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DOLOMITIZATION BY SALINE GROUND WATERS
WITHIN THE NORTH-WESTERN GREAT BAHAMA BANK: AN OVERVIEW,

Fiona F. Whitaker and Peter L. Smart
Department of Geography
University of Bristol
Bristol BS8 1SS
England

ABSTRACT

Measurements of salinity, temperature and
ground water discharges within the Great Bahama
Bank provide evidence for active circulation of large
volumes of near-normal ocean water beneath Andros
Island, Bahamas. Slightly elevated salinity waters
(38-42%0) derived from the Great Bahama Bank flow
eastwards beneath the island, and mix with normal
salinity cold ground waters (19-20°C) from deeper
than 250 m in the adjacent oceans. Volumetric
budgeting of saline discharges along the east coast of
North Andros suggest an average flow rate of 2.9 to
35 x 102 m/d. Circulation of bank waters appears to
be driven by reflux of only slightly elevated salinity
waters as suggested by Simms (1984), while sea water
circulation occurs by thermally-driven Kohout convec-
tion and/or in response to trans-island/bank differences
in sea surface elevation.

Saline ground water sampled in inland blue
holes and at discharge sites on the east coast have an
elevated PCO,, lower Sl and are depleted in sulphate
by up to 5% compared to sea water. Furthermore,
these waters are depleted in magnesium and enriched
in calcium relative to open ocean and bank input
waters. Replacement dolomitization of low-magne-
sium calcite by these waters therefore appears to be
occuring under conditions of elevated carbonate activ-
ity and is progressive along the flow path. Combina-
tion of estimated ground water flux with an average
magnesium depletion of 67 mg/L indicates
dolomitisation occurs at an approximate rate of 1.8 to
22 x 10 %/a.

Sparse micro-dolomites and dolomitic cements
occur in wall rock samples from the zone of saline
ground water in Stargate Blue Hole, South Andros.
Four types of dolomites are recognised: isolated
rhombs of 4-5 um, patches of anhedral crystals of
30-50um, fabric selective replacement of allochems,
and rim cements. Strontium isotopes yield a maximum
age of 0.4-0.8 Ma for the dolomite, substantially
younger than the host rock (1.5-2.5 Ma). Stable and
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trace element analyses suggest precipitation from cold
near-normal sea water under slightly reducing condi-
tions. The current rate of dolomitisation, estimated
from aqueous geochemical and ground water flow
measurements, combined with subsidence rates and
sea-level history are sufficient to account for the
observed concentrations of dolomite in wall-rock
samples.

INTRODUCTION

Modern dolomites have been reported forming
in a variety of different environments, including
supra-tidal flats, sabkhas and deep-sea sediments, and
have provided new insights into the geochemical
processes controlling dolomitisation. However, these
dolomites are not analogous to the thick sequences of
Late Cenozoic dolomites which occur at relatively
shallow depth throughout the Bahamas. These replace-
ment dolomites appear to have formed at near surface
temperatures and pressures and are not associated with
evidence of evaporitic conditions (Dawans and Swart,
1988; Vahrenkamp and Swart, in press). Following
Badiozamani (1973) dolomitisation in the fresh-salt
water mixing zone became widely accepted to explain
these types of dolomites (Dawan and Swart, 1988), but
increasingly this paradigm has been questioned because
of the restricted vertical extent of this zone, and
apparent absence of dolomites in modern mixing zones
(Machel and Mountjoy, 1986). More recently,
therefore, attention has focused on the potential for
dolomitisation by sea water (Land, 1985).

In this paper we present an overview
summarising our work on dolomitisation by saline
ground waters circulating through the north-western
Great Bahama Bank beneath Andros Island. The
approach adopted uses oceanic and inland blue holes to
access the interior of the Bank and combines study of
the ground water circulation (Whitaker and Smart,
1990; Whitaker and Smart, in press) with aqueous
geochemistry and sampling of shallow dolomites
(Whitaker et al., in press). The paper is divided into



3 main sections; first we present field evidence of
large-scale circulation of bank and open ocean sea
waters through the Great Bahama Bank; second we
examine the geochemistry of these waters and suggest
magnesium depletion in them is caused by replacement
dolomitisation; and finally we describe sparse replace-
ment dolomites from shallow depth in the saline zone,
the geochemistry and probable age of which is compat-
ible with our aqueous geochemical and hydrological
observations.

