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Organic matter diagenesis in shallow water carbonate sediments
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Abstract—Muddy carbonate deposits near the Dry Tortugas, Florida, are characterized by high organic
carbon remineralization rates. However, approximately half of the total sedimentary organic matter potentially
supporting remineralization is occluded in CaCO3 minerals (intracrystalline). While a portion of nonintracrys-
talline organic matter appears to cycle rapidly, intracrystalline organic matter has an approximately constant
concentration with depth, suggesting that as long as its protective mineral matrix is intact, it is not readily
remineralized. Organic matter in excess of intracrystalline organic matter that is preserved may have a variety
of mineral associations (e.g., intercrystalline, adsorbed or detrital). In surface sediment, aspartic acid con-
tributed �22 mole % and �50 mole % to nonintracrystalline and intracrystalline pools, respectively. In deeper
sediment (1.6–1.7m), the composition of hydrolyzable amino acids in both pools was similar (aspartic acid
�40 mole %). Like amino acids, intracrystalline and nonintracrystalline fatty acids have different composi-
tions in surface sediments, but are indistinguishable at depth. These data suggest that preserved organic matter
in the nonintracrystalline pool is stabilized by its interactions with CaCO3. Neutral lipids are present in very
low abundances in the intracrystalline pool and are extensively degraded in both the intracrystalline and
nonintracrystalline pools, suggesting that mineral interactions do not protect these compounds from degra-
dation. The presence of chlorophyll-a, but absence of phytol, in the intracrystalline lipid pool demonstrates
that chloropigments are present only in the nonintracrystalline pool. Sedimentary chloropigments decrease
with depth at similar rates in Dry Tortugas sediments as found in alumino-silicate sediments from the Long
Island Sound, suggesting that chloropigment degradation is largely unaffected by mineral interactions.
Overall, however, inclusion and protection of organic matter by biominerals is a major pathway for organic
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matter preservation in this low-organic carbon, biomineral-rich regime. Copyright © 2004 Elsevier Ltd
1. INTRODUCTION

Biomineral-rich deposits contain organic matter that is both
intracrystalline and nonintracrystalline in nature. The influence
of the mineral matrix on these two pools of organic matter
during diagenesis is not well known. Here we investigate
changes in the concentration and composition of organic matter
associated with the mineral matrix in a CaCO3-rich sedimen-
tary deposit.

CaCO3 that is precipitated in the presence of organic matter
incorporates some of this organic material into its crystal struc-
ture (Mitterer, 1971; Mitterer, 1972; Ramseyer et al., 1997). In
the case of biogenic CaCO3, glycoproteins that are produced by
the organism to aid mineral precipitation are incorporated into
the mineral during calcification (Abelson, 1955; Constantz and
Weiner, 1988; Lowenstam and Weiner, 1989). Incorporated
organic matter is in two operationally defined pools: “intracrys-
talline” organic matter is within biogenic CaCO3 crystals, and
“intercrystalline” organic matter surrounds individual biogenic
CaCO3 crystals (Towe, 1980; Endo et al., 1995; Sykes et al.,
1995). Intercrystalline organic matter is accessible to strong
oxidants while intracrystalline organic matter is not (Gaffey
and Bronnimann, 1993). Thus, intracrystalline organic matter
tends to remain associated with the CaCO3 for very long
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timescales, or until the mineral dissolves (King and Hare, 1972;
King, 1977; Weiner and Lowenstam, 1980; Collins et al., 1991;
Collins et al., 1992). The concentration and composition of
glycoproteins are largely genetically determined and species
specific (King, 1977), but are often highly enriched in aspartic
acid (Mitterer, 1978; Constantz and Weiner, 1988).

In addition to incorporating organic matter during precipita-
tion, CaCO3 can adsorb organic matter onto its surface. Ad-
sorbed organic matter may come from surrounding sediment,
from pore waters, or from the organic matter originally pro-
duced by the organism that precipitated the CaCO3. The sorp-
tive capacity of a mineral is proportional to its surface area and
potential for ionic interactions with dissolved constituents
(Suess, 1973). Compared to other minerals, CaCO3 preferen-
tially adsorbs more acidic organic compounds onto its surface
(Müller and Suess, 1977; Carter, 1978). Amino acids adsorbed
to CaCO3 are usually enriched in the acidic amino acid aspartic
acid relative to the source of adsorbed organic matter (Jackson
and Bischoff, 1971; Mitterer, 1972). The composition of or-
ganic matter (OM) associated with fine-grain CaCO3 sediments
is often dominated by adsorbed compounds due to their large
surface area to volume ratio (Carter and Mitterer, 1978). Larger
grain sizes (�250 �m) tend to have bulk organic compound
compositions that resemble intracrystalline material because
the small surface area to volume ratio increases the importance
of intracrystalline organic matter (Carter and Mitterer, 1978).

As mentioned above, there has been considerable work on
intracrystalline, intercrystalline, and adsorbed amino acids in

CaCO3. However, most studies have not separated intracrys-
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talline from nonintracrystalline (which includes both intercrys-
talline, adsorbed as well as organic matter in discrete particles)
amino acids to determine their individual compositions and
behavior during early diagenesis. In addition, other compounds
have not been as well studied as amino acids. Here we inves-
tigate the reactivity and preservation of chloropigments, lipids,
amino acids, and total organic carbon (TOC) in biogenic sed-
iments by analyzing intracrystalline and nonintracrystalline or-
ganic matter concentration and composition with depth in car-
bonate-rich sediments in the Dry Tortugas, Florida.
Intercrystalline, adsorbed, and discrete organic matter sources
are not distinguished in this study because our method for
separating organic matter pools (bleach treatment) is not capa-
ble of doing so. Amino acids and lipids can be in each of these
pools (Isa and Okazaki, 1987; Lowenstam and Weiner, 1989).
Chloropigments are highly labile compounds that are closely
associated with algal organic matter and are not expected to be
intracrystalline or intercrystalline due to their location, nor-
mally within chloroplasts. In the case of Chl-a, we calculated
degradation rate constants from core profiles and from labora-
tory experiments with carbonate sediment conducted under
oxic and anoxic conditions. These results are compared with
similar studies of Chl-a degradation in alumino silicate-rich
sediments (Leavitt and Carpenter, 1990; Sun et al., 1993a).
Organic matter preservation mechanisms are discussed in the
context of other marine sediments and carbonate matrices. In
particular, we compare organic matter degradation in these
carbonate sediments with previous results from the more closed
system found in coral heads (Ingalls et al., 2003). This study
suggests that occlusion within biominerals is a major pathway
for the preservation of organic matter in this low-organic car-
bon, biomineral-rich environment.

2. STUDY SITE AND SAMPLING

Sediment cores (�20 cm) were collected near the Dry Tor-
tugas, small islands 110 km west of Key West, Florida (Fig. 1).
The area is a fine-grained carbonate shelf environment where
the sediments are up to 97% CaCO3 (the remainder is primarily
quartz and biogenic silica), and are composed primarily of
fragments of the aragonitic green alga Halimeda sp. with
smaller quantities of coral, mollusc, and foraminifera remains
(Furukawa et al., 1997; Mallinson et al., 1997; Veyera et al.,
2001). Biologic mixing in the vicinity of Southeast Channel
(Fig. 1) is intense, and biogenic sedimentary fabrics dominate
over those deposited by storm activity (Bentley and Nittrouer,
1997). Biologic mixing is primarily carried out by molluscs,
polychaetes (0–4 cm), carnivores (upper 10 cm), and burrow-
ing Callianassa shrimp (�30 cm) (D’Andrea and Lopez,
1997). Total organic carbon content is low (0.4–0.7 wt.%)
compared to other coastal sediments (Furukawa et al., 2000).
Dissolved oxygen penetration into the sediment away from
irrigated burrow structures is 2 to 3 mm (Furukawa et al.,
2000). Benthic algae are common to the area, but bioturbation
and frequent storms result in destabilization of algal mats
(D’Andrea and Lopez, 1997). Salinity was 36.3 ppt and water
temperature 28°C during sampling. Sediment porosities ranged
from 0.6 to 0.8.

