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Abstract

The Cayman Formation (Miocene), ~140 m thick on Grand Cayman, is
incompletely dolomitized with the most of the dolomite restricted to the peripheral part of
the island. These calcium-rich dolomites, with 50-60 mol %CaCOs3 (%Ca), are divided
into low-calcium dolomite (LCD, %Ca < 55%) and high-calcium dolomite (HCD, %Ca
>55%). Despite the small size of the island (6.8 km wide), the percentages of LCD and
HCD, the %Ca, and the geochemical properties of the dolomites show geographic
variations relative to the surrounding shelf edge. Accordingly, the Cayman Formation on
the east end of the island is divided into the peripheral dolostone (shelf edge—1.5 km
inland), transitional dolostone (1.5-2.7 km inland), and the interior limestone and
dolostone (2.7 km to island center). From the peripheral dolostone to the interior
limestone and dolostone, there is an increase in the percentage of HCD and %Ca in the
dolomite, and decreases in the 8'%0 and 6'3C values of the dolomite. Interpretations
based on the oxygen and carbon isotopic compositions indicate that seawater is the
source of Mg for dolomitization. The concentric pattern of dolomitization on the island
reflects the fact that seawater flowed into the island from all directions during
dolomitization. The lateral inland variations in the dolomite stoichiometric and isotopic
properties reflect the gradual modification of seawater by water-rock interaction along
the flow path from the shelf edge to the island center. 8Sr/%¢Sr ratios indicate that two
phases of dolomitization (late Miocene—early Pliocene and late Pliocene—early
Pleistocene) were responsible for dolomitization of the Cayman Formation. It is very
likely that during both phases, the carbonate platform was subaerially exposed and that

the pump for circulating the seawater through the island was related to the
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seawater/freshwater mixing zone. The dolomitization model developed from Grand
Cayman may be applicable to many other island dolostones affected by long term sea-
level changes. Given that the diagenetic potential of dolostone is directly linked to its
stoichiometry, the distribution of the LCD-HCD will influence the petrographic

properties, geochemical signatures, and reservoir potential of the dolostones.

Keywords: Dolomite; Dolomitization; Miocene; Stoichiometry; Grand Cayman
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1. Introduction

Dolomite (ideally CaMg(CO3)2), has received considerable attention because of questions
that remain about its origin (Land and Moore, 1980; Budd, 1997; Warren, 2000; Machel, 2004;
Gregg et al., 2015). Sedimentary dolomites typically contain excess calcium (48-62
mol %CaCOs, hereafter referred to as %Ca), as is the case for most modern and Cenozoic
dolostones (e.g., Vahrenkamp et al., 1994; Budd, 1997; Wheeler et al., 1999; Jones and Luth,
2002; Suzuki et al., 2006). Many Phanerozoic dolomites, despite their antiquity, are still non-
stoichiometric (e.g., Lumsden and Chimahusky, 1980; Sperber et al., 1984; Reeder, 1991; Drits
et al., 2005; Swart et al., 2005). Calcium-rich dolomites are thermodynamically metastable and
more reactive than ideal or near-stoichiometric dolomites (e.g., Reeder, 1991; Chai et al., 1995).
Thus, in most geological environments HCD is more susceptible to diagenetic modifications than
LCD (Jones and Luth, 2002). This includes the preferential dissolution of the calcium-rich cores
found in many dolomite crystals. Dolostones formed of hollow crystals generated by this
process have high micro-porosity (Jones and Luth, 2002; Jones, 2007) and may be important
reservoir rocks. Later precipitation of calcite or dolomite in the hollow crystals leads to the
formation of dedolomite (Schmidt, 1965; Folkman, 1969; Jones, 1989; James et al., 1993) or
inside-out dolomite (Jones, 2007). At burial, non-stoichiometric dolomite is prone to
recrystallization and transformation to stoichiometric, well-ordered dolomites (e.g., Land and
Moore, 1980; Reeder, 1981; Blake et al., 1982; Hardie, 1987; Kaczmarek and Sibley, 2014).
Such modifications change the petrographic properties, geochemical signatures, and reservoir
potential of the dolostones.

