
Sedimentology (1990) 37, 997-1009

Anaerobic diagenesis within Recent, Pleistocene, and Eocene marine carbonate
frameworks

FRANCIS 1. SANSONE*t, GORDON W. TRIBBLE1*t, CHRISTINE C. ANDREWStand
JEFFREY P. CHANTON§

*Department o/OceaIWgraphy, tHawaii Institute o/Geophysics, and tHawaii Institute 0/Marine Biology, University
0/Hawaii at MaIWa, 1000 Pope Road, HOIWlulu, Hawaii 96822, USA, §Department o/OceaIWgraphy, Florida State

University, Tallahassee, Florida 32306-3048, USA

ABSTRACT

Porewaters from a variety of Recent, Pleistocene, and Eocene lithified marine carbonate frameworks
displayed similar chemical characteristics: highly depleted concentrations of dissolved oxygen ( < 20 jlM),

elevated levels of dissolved methane (25-5000 nM), and near-seawater sulphate levels. These porewaters
also had low pH values (7,5-7,9), and contained elevated concentrations of sulphide (4-10 jlM), dissolved
inorganic carbon (2,05-2,46 roM), and inorganic nutrients. Hydrocarbon composition data indicate that
the methane is biogenic, whereas the methane ()I3c values ( - 47·4 ±2·7%0) suggest that it has been subject
to oxidation. The porewater dissolved inorganic carbon (j13C values varied from - 0·6 to - 3'9%0,
suggesting input of carbon dioxide from organic matter oxidation. We conclude that anaerobic diagenesis
involving bacterial degradation of organic matter is a common process inlithified marine carbonates and
hypothesize that it may be an important factor controlling their carbonate geochemistry.

INTRODUCTION

Although much research has been conducted on early
diagenesis in marine carbonate sediments, relatively
little attention has been paid to such processes within
marine carbonate frameworks, which are fundament
ally different from carbonate sediments in that they
are dominated by the advection of seawater through
their structure. In contrast, sediments are dominated
by diffusive processes at depths below the zone of
faunal bioturbation/irrigation (e.g. Berner, 1980). In
addition, it has been commonly assumed that the
interiors ofcarbonate frameworks are aerobic because
of the inward advection of oxygenated seawater, but
this assumption has not generally been tested by
analyses of porewater composition.

Marine geochemists commonly view the interiors
of marine carbonate frameworks as sites for the
deposition of fine-grained material and the precipita
tion of carbonate cements (e.g. Land & Goreau, 1970;

I Present address: US Geological Survey, 677 Ala Moana
Blvd, Suite 415, Honolulu, Hawaii 96813, USA.

Scoffin, 1972; Friedman, Amiel & Schneidermann,
1974; MacIntyre, 1977; Ginsburg, 1983), usually
invoking inorganic processes as the controlling mech
anisms. Other studies, however, indicate that organic
matter diagenesis is widespread in Recent carbonate
frameworks, as evidenced by depleted oxygen and pH
levels, and elevated concentrations of dissolved inor
ganic carbon (DIe), sulphide, inorganic nutrients,
and methane (e.g. DiSalvo, 1971; Oberdorfer &
Buddemeier, 1983; Risk & Miiller, 1983; Sansone,
1985; Sansone et al., 1988a,b, 1990; Tribble, Sansone
& Smith, 1990).

Unfortunately, little information is available on the
biogeochemistry of the interstitial waters of older
carbonate frameworks. Because these waters can be
used to provide information on the nature and extent
of organic and inorganic diagenesis, vJe collected and
analysed porewaters from a variety of Recent, Pleis
tocene, and Eocene lithified marine carbonates. Our
data show evidence for active suboxic and anaerobic
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(b)

Porewater from the cased Davies Reef wells Was
collected with a peristaltic pump (Oberdorfer &
Buddemeier, 1986). The SH, NMFS, and MML wells'
on Oahu, which are continuously pumped, were
sampled by drawing aliquots from the outlet streams
of the wells' centrifugal pumps. The CI well was
sampled by lowering a length ofTygon tubing into the
uncased well, and then extracting water with a
peristaltic pump. A 5-1 Niskin bottle was used to
sample the well at Marathon Key. Water was sampled
from MHSS with diver-operated Niskin bottles.