Cores were collected aboard the R/V Armagnac by SCUBA

with a Plexiglas corer on April 19–20, 1997. Cores (�20 cm)
were collected at Middle Key (MK; 24°39.484�N,
82°49.722�W, water depth 13.5 m), North Key Harbor (NKH;
24°40.759�N, 82°48.592�W, water depth 10.5 m), and East Key
(EK; 24°39.544�N, 82°48.381�W, water depth 12 m). Surface
sediment (top 0.5 cm) for the incubation experiments was
collected in North Key Harbor by scooping up sediment with a
plastic container. This sediment was refrigerated for �48 h
before beginning the experiment. One 180-cm gravity core
(Left Key Harbor [LFK]: 24°36.973N, 82°50.761W, water
depth 23 m) was collected from the R/V Pelican in June 1997
in the North Key Harbor area as part of the Coastal Benthic
Boundary Layer Special Research Project sponsored by the
Office of Naval Research. Short sediment cores were sectioned
into 0.5-cm (surface) or 2.0-cm (deeper) intervals on board ship
and frozen in dry ice until analysis. The gravity core was
sectioned into 10-cm intervals and frozen.

2.1. Depositional Environment

Throughout the study, the diagenetic status of organic matter
in sediment from 1.0 to 1.5 cm interval of MK (shallow
sediment) is compared with that from 160 to 170 cm interval of
LFK (deep sediment) assuming that the LFK sediment is
“older” than the MK sediment. These two cores were collected
from different locations that may have different depositional
histories, perhaps compromising this assumption. For example,
sediments in the Dry Tortugas are subject to redistribution from
bioturbation, sea level rise, strong currents, and storm events
(Davis and O’Neill, 1979; Bentley and Nittrouer, 1997; Wright
et al., 1997). Despite possible differences, several factors sug-
gest that the organic matter in deep sediment at North Key
Harbor is generally older than organic matter in regional sur-
face sediments.

While the 14C age of the carbon in the CaCO3 and organic
matter pools has not been measured, the incorporation of 210Pb
(t1/2 � 22 yr) and 234Th (t1/2 � 24 d) into the seabed suggests
that sediments are accumulating steadily at a rate of �0.3 to 0.4
cm/yr (Bentley and Nittrouer, 1997; Bentley, 1998). These
authors conclude that some modern sediment is being deposited
onto the seabed from surrounding Halimeda beds. Other sedi-
mentological and geochemical evidence suggests that vertical
changes with depth in sediment cores taken in North Key
Harbor reflect progressive diagenesis and micritization (Fu-
rukawa et al., 1997; Furukawa et al., 2000). As argued subse-
quently, a variety of organic geochemical properties such as the
presence of chlorophyll-a in surface, but not deep samples, are
also consistent with sedimentological observations of steady
diagenesis and an overall increasing age with depth.

3. MATERIAL AND METHODS

3.1. Sediment Analysis

Organic matter in sediment samples from various depth intervals was
separated operationally into “intracrystalline” and “nonintracrystalline”
pools. Intracrystalline organic matter was isolated after destruction of
nonintracrystalline (intercrystalline, adsorbed and discrete) organic
matter by exposing sediment to bleach (5% NaOCl) for eight days at
room temperature (Gaffey and Bronnimann, 1993; Ingalls et al., 2003).
We analyzed total organic carbon (TOC), intracrystalline organic car-

bon (CaTOC), total hydrolyzable amino acids (THAA), and intracrys-
talline total hydrolyzable amino acids (CaTHAA). We measured both
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nonintracrystalline and intracrystalline lipids, but only nonintracrystal-
line chloropigments.

As stated above, one surface and one deep sediment sample was
chosen for comprehensive analysis to compare intracrystalline and
nonintracrystalline organic matter concentration and composition in
relatively fresh and aged sediment. Both the 160 to 170 cm LFK
sediment and the 1.0 to 1.5 cm MK sediment were analyzed for
TOC, CaTOC, THAA, CaTHAA, nonintracrystalline lipids, in-
tracrystalline lipids, and surface area. In addition, TOC was mea-
sured in every depth interval of LFK. Chloropigments were mea-
sured in every depth interval collected from the MK, EK, NKH, and
LFK cores. THAA were measured in every depth interval sampled
from MK and EK, and in 2 depth intervals in the LFK gravity core
(120 –130 cm and 170 –180 cm). CaTHAA were measured on depth
intervals between 50 to 180 cm in LFK and 0 to 12 cm in MK.
Surface area measurements were made by L. Mayer on five samples
between 0 and 13 cm and two samples between 160 to 190 cm using
the BET (Brunauer-Emmett-Teller) method after a 150°C outgas-
sing, but without removal of organic matter (Brunauer et al., 1938;

Fig. 1. Map of study area with core locations (after B
Mayer, 1994).
3.2. Degradation Experiments

Degradation rates of chloropigments and TOC in surface NKH
sediment were determined by incubating homogenized, sieved (1-mm
mesh, under N2 in a glove bag) sediment at room temperature (�22°C)
for 64 d under three conditions: diffusively open oxic (oxic), diffu-
sively open anoxic (open anoxic), and diffusively closed anoxic (closed
anoxic). The experimental setup has been described previously (Sun et
al., 1993a; Aller, 1994). Briefly, thin layers of sediment were placed
into a circular mold or “plug” (23 mm diameter and 2 mm thick) and
incubated in a tank of filtered Long Island Sound surface seawater. In
both oxic and open anoxic incubations, pore waters in the sediment
plug were able to exchange diffusively with the overlying water,
preventing metabolite buildup in the sediment plug. Oxic conditions
were maintained by bubbling overlying water with air. Anoxia and
constant pH were maintained in open anoxic incubations by continual
purging of the overlying water with N2/CO2 gas. In closed anoxic
incubations, plastic vials were filled with sediment and sealed and
buried in mud, preventing exchange of metabolites and O2 with the

1998). Dry Tortugas National Park, Florida, USA.
sediment in the vial. In each of the incubation experiments, samples
were removed every 1 to 4 d during the first 64 d. The closed anoxic
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sediments were incubated for a total of 500 d. Three samples were
removed from the closed anoxic incubations between 64 and 500 d. All
samples were analyzed for their chloropigment composition. Pore
water for �CO2 analysis was separated by centrifugation and analyzed
by flow injection gas diffusion (Hall and Aller, 1992).

3.3. Analytical Methods

3.3.1. Total organic carbon (TOC)

Typically, before performing TOC analyses, sediments are acidified
to remove traces of CaCO3 (Verardo et al., 1990). Samples with low
CaCO3 concentrations can usually be acidified in the same Ag cup that
carries the sample into the elemental analyzer. For highly CaCO3-rich
samples with low OC concentrations, this is impractical. Because of the
large sample size necessary, the cups typically used are too small to
hold the acid needed to dissolve the sample; analysis of samples
prepared in this way resulted in inconsistent results. Therefore, TOC
and CaTOC were measured after dissolving unbleached or bleached
sediment (�1 g) in trace-metal grade 6N HCl overnight in a combusted
glass vial. In both cases, organic matter insoluble in 6 N HCl was
removed from the dissolved sediment by filtration through a combusted
Whatman GFF filter (0.7 �m nominal pore size). The filter was rinsed
with 1 mL of 1% HCl to remove any acid-soluble organic matter left on
the filter, and filtrates were combined. HCl-soluble organic carbon in
filtrates was analyzed using a Shimadzu DOC analyzer. Precision of
replicate samples was �5%. Measurements were standardized using
potassium hydrogen phthalate and standard DOC reference material
(courtesy of Jon Sharp). HCl-insoluble organic C and total N on filters
from bleached and unbleached samples were analyzed using a Carlo-
Erba elemental analyzer. Precision of replicate samples was �5%.
Measurements were standardized with sulfanilamide and intercalibra-
tion reference materials from NIST (Standard Coal) and NRC-Canada
(BCSS-1 Estuarine Sediment). Soluble and insoluble fractions of un-
bleached samples were summed to obtain TOC. Nonintracrystalline OC
was calculated as the difference between TOC and intracrystalline OC.