HYDROLOGY OF SALINE GROUND WATERS

Methods

Oceanic blue holes along the east coast of
Andros Island are characterised by strong
semi-diunally reversing currents that develop in
response to variations in local tidal head. In order to
differentiate between this shuttling of locally derived
sea-water and any larger-scale net saline ground water
circulation, continuous monitoring was undertaken
using Aanderaa oceanographic recording current
meters (RCMs). These instruments were operated in
Rat Cay and South Mastic oceanic blue holes on the
east coast of North Andros (Figure 1), and record flow
velocity and direction, salinity, temperature and local
tidal head. Point velocities derived from the RCM
record were converted to average velocity using in situ
measurements of the cross-sectional velocity distribu-
tion throughout the tidal cycle obtained by divers using
hand-held current meters. Discharge was then calcu-
lated using this average velocity and the surveyed
cross sectional area of the passage.

Salinity and temperature were used as natural
tracers of saline ground water source and flow path.
Salinity and temperature were measured in situ to a
maximum depth of 100 m in 27 deep inland cenote
blue holes distributed across North Andros using a
WTW LF91 conductivity/temperature probe, and
values compared with those of bank and open ocean
waters. In addition RCM records provided evidence
of temporal variation in salinity and temperature of
saline discharges from oceanic blue holes on the east
coast of Andros.

Results
Magnitude of saline ground water circulation.

The discharge and head recorded at South
Mastic oceanic blue hole for a representative 48 hour
period are shown in Figure 2. While the semi-diurnal
response to local tidal head can clearly be seen, the
duration of the outflow phase is significantly longer
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than that of the inflow phase. Furthermore, outflow
velocities are consistently higher and less variable than
those of the inflow which are strongly influenced by
local semi-diurnal tidal asymmetries. Clearly there is
a net discharge of saline ground water at this site,
which averaged 2.0 x 10° m? per tidal cycle during the
17 day record. A much longer record is available
from the smaller Rat Cay oceanic blue hole, where
over the 29 week period of observation an average of
1.7 x 10* m3 of saline ground water was discharged
per tidal cycle. This is significantly less than the
discharge measured at South Mastic blue hole, but
never-the-less equivalent to a cumulative discharge of
6.8 x 105 m3 over the observation period. This
average conceals a significant seasonal variation, with
a relatively small net discharge during the summer,
increasing significantly into the autumn and winter,
suggesting temporal variation in the magnitude of the
force(s) driving circulation.

Ten comparable oceanic blue holes are known
to discharge saline ground waters on the east coast of
North Andros. If we assume that the monitored
discharges from Rat Cay and South Mastic blue holes
are representative of long-term average discharges,
lower and upper estimates of the total discharge of 3.3
x 105 and 4.0 x 10° m3/d can be derived. This is
equivalent to a net outflow of 4.1 to 49 m’/d/m
distributed along the 80 km length of the east coast of
North Andros. However, total ground water discharge
may be greater as other small conduits may be present
and unobserved discharge may also occur from the
bank margin directly into the Tongue of the Ocean.
Assuming an effective aquifer thickness of 142 m
(with flow constrained below the base of the fresh-salt
water mixing zone at -26 m but above -168 m where
the average density of blue hole waters equals that in
the adjacent ocean), the rate of saline ground water
flow can be estimated as 2.9 to 35 x 10 m/d.

