechanisms. These three diverse environ-
ments represent a continuum in mineral and organic matter
concentrations and in biological processing times, with soils
having high mineral content and long reaction times over
which decomposition occurs, and wastewater having high
concentrations of organic matter but lower mineral contents
and shorter processing times. Marine particles lie between
these extremes. Extended periods of time and high organic
concentrations will result in chemical reactions that lead to
production of refractory compounds. Short processing times,
higher mineral content, and lower chemical concentrations
will result in more preservation.
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