3.3.2. Amino acids (THAA and CaTHAA)

For amino acid analyses, bleached or unbleached sediment (�200
mg) was dissolved in enough 12N HCl to result in a 6N HCl solution
after CaCO3 dissolution. Additional 6 N HCl was added and the
samples hydrolyzed at 150°C for 90 min (Cowie and Hedges, 1992).
Total hydrolyzable amino acids (THAA) and intracrystalline amino
acids (CaTHAA) were analyzed by high-pressure liquid chromatogra-
phy (HPLC) using precolumn OPA derivatization (Lindroth and Mop-
per, 1979; Lee et al., 2000). Precision of replicate samples averaged
�15%. A protein amino acid hydrolyzate standard (Pierce Chemical)
was used to identify and quantify individual compounds. The nonpro-
tein amino acids �-alanine and �-aminobutyric acid (Sigma Chemical)
were added to the standard mixture during dilution.

3.3.3. Lipids

Nonintracrystalline and intracrystalline lipids were extracted from
�1 g of unbleached sediment using CH2Cl2 before and after dissolution
of the CaCO3 mineral, respectively. Strong acid cannot be used to
dissolve CaCO3 for lipid analysis as it can cause substantial alteration
of lipids. Therefore, methods for dissolution of CaCO3 were adapted
from studies of intact skeletal organic matrices that result in minimal
alteration of organic matter (Weiner and Erez, 1984). Preextracted
(CH2Cl2) sediment was dissolved in a commercially prepared 0.1N
HCl/EDTA solution (Polysciences Inc). Intracrystalline lipids were
then extracted from the HCl/EDTA solution with CH2Cl2 (Ingalls et al.,
2003).

Lipids in both CH2Cl2 extracts were analyzed using methods de-
scribed by Wakeham et al. (1997a). Neutral (sterols, fatty alcohols,
hydrocarbons, and alkenones) and acidic (hydrolysis products of wax
ester, triacylglycerols, steryl esters, and phospholipids) lipids were
derivatized as the trimethylsilyl and methyl esters, respectively, quan-
tified by gas chromatography (GC), and identified by gas chromatog-

raphy-mass spectrometry (GC-MS). Analytical precision is usually
�10 to 15% (Wakeham et al., 1997a).
3.3.4. Chloropigments

Chloropigments were extracted from �1 g of sediment with 5 mL
HPLC-grade, 100% acetone following Sun et al. (1991). Two succes-
sive extracts were combined and filtered. Chloropigments were not
measured in acidified sediment samples; but since no phytol was
detected in the intracrystalline lipid analyses, Chl-a could not have
been present there. Chl-a and its immediate degradation products
(phaeophorbide, phaeophytin, and pyrophaeophorbide) were deter-
mined by ion-pairing, reverse-phase HPLC (Mantoura and Llewellyn,
1983; Sun et al., 1991). The precision for replicate samples extracted
over a several month period was �15%. A Chl-a standard of known
concentration (Turner Designs) was used to identify and quantify
Chl-a. Standards for Chl-a phaeopigment degradation products were
produced in the lab from purified Chl-a (King, 1993), and their con-
centrations determined spectrophotometrically using known extinction
coefficients.

4. RESULTS

4.1. Total Organic Carbon (TOC)

TOC in the gravity core from North Key Harbor (LFK) was
483 �mol C gdw	1 in the 0 to 10 cm interval and 283 �mol C
gdw	1 below 150 cm (Fig. 2a, Shiller data). These values are
in good agreement with previous reports of 300 to 600 �mol C
gdw	1 (0.36–0.72 wt.% C) in the upper 20 cm of NKH
sediment (Furukawa et al., 2000). The 42% decrease in organic
carbon content of sediments occurred in the upper 30 cm.

Fig. 2. Organic carbon concentration (�mol OC/gdw) in North Key
Harbor. Diamonds are TOC data from Alan Shiller (gravity core, LFK).
Squares are data from this study. Filled squares are TOC and open
squares are CaTOC (intracrystalline). Surface sediment is the 1.0 to 1.5
cm interval of the diver-collected MK core and deep sediment is the
160 to 170 cm interval of the LFK gravity core.
Below this, the TOC concentration was relatively constant. In
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MK surface sediment, the TOC concentration was slightly
lower (447 �mol C gdw	1) than at LFK (Fig. 2 and Table 1),
and 45 � 4% of the TOC was intracrystalline (CaTOC). The
CaTOC concentration was the same in surface MK sediment
and deep LFK sediment, but the decrease in TOC (from the loss
of nonintracrystalline organic carbon) with depth resulted in an
increase in the proportion of CaTOC to 57 � 6% in deep LFK
sediment (Fig. 2 and Table 1). The intracrystalline organic
carbon pool was dominated by acid-soluble organic carbon (60
and 68 � 6% in shallow and deep sediments, respectively),
while the nonintracrystalline pool was composed entirely of
acid-insoluble OC (Table 1).

4.2. Amino Acids

THAA concentrations in the upper �18 cm of EK and MK
were between 50 to 85 �mol THAA C gdw	1 (average � 66

Table 1. Total and intracrystalline organic carbon (�mol C/g dry sed
(MK) and 160—170 cm sediment (LFK) from North Key Harbor.

Sample
Depth (cm) Pool

Insoluble OC
�mol/g

Soluble
�mol/

1—1.5 Total 306 141
160—170 Total 220 114
1—1.5 Intracrystalline 64 138
160—170 Intracrystalline 78 115
1—1.5 Non intracrystalline* 242 3
160—170 Non intracrystalline* 142 	1

* � total 	 intracrystalline
Fig. 3. (a) Total THAA concentration (�mol C/gdw) in cores fr
CaTHAA from MK (0–20 cm) and LFK (120–180 cm).
�mol THAA C gdw	1). Depth profiles indicate variability in
the amino acid concentration with depth in the upper 18 cm
(Fig. 3a). In the 120 to 180 cm sediment interval from LFK, the
average THAA concentration was 39 �mol C gdw	1, �41%
less than the average in the upper 18 cm (Table 2, Fig 3b). In
contrast, calcium carbonate-bound amino acids (CaTHAA) in
NKH sediments were similar (�15 �mol C gdw	1) in both
surface and deep sediments (Table 2, Fig. 3b).