The distribution of salinity and temperature
within the saline ground water body provides a direct
indication of ground water source and evolution, and
thus the mechanism(s) driving circulation. Salinity
data is summarised in Figure 3A. Ocean waters in the
Straits of Florida and the Tongue of the Ocean are of
comparable salinity (mean salinity 36.3 and 36.6 %o
respectively), the latter being slightly more saline due
to it’s enclosed position (Busby and Dick, 1964). In
comparison, ground waters discharging from oceanic
blue holes on the east coast of North Andros during
July/August have a terminal blow salinity of 37.70 +
1.65 %o at the end of the discharge phase. These
elevated salinity waters can only be derived from the
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current meter record from South Mastic Blue Hole for
a 48 hour period in July 1988, showing variation in
local tidal head, velocity and direction of flow, water
salinity and temperature. (Whitaker and Smart. 1990).
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inland blue holes, showing median, upper and lower
quartiles, and range. Statistical outlines are marked by
black circles and for inland blue holes comprise the
west coast sites. (Whitaker and Smart, 1990).



Great Bahama Bank to the west of North Andros
Island. Here seasonally high evaporation rates and
restricted circulation elevate the salinity to more than
38 %o over large areas of the bank, while in the
immediate lee of the island salinities may exceed 45
%o (Cloud, 1962; Simms, 1984). Elevated salinity
waters (37.20 + 1.85 %0) are also present beneath the
fresh-salt water mixing zone in inland cenote blue
holes on North Andros, while two blue holes on the
west coast are significantly more saline (44.45 + 0.70
%0), comparable with the most saline bank waters.
Additionally, oceanographic studies of the Tongue of
the Ocean (Busby and Dick, 1964) have recognised a
plume of water of slightly elevated salinity (up to 37.0
%0) at depths of 160-180 m adjacent to the eastern
side of Andros Island.

Within the oceans surrounding the platform
temperatures decrease with depth at an average rate of
1.7°C/100 m in the mixed surface layer inceasing to
approximately 5.5°C/100 m below this in the
thermocline layer (Figure 4A). In contrast, for static
ground waters temperature would be expected to
increase with depth due to geothermal heating, at a
rate comparable to that in adjacent Peninsula Florida
(2.5°C/100 m; Kohout et al., 1977). On Andros,
ground water temperatures in individual inland blue
holes are virtually isothermal below the depth of
surface warming due to in-hole convection, with an
average temperature of 24.4 + 0.5°C. However the
ground water temperature appears to be controlled by
the maximum depth of the blue hole, with the mean
temperature of the isothermal section decreasing with
depth at a rate of 1.4°C/100 m. There is also a strong
inverse relationship between ground water temperature
distance from west to east across the island (Figure
4B), with cooling at an average rate of 1°C/45 km
from the east coast. Furthermore, elevated salinity
waters discharging from oceanic blue holes are signifi-
cantly colder than both surface sea waters (annual
range 22-33°C) and mean annual temperature (25°C),
with a minimum temperature of 21°C during the
summer.

Discussion
Models of saline ground water flow through the Great
Bahama Bank.

Volumetric measurements of ground water dis-
charge from oceanic blue holes on the east coast of
Andros indicate that large-scale circulation of saline
ground water occurs within the Great Bahama Bank.
Both these discharges and ground waters at depth
beneath the island are of elevated salinity and must

168

thus derive, at least in part from the shallow banks on
the opposite side of the island and flow eastwards
beneath Andros to discharge into the Tongue of the
Ocean. This circulation is probably driven by reflux
of waters of only slightly elevated salinity, as predicted
by Simms (1984). Such reflux would be at a mini-
mum during the rainy late summer and early autumn
but increase over the subsequent dry season as a result
of evaporation, a pattern observed in the Rat Cay
discharge record. The spatial distribution of salinities
suggests that reflux waters flowing eastwards mix and
become diluted with normal salinity water. Refluxing
bank waters enter the platform at or slightly below (in
the case of winter dominant flux) the mean annual
temperature but would be expected to be warmed by
the flux of geothermal heat as they pass through the
platform. This is at variance with observed saline
ground water temperatures that are significantly colder
than mean annual temperature and decrease both with
depth and with distance from west to east. The
similarity between ground water and oceanic tempera-
ture profiles indicates the operation of a second
circulation system involving cold normal salinity sea
water which conservative mixing calculations suggest
is derived from depths in excess of 260 m (Whitaker
et al., in press).

