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ABSTRACT

Manually inserted stainless steel well points were
used to obtain reef interstitial water (RIW) from
Checker Reef, a patch reef in Kaneohe Bay, Oahu,
Hawaii. Measurements of RIW chemistry were made
in order to evaluate the spatial and temporal
variability of anaerobic diagenesis within the
lithified framework. The results indicate that
active anaerobic diagenesis occurs throughout the
reef. The existence of dynamic microzonation is
indicated by the thermodynamic disequilibrium of
dissolved constituents in the bulk RIW, by methane
stable carbon isotope ratios, and by SEM
observations of the coexistence of pyrite
framboids, iron-rich coatings, and active
cementation. In general, little change was
observed at time scales greater than a month in
RIW chemistry other than dissolved oxygen. The
main exception to this pattern occurred at the 1 m
deep well in the center of the reef; at this
station significant cyclic changes occurred over
lunar periods.

INTRODUCTION

The apparently widespread existence of anaerobic
conditions within coral reef frameworks (e.g.,
DiSalvo 1971, Zankl & Multer 1977, Sansone 1985,
Buddemeier &Oberdorfer 1986, Sansone et al.
1988c) has not been widely recognized in the past
by either geochemists or biologists. This has
been due in large part to a lack of convenient
techniques for sampling reef interstitial water
(RIW). In addition, it has been widely assumed
that the advection of oxygenated seawater through
the reef framework maintains aerobic conditions
within the framework. However, recent research
suggests that the advection of seawater through
coral reefs (e.g., Emmendorfer 1979, Oberdorfer &
Buddemeier 1986, Buddemeier & Oberdorfer 1988),
with its associated inward transport of
particulate organic matter, may in fact be driVing
the organic matter oxidation that results in the
development of anaerobic conditions within reefs
(Tribble et al. 1988a,b).

RIW chemistry can be used to understand the
diagenetic processes occurring in the advectively
dominated sedimentary environment within coral
reef frameworks (e.g., Risk &Muller 1983, Sansone
et al. 1988a, Tribble et al. 1988a,b). Specif
ically, the RIW acts as a "recorder" of the
diagenetic processes by accumulating the net
products of diagenesis in dissolved form as the
RIW flows through the reef. Similarly, the RIW
becomes depleted in the dissolved species subject
to net consumption during diagenesis. The
usefulness of this approach is illustrated by our
ability to successfully describe RIW composition
at points across a reef using a stoichiometric
model of organic matter and carbonate diagenesis
(Tribble et al. 1988a).

In our studies of RIW chemistry we have developed
a technique to conveniently sample RIW (Sansone et
al. 1988a). Our method uses stainless steel well
points that are manually driven into the reef, and
which are subsequently sampled using a battery
powered peristaltic pump. We have used RIW
chemistry as a means of identifying the dominant
di~genetic processes within a reef framework, and
of deducing the scales of spatial and temporal
variability of these processes. The latter effort
is the focus of this paper.

METHODS AND SAMPLING LOCATIONS

Samples for this study were collected from Checker
Reef, Oahu, Hawaii (figure I), a patch reef
located immediately leeward of the main inlet to
Kaneohe Bay. The reef rises approximately 15 m
above the adjacent sandy sediments of Kaneohe Bay,
and is thought to be built upon an antecedent
platform; the basaltic basement is more than 50 m
below the sediment surface (Hollett 1977).
Checker Reef is described in further detail by
Morrissey (1985).

RIW samples were collected using stainless steel
well point samplers (Sansone et al. 1988a) located
at stations labeled A-E (figure 1). These devices
allowed RIW to be pumped from IS-em depth
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intervals centered at 1, 2, or 4 m into the reef.
The peristaltic pump used to extract RIW was also
used to collect surface seawater samples from the
channels adjacent to the windward and leeward
margins of the reef (stations "Fore" and "Back",
respectively (figure 1)).

Dissolved oxygen and sulfide were determined using
the titrimetric technique of Ingvorsen &Jorgensen
(1979). Inorganic nutrients were determined using
a Technicon AutoAnalyzer II. Dissolved methane
measurements used cryogenic cold-trapping followed
by gas chromatography with flame ionization
detection (Brooks et al. 1981). Sulfate was
measured with a Dionex 2010i ion chromatograph
with an AS-4 analytical column. Titration
alkalinity (TA) was determined by the multi-point
method of Edmond (1970); pH was measured as
recommended by Smith et al. (1981). Salinity was
measured with an AGE Kinisal 2100 induction
salinometer.
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Figure 1. Location of Checker Reef and the well
point sampling sites.