Models developed to explain dolomitization have typically regarded dolostones as being

compositionally uniform. In many cases, however, two or more dolomite populations, as defined
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by their composition, are present (Sperber et al., 1984; Searl, 1994; Wheeler et al., 1999; Jones
and Luth, 2002; Drits et al., 2005; Suzuki et al., 2006). If variations in stoichiometry have been
considered, it is done from a stratigraphic perspective and the possibility of geographic variations
have been ignored (e.g., Dawans and Swart, 1988; Wheeler et al., 1999). Cenozoic dolostones
on the Cayman Islands, which are formed of various mixtures of low calcium dolomite

(LCD, %Ca = 48-55%) and high calcium dolomite (HCD, %Ca = 55-62%) (Jones et al., 2001,
Jones, 2005, 2013), are ideal for testing the notion that lateral variations in the composition of
dolostones may be critical for developing a model to explain their origin. On east end of Grand
Cayman, 32 wells drilled and sampled to depths up to 140 m, are ideally suited for establishing
the stratigraphic and geographic variations in the %Ca of dolostones on an isolated carbonate
island. The model developed to explain the formation of these island dolostones is based on the
integration of their petrography, %Ca, stable isotopes, 3’Sr/%6Sr isotopes, and stratigraphic
relationships with coeval limestones. The model, which also relies on the chemistry of the
present-day groundwater, is also used to test some of the basic concepts of dolomite formation
that have been derived from laboratory experiments like those described by Kaszmarek and
Sibley (2011, 2014). The conclusions reached by this research have far reaching implications for

the development of island dolostones throughout the world.

2. Geological setting

Grand Cayman, located on the Cayman Ridge in the Caribbean Sea (Fig. 1A), is
surrounded by a shelf that is < 1 km wide (Fig. 1B, C). Sculptured by two submarine terraces at
0-10 m bsl and 12-40 m below sea level (bsl) (Fig. 1D), the shelf formed as a result of reef
growth and marine erosion during successive sea-level cycles of the last deglaciation (e.g.,

Blanchon and Jones, 1995). The island slope, which generally begins at a depth of ~55 m



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

(Roberts, 1994), extends into the deep Cayman Trench to the south and Yucatan Basin to the
north. Today, the east end of the island has a N-S width of ~ 6.8 km. The low-lying interior of
eastern part of this island, generally < 3 m above sea level (asl), is surrounded by a peripheral
rim that is up to 13.5 m asl (e.g., Jones et al., 1994a; Jones and Hunter, 1994; Liang and Jones,
2014).

The carbonate succession on Grand Cayman is divided into the unconformity-bounded
Brac Formation, Cayman Formation, Pedro Castle Formation, and Ironshore Formation (Fig. 2).
Limestones and dolostones of the Cayman Formation (Miocene) are widely exposed over the
eastern part of the island (Fig. 1B). Fossils in this formation include corals, bivalves, red algae,
foraminifera, and Halimeda (Jones et al., 1994b; Ren and Jones, 2016) (Fig. 2). On the east end,
the Cayman formation has undergone pervasive dolomitization in the coastal areas but minimal

dolomitization in the central areas of the island (Der, 2012; Ren and Jones, 2016).

3. Methods

This paper integrates all information from outcrops and 32 wells on the east end of Grand
Cayman with focus being placed on 21 wells (Fig. 1C, E; Table 1), which were selected because
they are the deepest wells (40 to 140 m with most > 70 m) and are located at various distances
from the shoreline. Continuous cores were obtained from wells GFN-2 and RWP-2. Cuttings
were collected over 0.8 m (2.5 ft) intervals from all other wells. The depth of each well is
accurate to =1% whereas the depth intervals represented by each sample of cuttings are £2%
with the highest variance being on the deeper samples.

Petrographic descriptions are based on standard thin-section techniques and scanning
electron microscopy. Thin sections, made from 120 samples from GFN-2, RWP-2, HRQ-3, and

RTR-1, were impregnated with blue epoxy to highlight porosity and stained with Alizarin Red S
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to indicate calcite. Thicker (40-50 um) thin sections from selected samples from HRQ-2 were
prepared for examination on the SEM. After these epoxy-impregnated thin sections were
polished and etched in 30% HCI for 10-15 seconds following the procedure outlined by Jones
(2005), they were then coated with carbon and examined on a Zeiss EVO SEM (LaBg electron
source, accelerating voltage15 kV). Backscattered electron (BSE) images were obtained from
these samples. Elemental compositions were obtained from spots/lines/areas using a Bruker
energy dispersive X-ray spectroscopy (EDS) system with dual silicon drift detectors, each with
an area of 60 mm? and an energy resolution of 123 V.