This cold circulation system may be driven by
geothermal convection (Figure 5A) as documented for
Florida by Kohout et al. (1977). Alternately, the
temperature distribution observed in inland blue holes
may be better explained by a net flow of sea water
eastwards from the Straits of Florida beneath Andros
Island (Figure 5B). Such a circulation could be driven
by a sustained difference in sea-surface elevation
across the platform associated with atmospheric or
oceanic circulation. Where the Gulf Stream is restrict-
ed and turns northwards in the Straits of Florida, an
average head difference of 66 cm is generated between
Miami and Bimini (Maul, 1986). If such a difference
were to be maintained across the northwest Great
Bahama Bank it would be sufficient to drive net
eastward movement of ground water due to the high
cavernous permeability.

AQUEOUS GEOCHEMISTRY

Methods
Saline ground waters were sampled from
oceanic blue hole discharges at the termination of the
outflow phase (n=9) and from inland blue holes, both
cenote holes distributed across North Andros (n=17)
and sites developed on extensional fractures paralleling
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the eastern bank margin on South Andros (n=14)
(Smart et al., 1988). Samples were collected both
using a Wuidart bore-hole sampler and in situ by
divers using 1.5 L sampling tubes. At the surface
samples were flowed through a closed cell in which
pH (£ 0.02 pH units) and dissolved oxygen (+ 1%
O, saturation) were measured. Sub-samples were
taken for immediate measurement of alkalinity and
calcium by titration, and for later analysis of magne-
sium, sodium, potassium and strontium by spectropho-
tometry, chloride by Mohr titration and sulphate by
turbimetry. All dilutions were weighed and analytical
precision was + <1% (with the exception of sulphate
+ 4.5%). In addition reduced sulphur was determined
by iodometric titration (+ 1.5%) and dissolved
organic carbon analysed by high temperature catalytic
oxidation (+ 28%). Ion balance errors were all <5%
with an average deviation from zero of + 1.4%, and
accuracy of magnesium and chloride analyses was
confirmed by independent analysis. Saturation indicies
for calcite, aragonite, ordered and disordered dolomite
Kp 10-16-52 apq 10-18.06 respectively; Helgeson et al.,
1981) and equilibrium PCO, were calculated using the
aqueous speciation model SOLMINEQ.88 (Kharaka et
al., 1988).

The nature and degree of water-rock interac-
tion was investigated by calculating the excess amount
of magnesium and calcium (Mg, and Ca,,) in solution
relative to the concentration predicted from conserva-
tive mixing of source waters, chloride being used as a
conservative tracer. For saline ground waters
end-members for mixing calculations were Tongue of
the Ocean and Great Bahama Bank input waters, while
oceanic discharges were modelled as a product of
mixing of average saline ground waters beneath
eastern Andros and local east coast bank waters.
Combined 1 sigma root mean squared analytical
uncertainties are + 28 mg/L for Mg, and + 8 mg/L
for Caxs (see Whitaker, 1992 for full treatment of
errors).

Results
Diagenetic potential of saline ground waters.

The potential for carbonate diagenesis is
critically dependent upon the PCO, of the ground
waters. The PCO, of bank and open ocean source
waters is close to the atmospheric value, but within the
Holocene sediments mantling the bank surface the
PCO, of porewaters can be significantly elevated
(Morse et al., 1985), suggesting a PCO, for cenote
waters of up to 0.17% (based on a porewater PCO, of
0.55% for fine grained pelletal muds). The PCO, of
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saline waters from inland cenotes indicates substantial
CO, enrichment, with values of 0.34 + 0.17% for
west coast cenotes increasing to 1.04 + 0.20% in
central and eastern cenotes suggesting subsurface
generation of CO, (Figure 6A). The PCO, of waters
from inland fracture blue holes and east coast oceanic
discharges remains elevated compared to input waters,
but is significantly lower than that of cenotes, in the
case of discharges some 0.4% less than the PCO,
predicted from conservative mixing of cenote ground
waters and east coast bank waters.