The pH value (±O·OI standard deviation) and O2

(±5~.,) were measured immediately after sampling
using a battery-powered digital pH meter and a YSI
Model 58 dissolved oxygen meter, respectively. Meth
ane and sulphide samples were collected directly in
glass containers for later laboratory analysis. Dis
solved sulphide was trapped as ZnS; methane samples
were preserved with HgCI2 • Samples for nutrients,
titration alkalinity (TA), sulphate, and major dissolved

SAMPLE LOCATIONS

Fig. 1. Location of sample sites on (a) Davies Reef, Great
Barrier Reef; (b) Oahu, Hawaii; and (c) the Florida Platform.

METHODS

organic matter oxidation in all of the systems studied.
These results suggest that such processes are very
common in marine carbonate frameworks and may
exert a control on the carbonate geochemistry of these
systems through their influence on interstitial water
chemistry.

Samples were collected from existing salt-water wells
drilled into (a) the windward reef flat of Davies Reef,
Great Barrier Reef, Australia (Oberdorfer & Budde
meier, 1986), (b) buried carbonate frameworks at
several coastal locations on the island of Oahu,
Hawaii, and (c) the Florida Platform at Marathon
Key (Huggins & Block, 1985) (Fig. I). Data are also
reported for Mud Hole Submarine Springs (MHSS), a
warm (36°C) saline submarine spring located at 7 m
depth on the West Florida continental shelf (Kohout,
Henry & Banks, 1977; Fanning et al., 1981) that is
apparently the result of geothermally driven internal
convection within the Florida Platform (Kohout,
1965). The locations and geological settings of the
sample sites are described in Table I and illustrated
in Figs 1-3.
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Table 1. Locations and geological settings of the saltwater wells sampled. SH, NMFS
and MML subsurface geology adapted from Ferrall (1976).

Davies Reef, Great Barrier Reef. Modern windward reefflat: coral in an
unconsolidated coral sand and gravel matrix, underlying a lithified reef plate
(l8°48'S, 147°39'E). Wells were located 50 m behind the windward reef margin
(FS and FD) and at the mid-point of the reefflat (MS and MD). Wells were
constructed in 1983 by M. Sandstrom and co-workers, Australian Institute of
Marine Science, Townsville, Qld (Oberdorfer & Buddemeier, 1986).

Oahu, Hawaii
SH (Snug Harbor Algal Raceway, University of Hawaii Marine Center). Lithified

interlayered Pleistocene coral and alluvium underlying c. 8 m of Pleistocene
barrier reef and 10m of lithified carbonate lagoonal deposits and coralline
debris; located on the southern shore ofOahu. This well is not usually pumped.

NMFS and MML (US National Marine Fisheries Service, and University of
Hawaii Marine Mammal Laboratory). Pleistocene barrier reef flat underlying
c. 10m oflithified carbonate lagoonal deposits and coralline debris; located
adjacent to Kewalo Basin on the southern shore of Oahu. The NMFS and MML
wells are continuously pumped at 3000 and 1500 I min -I, respectively.

CI (Coconut Island, Hawaii Institute of Marine Biology). Modern lagoonal patch
reef overlain with c. 0·3 m of dredged reef rock; located in Kaneohe Bay on the
NE shore ofOahu. This well is not usually pumped.

Florida Platform
MK (Marathon Key). Eocene marine carbonate platform, sampled from a higWy

porous limestone sequence (the so-called 'Boulder Zone'; Kohout, 1965) within
25 km of the platform margin (24°42'N, 81 °5'W).

MHSS (Mud Hole Submarine Springs). Submarine geothermal spring, 19 km
offshore on the West Florida continental shelf (26°15'N, 82°00, W).
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ions were filtered through Whatman GF/F glass
microfibre filters (0'7 J1.m poresize) into plastic bottles;
nutrient bottles were washed with 10% Hel prior to
use. Nutrient samples were kept frozen until analysis;
TA, sulphate, and major dissolved ion samples were

kept refrigerated until analysis. All samples were
analysed within 2 weeks of collection.

Hydrocarbon measurements used cryogenic cold
trapping followed by gas chromatography with flame
ionization detection (±2%; Brooks, Reid & Bernard,
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Fig. 3. E-W subsurface section of the Florida Platform (modified from Kohout et al., 1977; Paull et al., 1984; Huggins & Block,
1985) showing (a) the location of the Marathon well and the Florida Escarpment cold-water seeps, and (b) the subsurface
structure adjacent to the Marathon well.