Rock cuttings (collected over 1.5 m intervals), formed largely of matrix dolostone or
limestone (fossils and/or cement were avoided), were ground into a fine powder using a mortar
and pestle and then subjected to X-ray diffraction (XRD) using a Rigaku Geigerflex 2173 XRD
system with Co Ka radiation from 29° to 38° 20 at 40 kV and 35 mA following the protocol of
Jones et al. (2001). The peak-fitting method of Jones et al. (2001) was used to determine the
%Ca of the constituent LCD and HCD (£0.5% accuracy) and the weight percentages of LCD and
HCD (£10% accuracy).

Oxygen and carbon isotopes for the dolomite and calcite were determined for every other
XRD sample (i.e., at 3 m intervals) from EEZ-1, CKC-1, LBL-1, HMB-1, HRQ-1, HRQ-2, and
HRQ-3. These analyses were undertaken by Isotope Tracer Technologies Inc. (Waterloo,
Canada) who used a DELTAP!' XL Stable Isotope Ratio Mass Spectrometer (IRMS) coupled
with a ConFlo III interface and EA1110 Elemental Analyzer. No phosphoric acid fractionation
factor was applied to the dolomite. The isotopes are reported relative to VPDB in per mill

(£0.1%o accuracy).
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87Sr/%Sr were measured for 114 samples from RWP-2, FFM-1, HMB-1, CKC-1, RTR-1,
and GFN-2 in the Radiogenetic Isotope Laboratory, University of Alberta, using the same
procedure as MacNeil and Jones (2003). All results were corrected for variable mass
discrimination (0.1194) and normalized to SRM 987 standard (0.710245). The 2 standard errors
of the ¥7Sr/®6Sr values range from 0.00001 to 0.00003.

Groundwater samples were collected from RTR-1 (2009), GFN-1 (2011), and HRQ-3
(2014); and seawater samples from Spotts Bay (south coast) were also collected in each of these
years. Chemical composition and oxygen isotope analyses were performed for 34 groundwater
and 3 seawater samples by the Saskatchewan Research Council and Isotope Tracer Technologies
Inc., respectively, within 2 months of collection. Saline water is defined using chloride contents
(>19,000 mg/L) following Ng et al. (1992). Ninety-seven groundwater samples were measured

for temperature during drilling of GFN-1, HRQ-2, and EEV-2.

4. Results

4.1. Sedimentary facies

The Cayman Formation contains numerous fossils including corals (mainly Stylophora,
Montastrea, Porites), benthic foraminifera, bivalves, gastropods, red algae, and planktonic
foraminifera. Der (2012) and Ren and Jones (2016) recognized the following biofacies: (1)
rhodolith-coral-benthic foraminifera, (2) platy and domal coral-benthic foraminifera, (3)
branching platy and domal coral-benthic foraminifera, (4) branching coral-benthic foraminifera
facies, (5) benthic foraminifera-bivalve, (6) Halimeda-benthic foraminifera—coral, and (7)
planktonic foraminifera facies (Fig. 3). Facies 1 is found only in two coastal wells (RWP-2 and

RTR-1), facies 2, 3, and 4 are found in most wells but are most common in the coastal areas, and
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facies 6 and 7 are present only in GFN-2 and HRQ-2, which are located in the interior of the

island (Fig. 3).

4.2. Definition and distribution of the dolostone and limestone

The Cayman Formation contains undolomitized limestones, partially dolomitized
limestones, and dolostones. Most dolostone is found around the perimeter of the island and in
the shallow surface zone in the interior of the island, whereas limestones are restricted to the
interior part of the island (Figs. 4, 5). There is no evidence indicating that the limestone and
dolostones belong to different formations (Ren and Jones, 2016).

Key attributes of each succession are the distribution of LCD, HCD, and calcite. Well
locations are specified relative to shelf edge rather than the present-day coastline, which is a
feature of recent erosion and sea level. Integration of the geographic positions of the wells and
their basic lithological attributes allows delineation of the (1) peripheral dolostone zone, (2)
transitional dolostone zone, (3) interior dolostone zone, and (4) interior limestone zone (Fig. 6).