The observed enrichment of CO, is caused by
in situ oxidation of organic matter along the saline
ground water flow path. Concentrations of organic
matter in the ground waters are significantly elevated
(13.2 £+ 3.9 mg/L DOC) compared with source waters
(7.3 + 2.7 mg/L DOC), and oxidation of organic
carbon in the anoxic saline ground waters occurs by
bacterially mediated sulphate reduction. Cenote
ground waters contain reduced sulphur species (3.8 +
6.3 mg/L) which are absent in input sea waters, and
show some evidence of sulphate depletion (126 + 133
mg/L); the cumulative effect of progressive sulphate
reduction along the saline ground water flow path.
Fracture waters, however, show no significant sulphate
depletion (-14 + 165 mg/L) while oceanic discharges
are slightly enriched (+43 + 120 mg/L) indicating
re-oxidation of reduced sulphur species as previously
reported for oxic fresh ground waters from inland
cenotes (Bottrell ef al., 1991).

The elevated CO, concentrations resulting
from this oxidation of organic matter cause a signifi-
cant reduction of carbonate saturation in all saline
ground waters compared to source sea waters. Cenote
and fracture waters are driven to equilibrium with
respect to calcite, although oceanic discharges are
marginally supersaturated to both calcite and aragonite
(Figure 6B). There is a similar reduction in dolomite
saturation in saline ground waters compared to source
waters, but all waters retain the thermodynamic
potential to precipitate ordered, and in most cases
disordered, dolomite (Figure 6C).

Nature of diagenesis in the saline zone.

Both cenote and fracture blue hole waters are
significantly depleted in magnesium (Figure 7A) with
Mg, of -52 + 45 mg/L and 41 + 15 mg/L respec-
tively. The total Mg, of -36 + 38 mg/L for oceanic
discharge indicates that the saline ground water
component is depleted by 15 + 56 mg/L in addition to
that observed in central and eastern cenotes. Thus
saline ground waters show a total magnesium depletion



of 67 + 72 mg/L along the complete flow path.
Inland cenote and fracture blue hole waters also both
show significant enrichment of calcium compared to
source water predictions (Figure 7B) with Ca,, of +18
4+ 17 mg/L and +14 + 27 mg/L respectively. In
contrast oceanic discharges are depleted in calcium
with a Ca,, of -15 + 8.5 mg/L. Although bank
source waters are enriched in strontium compared with
open ocean waters due to stabilisation of aragonite to
calcite, the Sr,, of all saline ground waters is not
significantly different from zero + 1 sigma analytical
uncertainty (see Whitaker, 1992).

Waters may become depleted in magnesium as
a result of either precipitation of high-magnesium
calcite cements or dolomitisation. Precipitation of
high-magnesium calcite would consume both magne-
sium and calcium in an average molar ratio of
0.12:0.88 (Garrels and Wollast, 1978). In saline
ground waters from inland cenote and fracture blue
holes the observed magnesium depletion is accompa-
nied by calcium enrichment (Figure 7). In the absence
of significant calcium depletion, high magnesium
calcite could only form by stabilization of aragonite
which would result in waters becoming enriched in
strontium. However strontium concentrations in saline
ground waters are within analytical uncertainty of
those predicted by conservative mixng of input waters,
excluding the possibility of high-magnesium calcite
precipitation. This suggests that dolomitisation is
occuring, accompanied by calcite dissolution, in accor-
dance with observed dolomite and calcite saturation
indicies. While oceanic discharges are depleted in
both magnesium and calcium, the molar Ca,;:Mg,,
ratio together with their hydrological
position downstream of the inland blue
holes suggests dolomitisation along the
flow path followed by precipitation of
high- or low-magnesium calcite cements.
Cementation thus appears to be restricted
to the platform margin and may be asso-
ciated with the local, tidally-driven pump-
ing of sea water observed in the RCM
records from oceanic blue holes (Figure
2).

The nature of the dolomitisation A
reaction is indicated by the molar
Ca,,:Mg,, ratio of the ground waters.
Dolomitisation is unlikely to occur via
primary precipitation (Reaction 1, Table
1) which would consume both calcium
and magnesium. It may however occur
by replacement, either releasing calcium
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Ca2+ + Mg2+ + 2C03%"

B. CaCOg+Mg2++COg?"

Table 1

(Reaction 2A, Table 1) or consuming carbonate (Reac-
tion 2B, Table 1). For inland cenote and fracture blue
hole waters, the molar magnesium depletion is an
average of 4.3 and 3.6 times larger than the calcium
release, suggesting dolomitisation occurs predominant-
ly (c. 75%) by replacement with consumption of
carbonate.