1981; Kipphut & Martens, 1982). Sulphide was
measured colorimetrically (Cline, 1969). Inorganic
nutrients were determined using a Technicon Auto
Analyzer II (Smith et al., 1981). Dissolved organic
carbon (DOC) was measured using an automated
infra-red analyser. TAwas determined using the
single-point method (±0·0 I meq 1- 1) of Smith &
Kinsey (1978), except for MK samples, which were
determined by the multi-point method of Edmond
(1970) (±0·004 meq 1- 1). Dissolved inorganic carbon
(DIC) was calculated from pH, temperature and TA
[after accounting for the contribution ofB(OH)4, S2 -,
HS - , NH3 , SiO(OH) -3, and HP04

2- to TA; Dickson

(1981)] using the dissociation constants of Mehrbach
et al. (1973); the precision of calculated DIC values
was to·02 mM (Tribble et al., 1990). Sulphate was
measured (to'85 mM) with a Dionex 2010i ion
chromatograph with an AS-4 analytical column,
except for Davies Reef and MHSS samples, which
were measured gravimetrically (t 1·3 mM) as BaS04.
Salinity was measured (to·003%o) with an AGE
Minisal 2100 laboratory induction salinometer. Dis
solved calcium in Oahu samples was measured (±
0·02 mM) by EGTA titration (Kremling, 1983). Dis
solved calcium and magnesium in MK samples were
determined (t 2%) with a Leeman Labs PlasmaSpec-I
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inductively coupled plasma emission spectrometer;
dissolved sodium was determined (± 3%) by flame
atomic absorption spectrometry (Perkin-Elmer 603).
226Ra and 222Rn were measured (± 10%) on I-I
samples using the methods of Broecker (1965) as
modified by Mathieu (1977).

Samples for methane stable isotope analyses were
transferred directly into evacuated 2·5-1 glass bottles
with butyl rubber stoppers and preserved with 20 ml
of saturated HgCI2 solution. In the laboratory,
methane was removed from the samples by sparging
with He and oxidized to CO2over CuO at 800°C; the
CO2was purified and then sealed in break-seals. Ten
milJilitre DIC stable isotope samples from Marathon
Key were transferred by syringe into evacuated 50-ml
vials with rubber septa; the samples were treated
within 4 h of collection with 5 ml of He-sparged 30%
phosphoric acid saturated with CuS04 . In the labora
tory, CO2was removed from the samples by sparging
with He, purified, and then sealed in break-seals.
Analyses of both types of samples were performed by
the Center for Applied Isotope Studies, University of
Georgia, using a Finnigan-MAT 251 mass spectro
meter; instrumental standard deviations were 0,02
0'14%0' The (j13C values of DIC in samples from the
other sites were determined by Global Geochemical
after extraction of total CO2 in a vacuum line at the
University ofHawaii (Kroopnick, 1974); instrumental
standard deviations were 0·03%0'

Calcite and aragonite saturation states were calcu
lated as the product ofdissolved calcium and carbonate
concentrations divided by the apparent solubility
constant. The apparent solubility constant for calcite
was calculated as a function of salinity and tempera
ture according to Plath, Johnson & Pykowicz (1980).
Aragonite calculations were made using apparent
solubility constants 1·53 times those for calcite, the
ratio determined by Morse, Mucci & Millero (1980)
for 35%0 salinity and 25°C. The range of salinities and
temperatures of our samples were 34,2-35,6%0 and
19-28°C, respectively. In both calculations we used a
calcium-to-salinity ratio of 11·9 mg 1- 1%0 -1, which is
that of tropical surface seawater (e.g. Tribble et al.,
1990). In comparison, calcium-to-salinity ratios meas
ured in Checker Reef, Oahu framework porewater
were 11·7-12'1 (op. cit.); however, these latter ratios
would have changed the calculated saturation state
values by less than 2%.

Laboratory experiments were performed to monitor
diagenetic changes in seawater incubated with fresh
coral rubbl.e and carbonate sand in gas-tight vessels.
Twenty-litre plastic containers were tightly wrapped

with aluminium foil, loaded to the top with substrate,
filled with Kaneohe Bay.seawater, and then sealed
without a gas headspace. Sequential samples of the
seawater were collected over time from an external
spigot and analysed for DIC, TA, and dissolved
oxygen (Ingvorsen & J0rgensen, 1979); argon-sparged
(i.e. degassed) seawater was added to the vessels after
each sampling to ensure that no gas headspace
developed. Control experiments with filtered, argon
sparged seawater without added solid substrate main
tained oxygen concentrations of 3% air-saturation (±
1%) over a period of 370 h, thereby indicating the
integrity of the apparatus with respect to atmospheric
exchange.