Samples for methane stable isotope analyses were
pumped directly into 2.5 1 glass bottles with
butyl rubber stoppers, and preserved with 40 ml of
saturated HgC12 solution. In the laboratory
methane was removed from the samples by sparging
with He, and oxidized to CO2 over CuO at 800°C;
the CO2 was purified and then sealed in break
seals. Ten-ml DIC stable isotope samples were
transferred by syringe into evacuated 50 ml vials
with butyl rubber septa; the samples were treated
within 4 hr of collection with 5 ml of He-sparged
30' phosphoric acid saturated with CuS04. In the
laboratory CO2 was 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 spectrometer. Instrumental standard
deviations were 0.02-0.14 per mil.

Samples for scanning electron microscopy were
collected from a depth of 30-80 cm into the reef
using an air-powered drill with a 35 mm diameter

drill bit. They were later dried at room
temperature, mounted on stubs using carbon paint,
and coated with evaporated carbon. Samples were
examined using an lSI SS-40 scanning electron
microscope (SEK) , and.micro-analyzed with a
Princeton Gamma Tech System 4 Plus energy
dispersive X-ray fluorescence spectrometer (EDS)
and image analyzer interfaced to the SEK.

RESULTS AND DISCUSSION

Spatial variability

The chemical composition of RI~ in Checker Reef
follows a regular pattern (table 1). Oxygen,
which is consumed during initial organic matter
oxidation (e.g., Jorgensen 1983, Sansone et al.
1988a,b, Tribble et al. 1988a), is greatly
depleted in the RIW with respect to the overlying
seawater, and decreases in concentration from the
margins of the reef towards the center. Inorganic
nutrients (except for NOl +N02), DIC, TA, sulfide,
and methane, which are products of the organic
matter oxidation (e.g., Jorgensen 1983), show the
opposite trend. The invariance of NOl +N02
concentrations is likely to be due to the
unfavorable thermodyamics for their production
under the reducing conditions within the reef.
These results indicate that active anaerobic
diagenesis occurs throughout the reef, with the
most intense activity near the reef center at a
few meters depth (Sansone et al. 1988b).

The spatial distribution of organic matter
diagenesis can be explained by the lateral and
vertical advection of RIW within Checker Reef,
combined with exchange of the RIW at the top of
the reef with the overlying seawater, as shown in
figure 2. This hypothesized flow field would
result in the highest concentrations of diagenetic
products at the center of the reef because the RIW
there would have been in contact with diagenetic
processes the longest; RIW-seawater exchange at
the top of the reef would result in lower
concentrations of diagenetic products in the upper
reef due to dilution with overlying seawater.

Figure 2. Hypothesized RIW flow patterns within
Checker Reef. RIW advection is indicated by
single-arrow lines; RIW-seawater exchange is
indicated by double-arrow lines. Curved lines
indicate hypothesized hydrostatic isobars.

Preliminary measurements of the internal
hydrostatic pressure field within Checker Reef
have indicated the existence of lateral and
vertical RIW advection, although this process
appears to be quite variable over time and space
(G. Tribble, unpubl. data). Advection of RIW out
of the surface of the reef at well D has been
observed by monitoring the flow of water into
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Table 1. Composition of Checker Reef porewater and overlying seawater on 10
February 1988 (SO, data from 24 June 1987). Sampling depths are indicated by
the numeric suffixes appended to the site names (e.g., A-I is at 1 m depth). NO
- no data.

Site °z HS- CH, TA DIC pH NH, PO, NO]+NOZ Si SO,

(JUi) (JUi) (nM) (meq/l) (mM) (JUi) (/lM) (/lM) (JUi) (mM)

Fore 218 2 8 2.24 1. 96 8.19 0.4 0.1 0.12 3 28.2

A-I 19 6 25 2.20 2.11 7.77 7 1.0 0.10 32 27.7

B-1 12 19 134 2.29 2.20 7.70 13 1.3 0.05 33 28.1

C-l 4 41 170 2.35 2.26 7.66 25 1.6 0.12 46 28.2
C-2 7 12 113 2.30 2.22 7.71 17 1.1 0.05 23 28.3