Discussion
Rate of dolomitization by saline ground waters.

The rate of dolomitization can be calculated
from the product of the estimated rate of ground water
flow and the observed magnesium depletion. A mag-
nesium depletion of 67 mg/L, the cumulative depletion
of saline ground waters from inland and oceanic blue
holes, is equivalent to precipitation of 0.51 g dolomite
per litre of discharging ground water. This dolomite
is assumed to be evenly distributed along the length of
the ground water flow path, taken to be 100 km from
the centre of the flooded Great Bahama Bank to the
eastern platform margin. By using a specific gravity of
dolomite of 2.85 g/cm3, and the flow rate of 2.9 to 35
x 102 m/d, the rate of dolomitisation of 1.3 to 22 x
109%/a can be calculated. |

Thermodynamic and kinetic drives to dolomitisation.
The geochemistry of saline ground waters
beneath Andros Island indicates that dolomitisation is
occuring by replacement of calcite. These waters are
supersaturated with respect to dolomite and thus have
the thermodynamic potential for dolomitization. While
the degree of supersaturation is significantly less than
that of open ocean and bank source waters, it may be

1 Primary Precipitation

....... > CaMg(COg)g

2. Replacement Dolomitisation

2CaCOg + Mg2* ------- > CaMg(COg)g + Ca2*

------- > CaMg(CO3)g

Principal dolomitisation reactions.
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sufficient to drive dolomitisation where there is active
ground water circulation through the platform.
Indeed, the reduced degree of saturation observed in
the ground waters may be critical in driving
dolomitisation under conditions of calcite
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acids which reduces the

effective Ca: Mg ratio

(Harrison and Thyne, in

press). However these effects are poorly understood

and absolute concentrations of organic catalysts and
complexing acids are relatively low.

Laboratory studies have demonstrated a clear

association between dolomitisation and increased
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alkalinity, here derived from bacterial oxidation of
organic matter. The differential in Gibbs free energy
of reaction for the replacement dolomitisation reactions
(-1.83 kilocal/mole for Reaction 2A compared with
-13.24 for Reaction 2B) demonstrates the important
role of additional carbonate which facilitates carbonate
jon penetration of the hydrated magnesium ion barrier
on the crystal surface (Lippmann, 1973). There is a
strong positive linear relationship between PCO, and
SIC for inland cenote waters (t=5.52, p>99.9%,
n=13 excluding 2 outliers). This is the inverse of the
normal negative logarithmic pattern resulting from
degassing and/or calcite dissolution which is evident
for inland fracture waters and oceanic discharges, and
can only be explained by calcium release due to
dolomitisation under conditions of high carbonate
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activity. Thus, while autocorrelation
prevents definition of the precise nature
of any kinetic controls on dolomitisation,
organically-mediated reactions, most
importantly the resulting increase in
carbonate activity, appear to be of impor-
tance.
SHALLOW DOLOMITES FROM
SOUTH ANDROS
Methods

A vertical suite of wall-rock
samples was collected from Stargate
fracture blue hole, South Andros, over
the depth range 0-43 m, in order to exam-
ine the distribution and nature of any
Pleistocene dolomites within the platform.
Thin-sections were stained with Alazarin
Red S and examined using a petrographic
microscope. The stochiometry of the
dolomites was calculated from calcium
and magnesium concentrations from
electron microprobe analyses. Two meth-
ods were used to examine the stable
isotope geochemistry of the dolomite;
standard mass-spectrometric analysis of
CO, gas from a dolomite concentrate, and
spot analyses on thin sections using a
laser ablation system (LASSIE, Smalley
et al., 1992). A scanning proton micro-
probe (SPM) was used to determine the
major trace element content of the dolo-
mite (Frasar, 1990), and maps and point
analyses were carried out on dolomite
grains using proton-induced x-ray analysis
(PIXE). The timing of dolomitisation
was estimated using strontium isotope
analysis of dolomite concentrate prepared by dissolu-
tion of all calcite from a bulk sample in acetic acid.