Amino acid compositional data were averaged over 0 to 18
cm in sediments from MK and EK and over 120 to 180 cm in
sediments from LFK to compare the composition of THAA and
CaTHAA in shallow and deep sediments (Fig. 4). In shallow
sediment, the compositions of THAA and CaTHAA were dis-
tinct, and mole % aspartic acid was 2 times higher in CaTHAA
(�50 mole %) than THAA (�22 mole %). In deep sediment,
both THAA and CaTHAA had similar compositions of �39

in the acid-soluble and acid-insoluble pools of 1.0—1.5 cm sediment

OC
�mol/g

Pool %
TOC

% Pool
soluble

% Pool
insoluble

% Pool decrease
w/ depth

447 100 32 68
334 100 34 66 25
202 45 68 32
192 57 60 41 5
245 55 1 99
142 43 	1 100 42
iment)

OC
g

om Middle Key (MK) and East Key (EK); (b) THAA and
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mol % aspartic acid. The contribution of aspartic acid to the
nonintracrystalline amino acid pool was calculated from the
composition of THAA and intracrystalline CaTHAA, and was
14 and 39 mol % in shallow and deep sediment, respectively
(Table 2). Aspartic acid-rich glycoproteins are involved in
mineral precipitation and are a major component of the acid-
soluble fraction of the intracrystalline skeletal organic matrix
(Mitterer, 1978; Constantz and Weiner, 1988; Cuif et al., 1999;
Dauphin, 2001). In addition, acid-insoluble glycine-rich pro-
teins are also present in intracrystalline CaCO3 pools (Levi et
al., 1998). Glycine, glutamic acid, and alanine were also major
amino acids in all samples. �-Ala was found only in the
nonintracrystalline pool, while �-aba was in both the THAA
and CaTHAA pools. These two nonprotein amino acids are
often used to indicate biologic degradation (e.g., Cowie and
Hedges, 1994). Aspartic acid is usually the most abundant
amino acid in biogenic CaCO3.

4.3. Lipids

Fatty acids concentrations were 30 �g/gdw and neutral lipids
were 7.6 �g/gdw. The concentration of both lipid classes was
dramatically depleted in deeper sediment relative to shallow
sediment (Table 3). The greatest decrease with depth was in the

Fig. 4. Total and intracrystalline amino acid compositi

Table 2. THAA, CaTHAA and nonintracrystalline amino acid conc
(0—18 cm average from MK and EK) and deep sediment (120—180

Sample
Depth (cm) Pool

Amino acid
�mol C/g

% o
amin

p

0—18 THAA 66 1
120—180 THAA 39 1
0—18 CaTHAA 15
120—180 CaTHAA 15
0—18 Nonintracrystalline THAA* 51
120—180 Nonintracrystalline THAA* 24

* (THAA 	 CaTHAA)
to 12 cm of MK. Deep sediment is the average composition of 50
deviations of the averaged samples, not analytical error.
nonintracrystalline pool (�90% loss). However, the intracrys-
talline pool was also significantly lower at depth (�69% loss).
The dominant fatty acids in shallow samples were 16:0 fol-
lowed by 16:1 and 10-methyl-16:0-anteiso (Fig. 5a and b).
Odd-chain fatty acids (e.g., 15:0 iso, 15:0 anteiso and 17:0 iso)
were present in both the nonintracrystalline and intracrystalline
pools; these compounds are usually associated with the pres-
ence of bacteria (Wakeham et al., 1997a). 16:0 Fatty acid was
the most abundant fatty acid in deep sediments followed by
18:1 and 18:0 fatty acids. Neutral lipids were �90% nonin-
tracrystalline.

In surface sediment, the most abundant neutral lipid was the
sterol, 24-ethylcholest-5-en-3�-ol, followed by phytol, the hy-
drolyzed side chain of Chl-a and cholesta-5-en-3�-ol (choles-
terol) (Fig. 5c and d). 4�,23,24-Trimethyl-cholest-22-en-3�-ol
(dinosterol), a dinoflagellate biomarker, and 24-propylcholest-
5-en-3�-ol (gorgosterol), a coral biomarker, were also present
(Fig. 5c). Several nonintracrystalline neutral lipids that were
present in surface sediments, including 14, 15, 16, and 17
alcohols, phytol, cholesta-22-en-3�-ol, and 24-ethylcholest-22-
en-3�-ol, were absent in the deep sediment (Fig. 5d). Five of
the twenty neutral lipids identified in the nonintracrystalline
pool were found in very low concentrations in the intracrystal-
line pool.

le %). Shallow sediment is the average composition of 0

ns (�mol C g	1) and aspartic acid composition of surface sediment
erage from LFK).

OC pool
�mol C/g

Amino acids
as % OC

pool

% Amino acid
pool decrease

with depth
Aspartic acid

mole %

440 15 22
300 13 41 40
214 7 50
188 8 0 40
226 23 14
113 21 53 39
on (mo
entratio
cm av

f Total
o acid
ool

00
00
23
38
77
62
to 180 cm sediment of LFK. Error bars are the standard
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4.4. Chloropigments

Concentrations of chlorophyll-a (Chl-a) were between 2 and
6 nmol/gdw (�100–300 nmol C/gdw) in surface sediments of
all stations and decreased to background concentrations (�0.2
nmol/gdw) within the upper 10 cm (Fig. 6a). These concentra-
tions are comparable to other coastal areas with similar water
depths (Furlong and Carpenter, 1988; Bianchi et al., 1991; Sun,
1994). Chloropigment degradation products were evident at all
stations in the 0 to 20 cm depth interval. The concentration of
all phaeopigments decreased with depth in all cores (Fig. 6b–
d). The ratio of phaeopigments/Chl-a generally remained con-
stant or increased with depth in the upper 20 cm. In deeper
sediments sampled by gravity core, pheophytin (Ppt) and py-
rophaeophorbide (Pyroppb) were undetectable below 20 cm
while Chl-a was present at very low concentrations (0.005
nmol/gdw) as deep as 80 cm; Chl-a was undetectable below
that depth. Phaeophorbide (Ppb) was not quantified in the
gravity core.

4.5. Component Mass Balance of Total Organic Carbon

THAA made up 15% of the TOC in MK surface sediment
and 13% of the TOC in deep LFK sediment (Table 2).
CaTHAA made up 7% of the CaTOC in surface sediment and
8% CaTOC in the deep sediment. CaTHAA were 23% of
THAA in surface sediment and 38% of THAA in deep sedi-
ment. CaTOC was 45% of TOC in surface sediment and 57%
of TOC in deep sediment. Lipids were �1% of TOC and
CaTOC. Chloropigments made up an insignificant portion of
TOC.

4.6. Chlorophyll-a Decomposition Experiment

The concentration of Chl-a and its degradation products
decreased during incubations with the exception of Ppt. Ppt
remained constant in the open anoxic plug incubation and
increased slightly during the closed anoxic incubation (Fig. 7).
First-order decomposition rate constants (kd) for Chl-a were
0.068 d	1 (t1/2 � 15 d) for oxic, 0.014 d	1 (t1/2 � 71 d) for
open anoxic, and 0.0061 d	1 (t1/2 � 167 d) for closed anoxic
incubations (Table 4). These calculations assume that the non-
reactive pool size is equivalent to the concentration remaining
at the end of the 70-d incubation. Thus, on short timescales the
reactive pool size is smaller under anoxic conditions. However,
over longer timescales (500 d), the reactive pool size of Chl-a

Table 3. Total and intracrystalline lipids (�g/g sediment) in surface
Harbor. Values are the sum of all identified peaks.

Sample
depth (cm) Pool

Fatty acids (FA)
�g/g

% Total
FA pool d

1—1.5 Total* 30 100
160—170 Total* 3.3 100
1—1.5 Intracrystalline 4.7 16
160—170 Intracrystalline 1.5 45
1—1.5 Nonintracrystalline 25 84
160—170 Nonintracrystalline 1.8 55

* � (Intracrystalline � Nonintracrystalline)
in anoxic incubations is similar to that in oxic incubations (i.e.,
in both cases the background Chl-a was �0.5 nmol/gdw). In
addition, both deep LFK sediment and NKH sediment incu-
bated for 3 yr under closed anoxic conditions contained no
detectable chloropigments. Previous degradation experiments
using low-carbonate sediment yielded similar turnover times of
14 to 55 d (Furlong and Carpenter, 1988; Bianchi et al., 1991;
Sun et al., 1993a). With large numbers of macrofauna added,
lower turnover times of 5.3 d have been observed (Ingalls et al.,
2000).