RESULTS

The chemical composition and carbonate saturation
state of the porewaters from the sample sites are
summarized in Table 2, and the measured relationship
between TA and DIC is plotted in Fig. 4. The Davies
Reef data in Table 2 are for only the four wells
sampled by both Oberdorfer & Buddemeier (1983)
and Sansone (1985), whereas the Davies Reef data in
Fig. 4 are for all of the wells sampled by the former.
Table 3 compares the major-ion/salinity and radionu
elide/salinity ratios ofthe Florida Platform porewaters
with those ofadjacent seawater. Table 4 lists the (j13C_
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Fig. 4. TA (meq 1-1) vs. DIC in (0) surface seawater
overlying Davies Reef, and in the following wells: (x)
Davies Reef, (e) NMFS Oahu, <,.) MML Oahu, (.) SH
Oahu, and (.) CI Oahu. Data in this figure have been
normalized to a standard salinity of 35·0%0 in order to
facilitate comparisons between the different sampling sites.
The linear regression for Davies Reef well data (line A) is
TA=0·91 DIC+0·29 (r2 =0'95), and for Oahu well data
(line A') is TA = 1·02 DIC - 0·07 (r 2 = 0,99). Line B is the
hypothesized oxic respiration pathway (see text). Davies
Reef data from Buddemeier & Oberdorfer (1986).



oo
tv

Table 2. Composition and carbonate saturation state of framework porewaters.

Site Depth O2 CH4 NH4 N02+ P04 Si DOC H 2S pH TA S04 Sal. Temp. DIC Saturation state
(m) (PM) (nM) (pM) N03 (pM) (PM) (pM) (pM) (meq I-I) (mM) (Yoo) (DC) (mM)

Calcite Aragonite(pM)

Davies Reef
FS 2·5 1·9 150 63·0 0·01 1·10 39·0 200 9·8 7·76 2·27 28·3 35·3 28 2·16 2·12 1·39
FD 5·3 4·5 373 32·0 0·37 1·20 28·0 125 9·3 7·74 2·32 29·2 35·3 28 2·21 2·08 1·36
MS 0·5 4·5 <25 7-4 0·32 0·74 7·7 100 2·2 7·76 2-20 27-4 35·3 28 2·05 2·06 1·35
MD 1·9 0·6 62 56·0 0·07 1·10 30·0 24·0 7·75 2·41 30·1 35-4 28 2-30 2-20 1·44

Oahu ~
SH 45·0 20·0 137 11·0 1·80 0·76 161 28 4·0 7-48 2·32 34·9 27 2·31 1·16 0·76 ~
NMFS 20·0 19·0 109 12·0 0·13 1·30 170 28 4·0 7·58 2·16 34·6 24 2·13 1·22 0·80

~MML 19·0 16·0 - 8·8 0·08 1·10 172 27 4·0 7·56 2·18 34·2 25 2·15 1·21 0·79 ;:s
CI 5·5 0·0 84·9 21·9 1·10 3-40 191 4·3 7·60 2·48 34·2 26 2-43 1·55 1·01 is
CI 7·5 0·0 92·6 24·4 0·20 3·50 186 4·3 7·54 2·49 34·2 25 2-46 1·32 0·87

;:s
~

(1)

Florida Platform ....
MK 305 12 1050 0·25 0·07 0·45 39·0 0·5 7-61 2·30 29·6 35·4 - 2·05 2·16 1·41 ~

MK 365 11 1040 0·52 0·19 0·52 - 0·8 7·63 2·26 30·2 35·3 21 2-42 2·10 1·38
MK 380 0 5000 0·49 0·04 0·10 7·4 91 - 7·87 2·32 35·6 19 2-21 2·09 1·37
MHSS 0 14 101 0·90 0·15 0·34 94·0 4·0 7·30 2-19 28·6 34·9 36 2·23 0·92 0·60

Surface seawater (Oahu)
232 7 0·45 0·03 0·03 5·5 55 <I 8·19 2·22 28·2 34·9 26 1·96 4·49 2·94