Results

Distribution and petrography of shallow dolomites.

While dolomite is absent in samples from the
brackish fresh-water lens (0-14 m depth) and the
fresh-salt water mixing zone (14-28 m depth), minor
amounts were found in samples from the zone of
saline ground water below a depth of 29 m to a
maximum sampled depth of 43 m. Within this zone
dolomite abundance increases with depth apparently
due to relatively recent dissolution in the upper part of
this zone, probably associated with the organic rich
base of the mixing zone (Whitaker, 1992).

The host rock consists of coral and skeletal
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grains, and both matrix and cement are stabilized low-
magnesium calcite. Dolomite is found both as a
matrix replacement and primary cement, with a patchy
distribution, and typically comprises 1-2%, but in
places up to 5%, of the rock. Four dolomite fabrics
can be recognised; isolated euhedral rhombs, 4-5 um
diameter (Figure 8A); patches of anhedral crystals,
commonly 30-50 pm but up to 200 pm diameter
(Figure 8A); fabric selective replacement of allochems
(Figure 8B); and minor rim cements (Figure 8C). The
dolomite is thus petrographically distinct from many
mature ancient dolomites, but resembles many recent
immature dolomites described from the Carribean
(Ward and Halley, 1985; Humphrey, 1988;
Vahrenkamp and Swart, in press).

Geochemistry and isotopic characteristics of shallow
dolomites.

Dolomites are non stoichiometric, (44.4 + 0.8
mole % MgCO;) and are relatively strontium-poor
(152 + 34 %o0) compared to other supposedly marine
dolomites (for example Behrens and Land, 1972).
However, molar cation ratios predicted for fluids in
equilibrium with the dolomites (calculated by the
method of Wogelius et al., 1992) are consistent with

*

precipitation from sea water or a slightly reduced
pore-fluid derived from sea water. The limited range
of iron (148 + 35 ppm) and manganese (15 + 3.5
ppm) concentrations indicates the maintenance of rela-
tively constant slightly reducing the conditions.
Linescans and maps show no obvious trace element
zoning.

Carbon and oxygen stable isotope determina-
tions on coexisting calcite and dolomite from a sample
at -35 m are shown in Figure 9. A mixing trend is
evident in isotopic signatures between matrix calcite
and the dolomite concentrate, suggesting that the large
LASSIE spot size (50-70 um) necessitated by the high
transparency of the thin-section may have caused
partial admixture of CO, gas from the matrix calcite.
The Stargate dolomites thus have an isotopic signature
of approximately +3.5%0 6'80 and +2.5%0 8!3C,
essentially the same as that of older massive dolomites
found elsewhere in the Bahamas (Vahrenkamp and
Swart, in press) and consistent with precipitation from
sea water (1 %0 SMOW) at 20-22 °C. This is slightly
colder than modern saline ground water temperatures
in Stargate (24-25 °C) but comparable with minimum
values for oceanic blue hole discharges.

The strontium isotope ratio of 0.709137 for

dolomite from the -35 m deep

4

sample corresponds to a sea water
strontium isotope age of 0.4-0.8
Ma. This is the oldest possible
° age of dolomitisation and the
dolomites may be younger if
strontium with an older isotopic
signature has been incorporated.
The age of the host limestones is
estimated by correlation with core
U-1 on North Andros where
- magnetostratigraphy and

biostratigraphic marker horizons
indicate an age of 1.5-2.5 Ma for
rocks at 30-40 m depth (McNeil,
1989). Thus the shallow Stargate
dolomite is significantly younger

o)
Figure 9

Cross plot of carbon and oxygen stable
isotopes of -38 m Stargate wall rock sample. Calcites
and dolomites measured with LASSIE are triangles and
squares respectively, and concentrated dolomite from

»

than the host limestone and is
also younger than the massive
Pio-Pleistocene dolomites found
at depth (>53m in core U-1)
which are common throughout
the Bahamas (Vahrenkamp et al.,
1991).

a bulk sample are circles. Mixing between calcite and

dolomite end-members is indicated. (Whitaker et al.,

in press).