Pyroppb was the most abundant pheopigment at the start of
the incubation and was enriched at t � 0 relative to core top
samples that were frozen immediately after sampling. Pyroppb
concentrations decreased during the oxic and open anoxic
experiments and remained nearly constant in the closed anoxic
incubation (Fig. 7 and Table 4). Ppb started at a low-concen-
tration (�0.5 nmol/gdw) and decreased slightly in all incuba-
tions. The closed anoxic incubation was carried out for 500 d,
and during that time, the degradation rate constants slowed for
all compounds except Pyroppb.

�CO2 production during the closed anoxic incubations was
�2 to 3 mM C d	1 during the first 3 d of incubation and
reached saturating concentrations for CaCO3 within one week
(Fig. 8). These rates are comparable to those found in organic-
rich coastal environments with high organic carbon remineral-
ization rates (Aller and Aller, 1998).

5. DISCUSSION

5.1. Organic Carbon Reactivity in a Shallow Carbonate
Deposit

Despite a very shallow water column, a high sedimentation
rate (Bentley, 1998) and the absence of molecular oxygen
below 2 to 3 mm in the sediments, the concentration of total
organic carbon in Dry Tortugas carbonate sediment is very low
(Furukawa et al., 2000), and is comparable to values found in
deep sea sediments underlying low-productivity regions (e.g.,
Degens and Mopper, 1976). Low TOC concentrations in Dry
Tortugas deposits may result from a combination of low or-
ganic carbon inputs and high degradation rates (Furukawa et
al., 2000). The �CO2 production rate measured in our closed
anoxic incubation experiments (2–3 mM C d	1) using surface
sediment (top 0.5 cm, porosity � 0.59) implies a potential TOC
turnover time of �267 to 404 d, or �140 to 220 d if applied
only to the nonintracrystalline OC pool (�240 �mol g	1). This
calculation suggests that in these deposits a high flux of ex-

nt (1.0—1.5 cm) and deep sediment (160—170 cm) from North Key

A pool
with depth

Neutral lipid (NL)
�g/g

% Total
NL pool

% NL pool
decrease with depth

7.6 100
89 1.0 100 86

0.28 4
68 0.086 8 69

7.3 96
93 0.95 92 87
sedime

% F
ecrease
tremely labile material is constantly supplied (�6–9 mmol C



Fig. 5. Nonintracrystalline and intracrystalline lipid concentrations (�g lipid/g sediment) from 1.0 to 1.5 cm interval of
Middle Key dive core and 160 to 170 cm interval of North Key Harbor gravity core. (a) Fatty acids in 1.0 to 1.5 cm; (b)

fatty acids in 160 to 170 cm; (c) neutral lipid in 1.0 to 1.5 cm; (d) neutral lipids in 160 to 170 cm. Middle Key (MK) and
North Key Harbor gravity core (LFK).
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Fig. 6. (a) Chl-a (nmol Chl-a/gdw) depth profiles (diamond symbols) and model fit from reaction diffusion model (solid
line); (b) phaeophytin depth profiles and phaeophytin/Chl-a ratio; (c) phaeophorbide (ppb) depth profiles and ppb/Chl-a

ratio; (d) pyrophaeophorbide (pyroppb) profiles and pyroppb/Chl-a ratio.
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m	2 d	1 if only the upper 0.5 cm of sediment is considered),
and rapidly turned over compared to larger background con-
centrations of relatively refractory nonintra and intracrystalline
OC. The quantity and composition of the OC eventually buried
are determined by factors governing these larger pools, and
may be largely independent of the rapidly remineralized labile

Fig. 7. Pigment concentrations during incubation of sur
(b) anoxic plug incubation; (c) jar incubation.
fraction driving �CO2 fluxes.
The availability of different OC pools to support remineral-
ization depends in part on the physical association between
organic carbon and calcium carbonate. Sedimentary organic
matter can be stabilized by its interaction with minerals, leading
to the preservation of a nearly constant ratio of organic carbon
to mineral surface area in many sedimentary regimes (e.g.,

iment from North Key Harbor. (a) Oxic plug incubation;
face sed
0.5–1.0 mg C m	2; Mayer, 1994). However, upwelling areas
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often have much higher organic carbon loadings, and oligotro-
phic ocean and delta sediments much lower loadings than
predicted by organic matter-mineral surface interactions alone
(Mayer, 1994; Hedges and Keil, 1995; Mayer, 1999). Recent
work suggests that minerals may protect organic matter by
hiding it within mesopores or between clay mineral grains,
rendering it relatively inaccessible to microorganisms (Ransom
et al., 1998; Bock and Mayer, 2000; Arnarson and Keil, 2001).
Organic carbon concentrations in sediments are therefore a
function not only of mineral surface area, but also of the
particle surface topography and the ability of organic matter to
hold particles together (related to its surface charge, stickiness
and physical strength). In the case of biomineral-rich sedi-
ments, the OC concentration is also a function of the amount of
OC locked within the biomineral during biomineralization. In
addition to having intercrystalline and intracrystalline OC,
CaCO3 surfaces have a high affinity for organic molecules,
particularly acidic amino acids. In laboratory experiments, nat-
ural sedimentary CaCO3 grains adsorb 1.0 to 1.5 mg C m	2 of
the protein albumin, 0.0084 mg C m	2 of stearic acid (18:0
fatty acid), and 1.32 mgC m	2 of dissolved organic carbon
(DOC) from seawater onto their surface (Arnold and Pak, 1962;
Suess, 1970).

We found that all of the nonintracrystalline organic matter in

Table 4. Decomposition rate constants (kd) for chlorophyll-a and
phaeopigments in surface (top 0.5 cm) sediment calculated from incu-
bation experiments.

Treatment Chl-a Pyroppb Ppb Ppt

Oxic Plugs 	0.068 	0.045 	0.023 	0.015
Anoxic Plugs 	0.014 	0.013 	0.022 0
Anoxic Jars 	0.0061 	0.0006 	0.015 0.007

Chl-a � chlorophyll-a; Ppb � phaeophorbide; Ppt � phaeophytin;
Pyroppb � pyrophaeophorbide; Units � d	1.

Fig. 8. �CO2 concentration vs. time during the closed anoxic incu-
bation of Dry Tortugas surface sediment. The production rate of �CO2
was calculated using a linear least squares fit to the data and was 3.2
mM/d (r2 � 0.99).
Dry Tortugas sediments was acid-insoluble suggesting that this
organic matter pool may not be adsorbed. Nevertheless, we can
compare these experimentally observed CaCO3 surface load-
ings with the nonintracrystalline organic carbon concentration
of Dry Tortugas sediments. Shallow sediment (1.0–1.5 cm) at
MK had a surface area of 3.3 m2 g	1 and 245 �mol C g	1 of
nonintracrystalline OC (Table 1, nonintracrystalline � TOC-
CaTOC). Thus, these sediments contained 0.89 mg C m	2 of
nonintracrystalline OC. In the deep sediment (LFK 160–170
cm), the surface area was 5.7 m2 g	1 and the concentration of
nonintracrystalline organic carbon was 142 �mol C gdw	1.
Thus, the surface loading of OM at this depth was 0.30 mg
C m	2.

These calculations suggest that the nonintracrystalline or-
ganic carbon concentration was �42% lower in deep sediment
than shallow sediment, probably due to net remineralization of
organic matter. However, the surface loading was �66% lower
in deep sediment than shallow sediment. This additional per-
centage decrease in surface loading is most likely a result of
micritization of large sediment grains into smaller grains with
depth (Furukawa et al., 1997). Apparently, the new surface area
exposed by micritization did not result in additional stabiliza-
tion of nonintracrystalline organic matter. Instead, decomposi-
tion appears to have taken place despite available mineral
surfaces, suggesting that nonintracrystalline OC is not neces-
sarily closely associated with CaCO3, or that organic matter
that is postdepositionally adsorbed to surfaces is not well
protected from degradation. The absence of acid-soluble OC
supports the possibility that there is little surface sorption
occurring. In addition, micritization could have broken open
pores and exposed new organic matter, making it available for
remineralization.