The “peripheral zone” includes areas that are within ~1.5 km from the present-day N and
S shelf edges and ~2 km from the E shelf margin (Fig. 6). Wells HHD-1, LBL-1, RWP-2, EEZ-
1, ESS-1, HMB-1, and RTR-1 are located in the zone. Given its position and that the subsurface
Cayman Formation in these locations is comprised of dolostone, this zone is referred to as the
peripheral dolostone zone (Fig. 6). These successions are dominated by LCD, with many being
formed entirely of LCD-dominated dolostones (e.g., LBL-1, RWP-2, EEZ-1, FSR-1).

The “transitional zone”, located between the inner boundary of peripheral zone to ~2.7
km from the N and S shelf edges, and ~3 km from the E shelf edge, includes wells CKC-1, EEV-
2, HRQ-3, and FSR-1 (Fig. 6). It is named the transitional dolostone zone because the Cayman

Formation is the area is formed of LCD- and HCD-dominated dolostones (Fig. 6).



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

10

The “interior zone”, found in the innermost part of the island, is interior of the
transitional zone and includes wells FFM-1, GFN-2, HRQ-2, HRQ-1, HRQ-4, HRQ-5, HRQ-6,
HRQ-7, HRQ-8, and DTE-1 (Fig. 6). The Cayman Formation in this zone is comprised of
limestones and calcian dolostones. The limestones, which are found in all of the wells in this
area, are referred to as the interior limestones. In some wells, limestone forms the entire
succession, whereas in other wells it is restricted to the deeper part of successions (Fig. 6). The
boundary between these dolostones and limestones lies somewhere between wells CLZ-1 and
HMB-1. Dolostones that lie on top of the limestone successions in the eastern interior (e.g.,

HRQ-2, FFM-1, GFN-2), formed largely of HCD, are referred to as the interior dolostones.

4.3. Distribution of calcite cements

The distribution of calcitic sediments and calcite cements in the Cayman Formation in the
central part of the island is variable. This upper dolostone unit (~15 m thick), found on the
eastern part of the island as in wells GFN-2, RWP-2 (Ren and Jones, 2016) and HRQ-3 (Fig. 7A-
C), 1s characterized by calcite cement that fills cavities and pores. The calcite cement, dominated
by blocky crystals (50-100 um long), postdated pervasive dolomitization (Ren and Jones, 2016).
The volume of calcite cement depends on the porosity and permeability of the host rock. In well
GFN-2, for example, the calcite cement forms up to 40% of the porous calcareous dolostones. In
contrast, the less permeable peripheral dolostones, like those in RWP-2, contain < 3% calcite
cement.

In the interior wells, like GFN-2 and HRQ-2, the lower part of the Cayman Formation is
formed of original limestones with only minor amounts of calcite cement (Fig. 7D-F). The depth
to the upper boundary of this unit varies from ~55 m bsl in the HRQ wells to ~8 m bsl in GFN-2.

In this unit, most of the aragonite skeletons were dissolved and resultant porosity is high (e.g.,
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50% in well GFN-2). Although the lower boundary of this unit is unknown, it continues to the

base of well HRQ-2 at 125 m bsl.

4.4. Dolomite petrography

Dolostones in the Cayman Formation are petrographically heterogeneous and range from
fabric retentive to fabric destructive (Figs. 8-10). Based on the preservation of precursor fabrics
and the amount of dolomite cement, three textures are recognized.

e Fabric retentive and pervasively cemented dolostones (Fig. 8), common in the peripheral
dolostone zone, are typically light gray-brown and well indurated. Corals, red algae, and
foraminifera are well preserved and replaced by subhedral-anhedral dolomite crystals that
are < 10 pm long. Limpid dolomite cements, forming up to 50% of the rock (commonly
20-25%), are characterized by tightly interlocking subhedral to euhedral crystals that are up
to 100 um long but typically 25-30 um long (Fig. 8B, C). Individual crystals commonly
have alternating LCD-HCD zones (each ~ 5 um thick). Porosity, typically <10%, includes
mainly inter- and intra-particle types and fossil moldic porosity is rare.

e Fabric retentive to destructive and poorly cemented dolostones (Fig. 9A-D), common in the
transitional and interior dolostones, are white and poorly indurated. The precursor
carbonate fabrics are typically moderately to well preserved, being replaced by dolomite
crystals that are < 10 pm long (Fig. 9A). Locally, however, some fabrics are poorly
preserved (Fig. 9B, C). Widespread dissolution of the aragonitic components means that
fossil-moldic porosity is common (Fig. 9B). Limpid dolomite is rare with only scattered
euhedral-subhedral crystals (20-25 um long) lining some cavities. Porosity is high (up to

~40%) and dominated by primary and fossil moldic porosity.
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e Dolomite in the interior limestone, which partly replaced some skeletal grains, consists of
euhedral to subhedrual crystals that are < 15 um long (Fig. 9E, F). Dissolution, which is
common, left scattered clusters of dolomite crystals in the chambers of some biofragments.