Depths are distance below water surface in wells. Site abbreviations are as indicated in Table I. Hyphens indicate data not available. CI samples from 5·5 and 7·5 m
were collected at high- and low-tide, respectively. Davies Reef data (except DOC) are from Oberdorfer & Buddemeier (1983) and Sansone (1985). MK samples from 305
and 365 m were collected in January 1988. 02' pH, DIC, TA, and temperature data for MK at 380 m are from Huggins & Block (1985); other samples from this depth
were collected in June 1986. MHSS CH4 data are from C. Winn and B. Tilbrook (pers. comm., 1986); other MHSS data are from Fanning et al. (1981). Surface seawater
samples were collected in Kaneohe Bay near the CI site.
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that the decomposition of siliceous organisms may be
significant in these systems; alternatively, inorganic
silica dissolution may be important, particularly for
the Oahu sites, which may be influenced by basalt
weathering products known to enter nearshore waters
(Mackenzie et al., 1981).
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Fig. S. Incubation experiments using fresh carbonate material
and Kaneohe Bay seawater: (a) TA (meq 1-1) vs. DIC, (b)
DIC vs. elapsed time, (c) oxygen concentration vs. elapsed
time. The following solid substrates were used: (D) unsorted
surface reef rubble with attached epifaunal community, (x)
intertidal carbonate dredge rubble, and (6) subtidal carbon
ate sand.

*Data from Smith & Kroopnick (1981).
tData from Whiticar et al. (1986).

DISCUSSION

DIC and b13C-CH4 values obtained for Oahu and
Florida Platform framework porewaters. The results
of the laboratory incubation experiments are shown
in Fig. 5.

Site Depth Ca2+ Mg2+ Na+ 222Rn 226Ra
(m)

(mgl-1%0 -1) (d.p.m.I-1%0 -1)

MK 365 11·6 27·5 326 0·840 0·727
MHSS 0 15·9 35·1 307 26·6 2-96
Deep 500- 11·8 37·0 308

tropical 1000
seawater

Site Depth ol3C-DIC 013C-CH4

(m) (%0) (%0)

SH 45 -3·92
NMFS 20 -3-63
MML 19 -3,53
CI 5·5 -2·32
CI 7·5 -2'32
MK 305 -1,47 -45·9

-45·9
MK 365 -0·62 -50,5
MK 378
Tropical surface

seawater +2·0*
Biogenic -60to

methane -1I0t

Table 4. Isotopic composition of framework porewaters.

Table 3. Major-ion/salinity and radionuclide/salinity ratios
of Florida Platform porewaters and adjacent seawater.
MHSS and seawater data from Fanning et al. (1981).

Porewater composition

Several consistent patterns can be observed in the
porewater data. despite the very different geological
settings and d~pths. Dissolved oxygen is highly
depleted compared to surface tropical seawater con
centrations, an:d pH is significantly lower than
seawater values. Ammonia, phosphate and methane,
which are produ~ed during the suboxic and anaerobic
oxidation of organic matter (e.g. Froelich et al., 1979;
Jergensen, 198~), are enriched from typical surface
seawater concentrations. In contrast, N02 +N03

levels are low, as would be expected for these oxidized
species under anaerobic conditions (e.g. Downes,
1988). The consistently elevated silica levels suggest
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Porewater salinities and dissolved sulphate levels
are not significantly different from seawater values.
These results imply that organic matter is being
transported into the frameworks by seawater advec
tion, and that the decomposition of this material
results in compositional changes in the porewaters as
compared to the adjacent seawaters. The porewater
concentrations, however, are obviously the result of
both production and consumption reactions during
the transport of the porewaters from the adjacent
seawaters to the points of sampling within the
frameworks.

Similar results have recently been obtained from
detailed 'well point' sampling of the porewaters of
Checker Reef, a modern patch reef in Kaneohe Bay,
Oahu (Sansone et al., 1988a,b; Tribble et al., 1990).
A transect across this reef showed suboxic and
anoxic conditions throughout the reef framework with
strong concentration gradients from the windward
and leeward margins of the reef towards the centre.
The highest levels of diagenetic end products were
observed in the reef interior, and were similar to the
highest concentrations reported here (Table 2), except
that the maximum dissolved silica was lower (100 jlM),

and the maximum DIC and TA were higher (3,2 mM
and 3-4 meq 1- 1, respectively). The importance of
organic matter diagenesis was emphasized by the
observed linear relationships between porewater DIC
and dissolved ammonia, phosphate and silica (Tribble
et al., 1990).