The increase in the proportion of aspartic acid in the nonin-
tracrystalline pool suggests that organic matter exposed by
micritization may be intercrystalline. It is important to note that
the TOC profile of the LFK gravity core (Fig. 2) suggests that
nonintracrystalline organic matter that is poor in aspartic acid
was primarily remineralized in the upper 30 cm, the zone of
very active bioturbation (D’Andrea and Lopez, 1997). Below
this depth, even nonintracrystalline organic matter appears to
be well preserved. In this environment in which organic matter
is rapidly and efficiently remineralized, one mechanism for the
preservation of nonintracrystalline organic matter is protection
in intercrystalline spaces, that is, between mineral crystals.
Thus, nonintracrystalline organic matter derives from multiple
sources in surface sediments, but may be primarily intercrys-
talline at depth. Our analytical method cannot distinguish these
organic matter pools.

In contrast to nonintracrystalline TOC, the concentration of
CaTOC was not only relatively constant throughout the sedi-
ment core, but was similar among all samples analyzed (Table
1). Previous reports of the concentration of intracrystalline
organic matter in CaCO3 shells range from 0.1 to 2.0 wt.% in
mollusc shells (Hudson, 1967), 0.02 to 0.11 wt.% in coral
skeletons (e.g., Wainwright, 1962; Swart, 1981; Ingalls et al.,
2003), and �0.1 wt.% in Halimeda plates (Gaffey and Bron-
nimann, 1993). CaTOC in the Dry Tortugas was �200 �mol
C/g (�0.23 wt.%) in both surface and deep sediment intervals
(Table 1). Because these values are higher than normally found

in Halimeda and mound-forming corals, mollusks, and forami-



4374 A. E. Ingalls, R. C. Aller, C. Lee, and S. G. Wakeham
nifera must be important constituents of the sediment, as pre-
vious studies report (Davis and O’Neill, 1979; Furukawa et al.,
1997; Bentley, 1998). Alternatively, a preferential loss of
CaCO3 relative to intracrystalline OC may occur.

Assuming steady-state diagenesis, the lack of change in
CaTOC concentration with depth implies that intracrystalline
OM is not remineralized while in the occluded state, even in the
highly bioturbated zone. Given a sedimentation rate for this
location of 0.3 to 0.4 cm/yr (Bentley and Nittrouer, 1997;
Bentley, 1998; Furukawa et al., 2000), the deep sediment
examined here was deposited �600 yr earlier than surface
sediment. The CaCO3 could have been formed before that time
if it were resuspended from another location. In either case,
occlusion of organic matter in CaCO3 is an important preser-
vation mechanism for organic carbon over at least hundred-yr
timescales in this environment.

Although intracrystalline OC is not remineralized as such,
the release of intracrystalline OC into the nonintracrystalline
OC pool could occur during dissolution, recrystallization, and
micritization of the carbonate carrier phase. Respiration and
oxidation of secondary metabolites drive dissolution and re-
crystallization of calcium carbonate in shallow sediments
above the lysocline, and these processes are likely occurring in
the Dry Tortugas as well (Aller, 1982; Walter and Burton,
1990; Rude and Aller, 1991; Jahnke et al., 1997; Burdige and
Zimmerman, 2002). Intracrystalline OC was 60 to 70% acid-
soluble, while nearly all nonintracrystalline OC was acid-in-
soluble (Table 1). Therefore, if dissolution is an important
source for reactive organic matter, acid-soluble OM in partic-
ular must either be quickly degraded, subject to reactions that
render it acid-insoluble, or lost from the system by some
physical transport mechanism (e.g., bioturbation, storm activ-
ity). In our sediment, most organic matter is degraded through
sulfate reduction; and O2 entering the sediment by diffusion
and bioturbation is used up by reoxidation of sulfide to sulfate,
largely in the upper 15 cm (Furukawa et al., 2000). The
production of sulfuric acid promotes dissolution at oxic-anoxic
interfaces near the sediment-water interface and irrigated bur-
row walls (Walter et al., 1993). Because sulfate reduction
produces bicarbonate, completely anoxic organic matter remi-
neralization at depth is not expected to lead to extensive car-
bonate dissolution.

5.2. Changes in Organic Matter Composition with Depth

Most (�80%) sedimentary OM in both the TOC and CaTOC
pools was not chemically characterized in this study, as is often
the case in studies of sedimentary organic matter (Wakeham et
al., 1997b; Hedges et al., 2000). Within the characterizable
fraction, the nonintracrystalline and intracrystalline pools
showed distinct differences in composition and relative preser-
vation of individual components. Chloropigments were entirely
absent in the intracrystalline pool, and nonintracrystalline chlo-
ropigments showed dramatic changes in concentration and
composition with depth, reaching very low concentrations
within the upper 10 cm of sediment (Fig. 6a). While changes in
the composition and concentration of chloropigments are good
indicators of progressive OM degradation in nonintracrystalline
OC, chloropigments are a tiny fraction of TOC, and their

degradation does not result in a discernable decrease in the
concentration of TOC. The high proportion of Ppb and Pyroppb
in sediment cores (with the exception of NKH) suggests that
macrofauna are important transformers of organic matter. NKH
was dominated by Ppt, suggesting a more important role for
anaerobic bacteria at this location and that exposure to oxygen
may be less frequent there (Aller, 1994).

5.2.1. Amino acids

THAA are a significant fraction of the characterizable TOC
pool and remain a relatively constant proportion of TOC with
depth, suggesting that amino acids and TOC degrade at a
similar rate (Table 2). Previous studies indicate that CaTHAA
are well preserved with respect to remineralization on hun-
dred-yr timescales, but the composition of CaTHAA may
change over hundreds of thousands of yrs due to substantial
hydrolysis and condensation reactions or slow degradation
(Collins et al., 1992; Walton, 1998). In addition, the composi-
tion of THAA in carbonate sediments is thought to approach
that of CaTHAA with increasing grain size due to the greater
contribution of CaTHAA relative to THAA in large grains with
low specific surface areas (Müller and Suess, 1977; Carter and
Mitterer, 1978). However, these investigators did not report
separate analyzes of THAA and CaTHAA to compare the
compositions of the two pools.

At our study site, the specific surface area of sediments
increased only moderately (�1.7X) with depth in the sediment
suggesting a small decrease in grain size. Over the same depth,
the mole % of aspartic acid increased from 22 mol % to 40 mol
%, in agreement with earlier studies that suggest that as car-
bonate sediments age, aspartic acid-rich OM is preferentially
preserved in the nonintracrystalline pool. Calculation of the
composition of nonintracrystalline aspartic acid mole % clearly
shows that aspartic acid is highly enriched in deep sediment (39
mole %) relative to shallow sediment (14 mol %) in this pool
(Fig. 4 and Table 2). Aspartic acid is known to adsorb and
associate strongly with CaCO3 relative to other amino acids
(Jackson and Bischoff, 1971; Mitterer, 1972). In addition,
intracrystalline aspartic-acid-rich proteins released during dis-
solution of minerals subsequently may preferentially adsorb to
available mineral surfaces (Jackson and Bischoff, 1971; Mit-
terer, 1972) and be protected from degradation once in the
nonintracrystalline pool. As stated in section 5.1, enrichment of
aspartic acid in the nonintracrystalline organic matter pool may
be due to a relative enrichment of intercrystalline organic
matter compared to organic matter from other sources.