D-l 0 61 149 2.33 2.22 7.64 17 2.1 0.05 49 27.4
D-2 0 246 546 3.10 2.89 7.50 59 2.5 0.12 95 27.7
D-4 0 126 283 2.88 2.80 7.42 64 2.2 0.08 80 ND

E-l 14 25 92 2.35 2.19 7.85 34 1.0 0.2 47 28.2
E-2 15 13 87 2.28 2.22 7.79 20 1.1 0.43 36 27.4

Back 224 2 8 2.22 1. 94 8.18 0.7 0.1 0.15 2 28.2

benthic chambers placed onto the reef surface;
preliminary experiments indicate an upward
velocity of approximately 1.25 cm/day (F. Sansone,
unpubl. data). RIW-seawater exchange at the top
of the reef has been demonstrated by Tribble et
al. (1988b) (see below).

Several lines of evidence indicate that a
significant portion of the organic matter
diagenesis occurs within microzones within the
reef framework. First, several of the RIW
constituents are in thermodynamic disequilibrium.
For example, oxygen coexists in many places in the
reef with anaerobically produced sulfide, methane,
and ammonia in the bulk RIW; this indicates that
the latter three species are produced in anoxic
sub-environments which allow them to escape into
the oxygen-containing bulk RIW where their
oxidation may be kinetically limited. Similarly,
methane is found to accumulate in the presence of
high sulfate concentrations in the bulk RIW,
conditions which normally prevent methanogenesis
(e.g., Rudd and Taylor 1980, Sansone 1985); it is
likely that methane production occurs in Checker
Reef within organic-rich, sulfate-depleted
microzones, and that this methane then diffuses
outwards into the bulk RIW.

Second, the stable carbon isotopic ratios of RIW
methane and OIC show the importance of oxidation
of methane within the bulk RIW (table 2); to our
knowledge these are the first reported
measurements of reef framework methane isotopic
ratios. Methane oxidation within the reef
framework results in methane isotopic ratios which
are much heavier than those associated with non
oxidized biogenic methane (Coleman et al. 1981).
We hypothesize that the highly anaerobic process
of methane production occurs within reduced micro
environments, thereby allowing both methane
production and oxidation within the reef. The OIC
stable carbon isotopic ratios of the RIW show a

Table 2. Stable carbon isotopic
composition of Checker Reef porewater
and comparison samples. NO - no data.

Site .s1]C-DIC .sUC-me thane
(per mil) (per mil)

D-l -2.1 ND

0-2 -2.3 -47.4
-45.7

0-4 -2.3 NO

Tropical 0.7
surface
seawater1

Biogenic < -64
methaneZ

'Oata from Kroopnick (1974)
ZOata from Schoell (1980)

slight lightening relative to surface seawater,
presumably due to the oxidation of isotopically
light organic carbon.

Third, SEM/EOS analyses of near-surface reef rock
indicate the widespread existence of small-scale
dissolution features, often associated with
discolored regions. These dissolution cavities
are often partially infilled with cements which
exhibit the bladed morphology associated with
high-Mg calcite crystals. Associated with the
cements are localized concentrations of iron and
sulfur, and some areas with extensive cementation
contain pyrite framboids (figure 3), the latter
indicating the presence of anaerobic conditions
during the precipitation of the cement.
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Figure 3. Scanning electron micrograph of pyrite
framboid interspersed with high-Mg calcite
cement. Bar - 10 ~m.

We have also found evidence for the presence of
iron-rich coatings associated with the pyrite
containing zones described above (figure 4). It
is possible that this phenomenon is due to partial
oxidation of the pyrite during changes in redox
conditions in these microenvironrnents. The
association of these zones with microcavities
which had originally contained organic debris
suggests that localized organic matter oxidation
may be responsible for episodes of pyrite
formation that terminate upon depletion of either
the organic substrate or dissolved iron.

Figure 4. Scanning electron micrograph of pyrite
framboid with iron-rich coating. Bar - 1 ~m.

Temporal variability

Figure 5 illustrates the seasonal variability
observed in the RIW chemistry during sample
collection at approximately 6-week intervals
during 19 August 1986 - 24 June 1987. Several
patterns emerge from these data. First, oxygen
shows the greatest variability of the RIW
parameters measured; only D-2 remains invariant.
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Second, variation is greater at 1 m depths than at
2 m depths. Third, of the 1 m wells, the greatest
variation is observed at well D-l; the
distribution of the D-l data is bimodal, with
maxima in the diagenetic products occurring during
fall and spring (oxygen maxima are during summer
and winter).