Major ion ratios for MHSS were found to be similar
to those for seawater, thereby leading Kohout et al.
(1977) to conclude that the MHSS waters were not the
result of physiochemical processes such as the dis
solution of evaporite deposits within the platform.
Similarly, MK porewaters sampled in the present
study had major ion ratios similar to that of seawater
(Table 3). In contrast, sediment porewaters sampled
by the submersible ALVIN in the vicinity of the much
deeper (3300 m) Florida Escarpment cold water seeps
showed significant differences in the major ion ratios
as compared to seawater (Paull & Neumann, 1987).
These latter differences may be due to the dissolution
of evaporite deposits known to occur at depths below
1000 m in the Florida Platform (Fig. 3), which may
be too deep to affect the interstitial fluids sampled at
MHSS or the Marathon Key well.

Calcium carbonate saturation states were depressed
in all framework porewaters sampled relative to
surface seawater (Table 2), a result largely due to the
input of carbon dioxide, which lowered the porewater
pl;:l values. Similar results were noted with the

framework porewaters of Checker Reef, Oahu, in
which aragonite saturation state values were close to
I (Tribbleetal., 1990).

The 222Rn/salinity and 226Ra/salinity ratios meas
ured in MHSS water by Fanning et al. (1981) were
much higher than those measured in MK porewater
(Table 3), perhaps reflecting the geothermal processes
acting on MHSS water (Kohout, 1965). However,
222Rn in MK porewater was found to be near
equilibrium with its parent, 226Ra, whereas in the
MHSS water the 222Rn ratio was nearly 10 times
larger than the 226Ra ratio. This observation is most
probably due to a greater degree of system closure in
the MK well than in the MHSS vent.

Finally, the porewaters from Marathon Key are
particularly interesting as they are qualitatively
different from the porewaters drawn from the other
carbonate frameworks in at least one respect: both
ammonia and phosphate are distinctly lower than at
the other sites, although methane is dramatically
higher. While the high methane values may indicate
a nearby reservoir of fossil methane, it is also possible
that organic diagenesis in Marathon Key occurs in
extremely reducing microenvironments which favour
methanogenesis more than at the other areas. Overall,
it is unclear if the low nutrient and high methane
concentrations are a consequence of the much greater
age of the platform, the much greater depth of the
well, the increased distance from the ocean, or some
other factor.

Evidence for microbially mediated diagenesis

The data presented here indicate that bacterial
degradation of organic matter is occurring in the
carbonate frameworks investigated and is probably
the major factor causing geochemical deviations of
the interstitial water from surface seawater conditions.
The depletion of oxygen and the build up of sulphide
and methane is consistent with microbial respiratory
activity, as is the accumulation of DIC and inorganic
nutrients (e.g. J0rgensen, 1983; Tribble et al., 1990,
and references therein). Fanning et al. (1981) also
concluded that microorganisms were probably
responsible for the anoxic conditions found in MHSS
waters. Furthennore, the release of isotopically light
carbon dioxide from the oxidation of organic matter
(e.g. Presley & Kaplan, 1968) is consistent with the
observed light DIC Ol3C values for framework
porewaters as compared to overlying seawater (Table
4). However, isotope mass-balance calcu,lations using
DIC data from Table 2 and ol3C-DIe data from
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Table 4 yield an unrealistic range of (PC values of
-12 to -69%0 for the organic matter being oxidized
to form DIe. This discrepancy may reflect additional
processes such as isotopic exchange between the
carbonate frameworks and the associated porefluids.

The hypothesized biogenic origin of the porewater
methane is supported by determinations of the C 1-C3

hydrocarboncontentoffoursamplesofMKporewater
from 378 m depth. The methane/(ethane + propane)
ratio was 2003 (±282); in comparison, Bernard,
Brooks & Sackett (1976) concluded that biogenic
hydrocarbons from Gulf of Mexico sediments have
ratios> 1000.