While the increase in aspartic acid mole % with depth in the
nonintracrystalline pool is in agreement with previous studies,
the reason for the decrease in the mole % of aspartic acid from
�50 mole % to �40 mole % in CaTHAA is not as obvious and
could be a result of several processes. Deep sediments could
derive from a different source (species) of CaCO3 either due to
selective dissolution of some species of CaCO3 precipitating
organisms, or deposition of different CaCO3 precipitating or-
ganisms over time. Additionally, precipitation of CaCO3 from
supersaturated pore waters could trap dissolved amino acids
and result in a different composition than found in the original
biogenic CaCO3. The presence of �-aba in the intracrystalline
pool suggests that nonintracrystalline amino acids are a possi-

ble source of intracrystalline amino acids during sediment
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aging. On the other hand, the absence of �-ala argues against
this conclusion. In addition, previous work suggests that bleach
treatment itself may produce these amino acid degradation
products in biogenic carbonates (Ingalls et al., 2003). The low
concentration of �-ala and �-aba points to relatively fresh
organic matter and suggests an important role for intercrystal-
line organic matter in the preservation of the nonintracrystalline
pool of characterized organic matter. Finally, amino acids
could be leached from sediment grains after hydrolysis of
peptide bonds. Since soluble matrix proteins are enriched in
aspartic acid, aspartic acid could be more susceptible to leach-
ing than other amino acids. This process would be more im-
portant with depth as grain size decreases with depth.

5.2.2. Lipids

Lipids were not a large fraction of the TOC; however, their
composition can be diagnostic of organic matter sources and
diagenesis. Fatty acid and neutral lipid concentrations were
lower in deep sediment than surface sediment in both intra and
nonintracrystalline pools, most likely due to degradation of
both pools (Table 3). Although the decrease in intracrystalline
lipid concentrations was less than in the nonintracrystalline
pool, intracrystalline lipids were not completely protected from
loss or alteration. One reason for this could be that alteration of
the mineral matrix through micritization, partial dissolution, or
recrystallization may allow solvent extraction to be more ef-
fective at removing intracrystalline or intercrystalline organic
matter in deeper sediments than in shallow sediments. Thus,
solvent extraction efficiency of lipids from CaCO3 grains could
be related to their age or size. Despite previous work suggesting
that fatty acids can adsorb to CaCO3 surfaces (Suess, 1973;
Sansone et al., 1987), and can be intra or nonintracrystalline
(Isa and Okazaki, 1987; Ingalls et al., 2003), Stern et al. (1999)
demonstrate that saponification can release lipids from carbon-
ates that are not removed by solvent extraction. This suggests
that lipids are not intracrystalline. It is likely that our opera-
tionally defined intracrystalline lipid fraction consists of lipids
with a range of mineral associations and susceptibility to deg-
radation.

The composition of lipids suggests the presence of phyto-
plankton, bacteria, and zooplankton sources (Wakeham and
Lee, 1989; Wakeham and Lee 1993; Wakeham et al., 1997a).
Several fatty acids found in this study (14:0, 15:0 anteiso, 16:0
and 17:0–24:0) were also found in both the nonintracrystalline
and intracrystalline pools of coral skeletons (Ingalls et al.,
2003). 16:0 fatty acid was the most abundant intracrystalline
and nonintracrystalline fatty acid in shallow sediments (Fig. 5).
There was a much smaller proportion of this fatty acid in deep
sediments in both pools. This difference resulted in a high
proportion of 18:0 in the intracrystalline pool in deep sedi-
ments. Differences in composition between shallow and deep
sediments may reflect differences in biogenic mineral sources.
For example, coral skeletons of different species can have
different proportions of 16:0 and 18:0 fatty acids (Ingalls et al.,
2003). Alternatively, the same processes that are acting on the
amino acid pools could be influencing the fatty acid composi-
tion as well, resulting in the intracrystalline and nonintracrys-
talline pools having the same composition at depth. Available

data cannot distinguish these two possibilities.
In both intracrystalline and nonintracrystalline pools, the
proportion of short chain fatty acids (C14-C17) tended to be
greater in shallow samples while the proportion of longer chain
compounds (C18-C28) was greater in deep sediments. This
difference with depth may be due to differences in the relative
rates of degradation. Shorter chain fatty acids have been shown
to be lost from sediment incubations more quickly than longer
chain compounds (Sun et al., 1997). The overall amount and
proportion of bacterially derived fatty acids (odd chain length
iso and anteiso and branched fatty acids) decreased with depth
in the sediment with the exception of branched 16:0 iso. Again,
the preservation of bacterially derived fatty acids in our oper-
ationally defined intracrystalline pool suggests that these lipids
may not actually be within the CaCO3 crystals. Otherwise they
may be incorporated after the mineral is originally formed as
suggested for �-ala and �-aba.

Neutral lipid compositions indicate the presence of primarily
phytoplankton, especially dinoflagellate sources. All but a few
sterols were absent from the intracrystalline pool (Fig. 5).
Several dinoflagellate biomarkers were present in the sediment
including trimethyl-5�(H)-cholest-22-en-3�-ol (dinosterol),
24-propylcholest-5-en-3�-ol (gorgosterol), and two stanols in-
cluding 5�(H)-cholestan-3�-ol (cholestanol) and 24-ethylcho-
lest-3�-ol (ethylcholestanol). Each of these sterols are found in
zooxanthellae, the symbiotic dinoflagellates in hermatypic
coral polyps of the genus Symbiodinium (Withers et al., 1982;
Mansour et al., 1999). The dominance of dinoflagellate sterols
suggests that dinoflagellates may also be a source of elevated
16:0 fatty acid in surface sediments, which is abundant in these
organisms (Mansour et al., 1999). Halimeda, a major source of
CaCO3 to these sediments, is also enriched in 16:0 fatty acid
and also contains 24:0 and 26:0 fatty acid (Carballeira et al.,
1999). Halimeda contains 
5 and 24-methyl sterols as well
(Paterson, 1974), suggesting that it could be a source of several
of the sterols found here. All of these compounds appear to be
rapidly degraded in the sediment (Fig. 5). If CaCO3 recrystal-
lization is occurring (as could be inferred by the similar com-
position of amino acids and fatty acids in the intracrystalline
and nonintracrystalline pools of deep sediments), neutral lipids
are not efficiently incorporated into these precipitates.

5.3. Chloropigment Degradation Rates

Chlorophyll-a and pheopigments are among the most labile
molecules in the marine environment (Lorenzen and Downs,
1986; Furlong and Carpenter, 1988) and are good indicators of
sediment diagenesis and bioturbation (Sun et al., 1991). Despite
this lability, concentrations of Chl-a often reach a nonzero
asymptotic background concentration (�1 nmol/gdw in the
upper 5–10 cm) in sediment incubation experiments (Sun et al.,
1993b; Ingalls et al., 2000), sediment profiles (Sun et al., 1991;
Sun et al., 1994; Gerino et al., 1998), and zooplankton feeding
experiments (Shuman and Lorenzen, 1975). This residual pool
of Chl-a degrades very slowly, particularly under anoxic con-
ditions. Various matrix effects have been proposed as possible
mechanisms for protection of Chl-a in these studies. Chl-a
derived from endolithic algae in coral heads can be preserved
over hundred-yr timescales, suggesting that mineral (calcium
carbonate) interactions may stabilize Chl-a (Ingalls et al.,

2003). Here we model Chl-a profiles from sediment cores and
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sediment incubations to investigate Ch-a reactivity in a carbon-
ate sediment environment and compare it to that of terrigenous
sediments and coral skeletons.

We calculated Chl-a degradation rate constants in our
CaCO3 sediments in two independent ways: by measuring loss
of Chl-a during sediment incubations, and by modeling natural
sediment concentration profiles. The results of our sediment
incubations suggest that Chl-a turns over rapidly (t1/2 � 15 d)
in CaCO3 sediments, with a half-life similar to that found
previously in CaCO3-poor Long Island Sound sediments under
oxic conditions (t1/2 � 23 d; Sun et al., 1993a). The rapid
degradation and very low background concentration (�0.5
nmol/gdw) of Chl-a in our oxic incubations (Fig. 7 and Table
4) suggests that the presence of CaCO3 minerals does not
enhance preservation of nonintracrystalline Chl-a over other
types of matrices.