An additional time series, consisting of samples
collected at approximately 2-day intervals during
11 September - 19 October 1987, was obtained in
order to further examine the temporal variability
at D-l (1 m depth). Figure 6 shows D-l ammonia
concentrations during the two time series plotted
against the phase of the moon; "days after third
quarter moon ll was chosen as the temporal axis
because it is linearly correlated with tidal
height range (figure 7). During both of the time
series the highest ammonia concentrations were
observed 12-23 days after third-quarter moon _.
periods with intermediate tidal ranges. We
hypothesize that this may be the result of two
competing processes: a) greater tidal range may
increase the rate of advection within the reef,
thereby increasing the "upwelling" of high
concentration RIW from deeper within the reef
framework, and b) greater tidal range may increase
RIW-seawater exchange, thereby diluting the
concentration of upper-reef RIW. RIW salinities,
at depths exceeding 1 m, were 34.499-35.032 per
mil during the 1986-1987 time series, thus
indicating the lack of significant groundwater
impact on Checker Reef RIW.

Andrews and Muller (1983) measured significant
tidally linked variations in nutrient
concentrations in cavities on the perimeter of a
patch reef (the dominant frequencies were 2 and 4
dol); these changes were attributed to tide
induced advection. However, hourly sampling of
Checker Reef RIW has not indicated a similar
variation in the RIW chemistry (data not shown),
possibly due to the greater distance of our
sampling wells from the margins of the reef.

Tribble et al. (1988b) determined that the rapid
exchange between the Checker Reef overlying
seawater and RIW results in a residence time of
approximately 5 days for RIW at well D-l (1 m
depth); the exchange at 2 m depth is much slower,
and may be dominated by horizontal flow within the
reef framework. This difference is also reflected
in the depth dependent temporal variability of
chemical parameters shown in figure 5.

Comparison with other reefs

Extrapolating the results from Checker Reef to
other reef systems is difficult due to the
scarcity of RIW data from other sites. It is
possible that the restricted tidal range and
relatively protected environment of Checker Reef
may be largely responsible for the highly anoxic
nature and the smooth chemical gradients of its
RIW. In comparison, Davies Reef in the Great
Barrier Reef, which has a tidal range exceeding
3 m, displays lower concentrations of RIW
diagenetic end products, and has much more
temporal and spatial variability in its RIW
composition (Sansone 1985, Buddemeier & Oberdorfer
1986, Sansone et a!. (unpub1. data».
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Figure 5. Temporal variability of Checker Reef RIW and overlying seawater during
19 Aug 1986 - 26 Aug 1987 (from Sansone et al. 1988b).
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Figure 6. Temporal variation of ammonia
concentration in well 0-1 sampled approximately
every six weeks during 19 Aug 1986 • 16 Oct 1987
( ~ ) and every two days during 11 Sept - 19 Oct
1987 (. ). The sampling dates are expressed in
terms of the numbers of days following the
occurrence of third-quarter moon.
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Figure 7. Tidal height range in Kaneohe Bay
(calculated for the two days preceding the
plotted date) plotted against the phase of the
moon. Data are from 11 Sept - 19 Oct 1987.

The Checker Reef RIW data indicate the
heterotrophic nature of the internal framework
ecosystem, which contrasts with the well
established autotrophic nature of the reef
surfaces. This large-scale spatial segregation
appears to occur across the entire reef.

Anaerobic diagenesis within the framework of
Checker Reef varies over spatial and, to a lesser
extent, temporal scales; it is likely that these
variations reflect the advective nature of this
sedimentary environment. The dominant scales of
variation appear to be meters (vertical distance),
tens of meters (horizontal distance), and days-to
weeks (time). In addition, several lines of
evidence suggest that microzonation within the
heterogeneous coral reef framework is an important
control on diagenetic processes and, consequently,
the RIW chemistry.

These results suggest that studies of RIW and reef
solid phase geochemistry will need to address in
particular the strong micro- and macroscale
spatial gradients that are likely to exist .
Similarly, models of elemental cycling in reefs
will require a knowledge of the internal hydrology
and diagenesis of the particular reef systems,
which may in turn require an understanding of the
dynamics of the local physical environment .
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