The presence of elevated methane levels indicates
the existence of the highly reducing conditions needed
for methane production (Rudd & Taylor, 1980),
although such reducing environments may largely
exist in microzones within the frameworks. The
existence of microenvironments with restricted circu
lation (e.g. Jl1Jrgensen, 1977), in sizes ranging from
submillimetre to tens of centimetres, is consistent with
the heterogeneous structure of carbonate frameworks
(e.g. Garrett et al., 1971; Scoffin, 1972). The impor
tance of microenvironments is also suggested by the
coexistence ofoxygen, sulphide, sulphate and methane
in several of the samples, demonstrating that these
waters are not in thermodynamic equilibrium with
respect to these species. We hypothesize that sulphide
and methane are produced in anoxic subenvironments
that allow them to escape into the oxygen-containing
bulk interstitial water where their oxidation is kineti
cally limited (e.g. the half times for sulphide oxidation
should be > 100 min, based on the measured pore
water Oz/HzS concentration ratios; Millero, 1986).
Note that the low HZS/S04 and CH4 /DIC ratios in
the porewater suggest that the oxidation of sulphide
and methane is unlikely to make significant differences
in the sulphate and DIC concentrations.

Further evidence of micro-zonation is the presence
of high sulphate concentrations in the bulk porewater,
conditions which normally allow sulphate reducers to
out-compete methanogens for organic substrates in
marine sediments, thereby preventing methanogen
esis (e.g. Rudd & Taylor, 1980; Sansone, 1985).
Methane released from sulphate-depleted microen
vironments into the bulk porewater would, however,
be subject to oxidation, as is indicated by the heavy
methane stable carbon isotope ratios observed in
the Marathon Key porewater (-47·4±2·7%0,
Table 4), and in the porewater of Checker Reef, Oahu
(-46·5±0·8%0, data not shown); the oxidation of
methane results in increases in b13C-CH4 values due

to the preferential consumption of the light isotope
(Barker & Fritz, 1981; Coleman, Risatte & Schoell,
1981; Alperin, Reeburgh & Whiticar, 1988).

Diagenetic pathways

The data in Table 2 show a I: I ratio between DIC
and TA (illustrated in Fig. 4 as pathways A and A'),
suggesting that the in-situ geochemistry is dominated
by the oxidation of organic matter during sulphate
reduction (after the removal of dissolved oxygen by
aerobic respiration) according to the equation:

2 CH ZO+S04
Z

- = 2 HC03 - +HzS (I)

where CH zO is used schematically to representorganic
matter. Although sulphate reduction is known to be a
major diagenetic pathway in nearshore anaerobic
sediments (e.g. Berner, Scott & Thomlinson, 1970;
Thorstenson & Mackenzie, 1974), and has been shown
to occur in many carbonate sediments associated with
coral reefs (e.g. Skyring & Chambers, 1976; Macken
zie et al., 1981; Hines & Lyons, 1982; Pigott & Land,
1986), it appears that the extent and significance of
this process within lithified carbonate frameworks has
not been appreciated. We have recently demonstrated
that up to 75% of the organic matter remineralization
occurring within Checker Reef, Oahu is due to
sulphate reduction (Tribble et al., 1990).

We recognize that a similar I : I stoichiometry can
also result from oxic respiration combined with
carbonate dissolution, but we feel that sulphate
reduction is the major reaction pathway for two
reasons. First, levels of dissolved oxygen along the
reaction pathway are far too low to account for the
observed increases in DIe. All of the wells had
dissolved oxygen concentrations of less than 20 JlM, so
the potential contribution of oxic respiration to the
reaction pathway is small. Secondly, the increases in
DIC for the Davies Reef data are paralleled by rising
sulphide concentrations.

It is also possible that the I: I ratio for DICITA
may be due to sulphate reduction coupled with
carbonate dissolution and FeS formation:

2 CHzO+SO/- +Fez+ +2 CaC03

=4HC03 -+2Ca2++FeS. (2)

Although we cannot determine the extent to which
this reaction occurs, it will certainly be limited by the
availability of dissolved iron in the porewater. In any
case, the DICand TA changes in the water chemistry
would still result from the anaerobic/suboxic oxidation
of organic matter.
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The consistent offset of the Davies Reef and MK
data from the Oahu data (Fig. 4) is probably due to
the methodological differences in measurements of
pH and TA, because the slopes ofthe linearregressions
ofthe individual data sets are not significantly different
(0,98 vs. 1·03 meq I -lmM- 1

, respectively). The offset
of the MHSS datapoint is likely to be too large to be
explained by methodological differences, and hence
may reflect geochemical processes distinctive to this
higher-temperature system.

The characteristics of the wells sampled in this
studyprovide evidence for the existence ofa diagenetic
trend resulting from sulphate reduction along the
pathways A and A' (Fig. 4).