170

Discussion
Can the modern saline ground



water circulation account for the shallow Stargate
dolomites?

The sparse Pleistocene dolomites observed in
wallrock samples from Stargate are petrographically
typical of many ’recent’ dolomites. Geochemically
they are compatible with formation from waters of
near-normal sea water salinity at temperatures a few
degrees less than mean annual temperature and under
slightly reducing conditions. Such a parent fluid is
thus very similar to the saline ground waters currently
circulating through the platform, and which are
magnesium depleted. The Stargate dolomites clearly
postdate the host sediments, but 2 models of the stron-
tium isotope age of 0.4-0.8 Ma are possible.
Dolomitisation could have occured slowly over an
extended period after deposition whenever favourable
conditions existed, and thus the age represents a
bulked average for this period.  Alternatively,
dolomitisation occured in a single phase of limited
duration, as has been proposed for older Bahamian
dolomites (Vahrenkamp et al., 1991). The absence of
trace element zoning in proton probe maps suggests a
single growth phase, although zoning would not be
expected if aqueous geochemical conditions were
similar during multiple phases of growth. Thus
evidence regarding the ’age’ of the dolomite remains
equivocal.

Calculations combining hydrological and
aqueous geochemical data suggest a present day rate of
dolomitisation by saline ground waters of 1.8 to 22 x
10%/a. The large range of this estimate reflects
considerable uncertainties, particularly in the magni-
tude of the saline ground water circulation. Consider-
ing carbonates from a depth of 30 m in Stargate and
assuming an average subsidence rate of 20 m/Ma
(McNeil, 1989), the maximum period for
dolomitisation would be 1.5 Ma. However this
ignores periods of low sea-level when these rocks
would be resident within the vadose zone, freshwater
lens or mixing zone. Furthermore, saline circulation
systems, such as developed at present, depend upon
shallow flooding and development of restricted sea-
water circulation on the bank. Given Pleistocene sea-
level fluctuations, such conditions could have occurred
for approximately 10% of the time, giving a total
period of dolomitisation of approximately 150 ka.
Thus 0.27 - 3.3% dolomite could be generated in
rocks currently at -30 m by circulation of saline
ground water. In thin section, samples from Stargate
typically contain 1-2% dolomite (locally up to 5%),
within the range of order of magnitude estimates
derived from present day rates of dolomitisation.
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CONCLUSIONS

1. Large-scale circulation of saline ground water
occurs through the Great Bahama Bank, with estimated
flow rates in the range 2.9 to 35 x 102 m/d.

2. Slightly elevated salinity waters from the bank
surface circulate through the platform and mix with
cold normal salinity seawater derived from depth
within the adjacent oceans.

3. The circulation of bank derived waters is
probably driven by reflux as predicted by Simms
(1984), while the larger-scale seawater circulation may
result either from geothermal convection or from
trans-bank/island differences in sea surface elevation
possibly generated by the Florida Current.

4. Saline ground waters are depleted in magne-
sium due to dolomitisation which appears to be
progressive along the flow path and occurs at an
estimated rate of 1.8 to 22 x 10 %/a.

5. Dolomitisation occurs by replacement of
precursor calcite with the addition of externally
derived carbonate, and not by primary precipitation.
6. Saline ground waters have the thermodynamic
potential for dolomitisation and are also undersaturated
with respect to calcite, although kinetic factors related
to organically-mediated reactions also appear to be
important, particularly an elevated carbonate activity.
7. Sparse dolomites were observed in wall-rock
samples from Stargate Blue Hole, South Andros at
shallow depth (29-43 m) within the zone of saline
ground waters.

8. These dolomites are non-stoichiometric, and
geochemical and isotopic evidence indicates they
formed from cool waters of near seawater salinity
under slightly reducing conditions, similar to the
present saline ground waters.

9. Evidence of the ’age’ and rate of dolomite
growth is equivocal, but abundances are compatable
with those predicted from the present circulation
system operating during high sea-stands since deposi-
tion.
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