Previous studies have found that initial rates of Chl-a deg-
radation are similar in oxic and anoxic incubations, but that the
pool of Chl-a available for degradation is smaller under anoxic
conditions (Sun et al., 1993a). In our incubations, initial de-
composition rates were slower under anoxic (0.014 d	1) than
oxic conditions (0.068 d	1) (Table 4). The closed anoxic in-
cubation resulted in an even slower degradation rate constant
than oxic or open anoxic incubations over 70 d (Table 4). The
eventual complete loss of all Chl-a from closed anoxic incu-
bations suggests that on longer timescales, all Chl-a is available
for degradation under anoxic conditions. These results also
imply that, unlike oxic degradation, anoxic degradation of
Chl-a may be characterized phenomenologically by multiple
pools (or evolving associations), resulting in a degradation
coefficient that becomes progressively smaller with time (Mid-
delburg, 1989).

Previous work has shown that Ppt can be a stable end-
product of Chl-a degradation under anoxic conditions (Sun et
al., 1993b). We also found that Ppt was relatively stable, Ppt
concentrations remained constant in anoxic plugs, and in-
creased in the closed anoxic experiment. Degradation rate
constants for other pheopigments are presented in Table 4.
However, these net values are not corrected for production
from degradation of Chl-a. Since production of all degradation
products is likely to occur, these rate constants reflect minimum
net values, or “apparent rates.” Nevertheless, degradation of
pheopigments occurred in all incubations (except Ppt as noted
above) and apparent rates were faster under oxic than under
anoxic conditions.

Assuming steady state diagenesis, sediment profiles of chlo-
ropigment concentrations suggest that the loss of Chl-a and
pheopigments is more rapid than mixing in the upper 10–20 cm
of sediment, thus preventing homogenization of profiles (Fig.
5a). Chl-a profiles were modeled assuming steady state, first-
order kinetics for Chl-a decomposition (Sun et al., 1993a) and
diffusive mixing according to Equation 1:

�C

�t
� DB

�2C

�x2 	 kdC (1)

Using the following boundary conditions:

x � 0
x � �
C � C0

C � C�

The solution simplifies to Equation 2

C � �C � C�exp�	x�kd

DB
� 	 C� (2)

C � Chl-a concentration
C� � background Chl-a concentration at 12 cm
x � depth in sediment
DB � particle mixing coefficient
kd � decomposition rate constant for Chl-a
Assuming that decomposition and bioturbation are the major

controls on attenuation of Chl-a with depth, plotting ln(C-C�)
vs depth yields a line with a slope of (kd/DB)1/2. Assuming a DB

of 130 cm2/yr (from 234Th and 210Pb profiles; Bentley and
Nittrouer, 1997) results in kd values of 0.03 to 0.22 d	1 (Table
5). These values are in good agreement with calculated Chl-a
degradation rate constants from our incubation experiments
(Table 4), and, as mentioned previously, those published for
alumino-silicate sediment profiles of 0.07 to 0.18 d	1 (Furlong
and Carpenter, 1988; Bianchi et al., 1991; Sun et al., 1993b;
Ingalls et al., 2000). Although the overall degradation rate of
Chl-a does not appear to be affected by CaCO3, the partitioning
of Chl-a into refractory pools and the degradation under anoxic
and oxic conditions may differ in the two environments.

Alternatively, we can compare DB values in different cores
by calculating DB independently assuming the degradation rate
constant in the oxic incubations with NKH sediments (Table 4)
applies to all cores. The result of these calculations (Table 5)
suggests that biologic mixing rates are lowest in the MK core.
But, the lack of Ppt in this core suggests that these sediments
were exposed to oxygen at some time in the past. In contrast,
NKH had high Ppt concentrations, and the Ppt/Chl-a ratio
increases with depth (Fig. 6b). This is consistent with primarily
anoxic degradation and less exposure to oxygen through bio-
turbation (Sun et al., 1993a; Aller, 1994).

Deeper concentration profiles acquired from gravity cores
show that all the chloropigments measured reach undetectable
concentrations by 80 cm. At a sedimentation rate of 0.4 cm/yr
(Bentley, 1998), undetectable Chl-a at 80 cm indicates that
complete degradation occurs within 200 yr, and undetectable
Ppt and Pyroppb at 30 cm correspond to complete degradation
within �75 yr. Ppt is usually stable relative to Chl-a under
anoxic conditions; rapid disappearance of Ppt suggests that
while the main pathway of degradation in these anoxic sedi-
ments is sulfate reduction (Furukawa et al., 2000), periodic

Table 5. Decomposition rate constants (kd) assuming
130 cm2/yr (Bentley and Nittrouer, 1997) and mixing
coefficients (DB) for Chl-a in sediment cores assuming
kd from oxic incubation.

Sample kd (d	1) DB (cm2/yr)

EK 	0.032 150
MK 	0.22 22
NKH 	0.12 41
oxygen exposure must occur (Sun et al., 1993a; Aller, 1994),
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most likely by bioturbation or storm resuspension of sediments.
Previous experiments have shown that redox oscillations en-
hance degradation of organic matter and Chl-a relative to
permanently anoxic conditions, and that Ppt does not accumu-
late under oxic conditions (Sun et al., 1993a; Sun et al., 1993b;
Aller, 1994). Because degradation of chloropigments does not
appear to be specifically affected by CaCO3, previously re-
ported long-term preservation of Chl-a in coral heads (Ingalls
et al., 2003) is likely due to unique properties of the coral
environment such as low diffusion and permanent anoxia (Risk
and Müller, 1983), or to protection by the cell walls of algal
filaments.

6. CONCLUSIONS

Intracrystalline organic matter made up approximately one
half of the organic matter preserved in the upper 2 m of
CaCO3-rich sediment, and is preferentially preserved relative to
nonintracrystalline OC in the upper 30 cm of sediment. These
data suggest that physical protection through occlusion in bi-
ominerals appears to be a significant carbon preservation mech-
anism in this low-organic carbon, high-biomineral environ-
ment. The extent of preservation of organic compounds in these
deposits appears to be dominated by their association with
mineral phases. Some nonintracrystalline organic matter ap-
pears to be stable on 600-yr timescales. This organic matter
may be stabilized by a variety of mechanisms including pro-
tection in intercrystalline spaces. Of the three classes of organic
matter we studied, chloropigments are not occluded within
carbonate biominerals and degrade rapidly at a similar rate to
that found in terrigenous sediments. Lipids degrade in both
intra and nonintracrystalline pools, although mineral-occluded
lipids are less extensively altered. Neutral lipids are not as
tightly bound to CaCO3 as are fatty acids and are not preserved
as extensively. Amino acids appear to be well protected from
degradation within the mineral matrix, and their concentration
remains constant with depth in the sediment. The composition
of the nonintracrystalline amino acid pool changed dramati-
cally with depth, presumably as a result of the degradation of
organic matter from non-CaCO3 sources. Changes in intracrys-
talline amino acid composition may have resulted from changes
in source with depth, or from reprecipitation of calcium car-
bonate at depth. Finally, intracrystalline organic carbon and
selected organic compounds are preferentially preserved rela-
tive to total OC due to physical protection by the biomineral.
Only �15% of the sedimentary organic matter was character-
izable as lipids, chloropigments, and amino acids, suggesting
that unknown compounds or other compounds like carbohy-
drates and amino sugars may be abundant in both intracrystal-
line and nonintracrystalline organic matter.
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