(I) Oahu Pleistocene wells. The wells MML and
NMFS are continuously pumped at high flow
rates. Consequently, these wells are diluted with
oxygenated fresh seawater, as reflected by the
location of their data points at the bottom of
pathway A'. The SH well is not pumped continu
ously, presumably resulting in greater isolation
and consequently more extensive diagenetic trans
formation in the porewater, which is reflected in
the location of the SH data point at the midpoint
of pathway A'.

(2) CI well. The CI well data are located in the upper
extreme of pathway A'. This well is not pumped,
and is subject to tidal flushing only; it is therefore
the most isolated from fresh seawater of the Oahu
and Davies Reef wells, and is the site for the most
diagenetically altered porewater in these wells.

(3) Davies Reef wells. The MS site is distinctly
shallower than the other Davies Reef wells, and
data from this station fall at the bottom ofpathway
A, thus reflecting the comparatively limited extent
of diagenesis. This well also contains the lowest
levels of dissolved methane. The sulphide content
ofthe Davies Reef wells increases with increasing
DIC and TA (Table 2), which is indicative of
increasing diagenesis along pathway A.

Further evidence that anaerobic organic matter
oxidation may influence internal framework geochem
istry is provided by the laboratory experiments which
monitored diagenetic changes in seawater incubated
with fresh coral rubble and carbonate sand in gas
tight vessels. In these experiments the DIC and TA
consistently changed linearly along pathway A, in one
case reaching a DIC value of 6 mM within 35 h (Fig.
5a,b). The experiments demonstrate that for a variety
of carbonate substrates there are similar patterns in
DIC vs. TA during organic matter respiration,

although there are different kinetics. These data,
combined with the results of our porewater sampling
(Fig. 4), lead us to hypothesize that linear increases in
DIC and TA due to organic matter oxidation may be
a regular feature of carbonate framework porewaters.

In order to link the chemistry of framework
porewater with that of the overlying seawater, we
postulate an oxic respiration pathway having an
increase in DIC with little change in TA (Fig. 4:
pathway B):

2 CH 20 +2 O2 = 2 H 2C03 • (3)

At seawater pH most of the added carbonic acid will
dissociate, causing a resultant drop in pH. Note also
that the increase in DIC of the overlying seawater as
it is converted along pathway B to the porewater at
the bottom of the anoxic pathway A is roughly
equivalent to the DIC increase which would result
from the consumption of the oxygen dissolved in
warm surface seawater (approximately 230 JiM) ac
cording to reaction (2) above. Only small amounts of
oxygen are observed in any of the framework
porewaters sampled (Table 2), a further indication of
active oxygen consumption within frameworks.

It is likely that the consumption of oxygen occurs
rapidly in the systems reported here because no data
points fall between pathway B and the point repre
senting surface seawater (Fig. 4). This hypothesis is
supported by the laboratory experiments described
above, which also showed that aerobic respiration can
remove 90% of the dissolved oxygen in seawater
incubated with fresh coral rubble and other carbonate
sediments within a few hours (Fig. 5c). More detailed
sampling, particularly in suboxic (as opposed to
anoxic; Froelich et al., 1979) carbonate environments,
will be needed to determine whether pathway B (Fig.
4) is actually present in carbonate frameworks.

CONCLUSIONS

The data presented here suggest that anaerobic
diagenesis is a common process in marine carbonate
frameworks, and may be more important than
previously recognized. Anaerobic, organically linked
processes may exert important controls on the carbon
ate geochemistry of such environments because of the
resultant changes in local pH and/or carbonate
saturation state (e.g. Berner, 1980; Ehrlich, 1981;
Bathurst, 1983; MacIntyre, 1984). Microbial process
ing will consequently need to be considered in models
of dissolution and cementation in marine lithified

./
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carbonates, as it has been for carbonates in anaerobic
terrigenous sediments (e.g. Hudson, 1977; Nelson &
Lawrence, 1984; Ritger, Carson & Suess, 1987) and
carbonate sediments (Mackenzie et al., 1981; Pigott
& Land, 1986). In addition, anaerobic organic matter
decomposition in carbonate frameworks may be
sources of methane and/or ammonia fluxes into
adjacent seawater (Sansone, 1985; Tribble et al.,
1988), with subsequent utilization by aerobic chemo
lithotrophs. As an example, it is possible that this
process may be supporting the abundant macrofaunal
communities recently found around submarine cold
water methane seeps (Fig. 3) at the base of the Florida
Platform (Paull et al., 1984, 1985).
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