There is no dolomite cement. Fossil moldic porosity dominates.

4.5. Dolomite stoichiometry

Dolostones in the Cayman Formation are composed of pure LCD (%LCD =100), pure
HCD (%HCD=100), or mixed LCD and HCD. The distribution of LCD, HCD, and mixed LCD-
HCD is variable at all scales, ranging from individual crystals (microns) to island scale

(kilometres).

4.5.1. LCD-HCD - crystal scale

Dolomites in the peripheral dolostones are characterized by a variety of LCD-HCD
patterns similar to those found in the Cayman Formation on the west part of Grand Cayman (cf.,
Jones and Luth, 2002). Dolomite crystals, up to 100 um (typically 50 um long), commonly have
cores formed of HCD and cortices formed of LCD or alternating LCD and HCD zones. Pore-
lining and pore-filling limpid dolomite crystals are formed of LCD or alternating LCD and HCD
zones.

In the interior dolostone, most dolomite crystals (< 20 um long with most 5-10 um long)
are formed entirely of HCD (Fig. 11). Euhedral to subhedral LCD pore-filling crystals (< 15 um
long) are locally present. Rare dolomite crystals have HCD cores encrusted by LCD cortices that
are < 3 um thick. The dolomite crystals are characterized by a variety of surface microstructures

such as dissolution slots and etch pits (Fig. 11), like those documented by Jones (2013).
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4.5.2. LCD-HCD — local scale
High Rock Quarry, located in the center of the eastern part of Grand Cayman, is ~1.3 km

long E-W and ~1 km wide N-S (Fig. 1C, E). Analyses of samples from 8 closely spaced wells in
this quarry show some stratigraphic and spatial patterns to the distribution of the LCD and HCD
over distances of < 600 m (Fig. 12). In HRQ-5, for example, the dolostones that form the upper
70 m of the succession (Fig. 12) include (1) HCD dolostone from 41.5 to 70 m, (2) LCD
dolostone from 26.3 to 41.5 m, (3) HCD dolostone from 17.1 to 26.3 m, and (4) LCD dolostone
from 0 to 17.1 m.

Although the stacking patterns of the dolomite units, as defined by their LCD-HCD
ratios, varies from well to well, some closely spaced wells such as HRQ-1, HRQ-2, HRQ-4, and
HRQ-5, display similar mineralogical patterns (Fig. 12). This pattern, as illustrated in HRQ-5, is
characterized by four alternating LCD-HCD units that start with a HCD unit at the bottom of the
well and ends with a LCD unit near surface (Fig. 12). HRQ-4 and HRQ-5, which are only 140 m
apart, are almost identical in terms of thicknesses, %Ca in LCD and HCD, and average %Ca
(Fig. 12). In the calcian dolostones or dolomitic limestones, calcite is commonly found with the

HCD but is rarely associated with the LCD.

4.5.3. LCD-HCD —island-wide scale
Most dolostones in the Cayman Formation are formed of LCD and HCD, typically with
one type being dominant (Figs. 13-15). Samples formed of subequal amounts of LCD and HCD
are rare. The compositions of the dolostones varies geographically between the peripheral,
transitional, and central zones (Figs. 13-15).
(1) Peripheral dolostones in HHD-1, LBL-1, RWP-2, EEZ-1, ESS-1, and HMB-1 are

dominated by LCD except for RTR-1, where LCD-dominated dolostones forms only 50%
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of the succession (Figs. 13, 17A). LCD-dominated dolostones form all of the successions in
LBL-1, RWP-2, and EEZ-1, 95% in ESS-1, 94% in HHD-1, 87% in HMB-1. Of the 421
peripheral dolostone samples in these 7 wells, 79% are LCD-dominated with most

containing 80-90 %LCD (Fig. 17A).

(2) Transitional dolostones in the CKC-1, HRQ-3, EEV-2, and FSR-1 generally contain LCD

and HCD with the composition of the dolostones varying from well to well (Figs. 14, 17B).
In the dolostone successions from CKC-1 and HRQ-3, the LCD-dominated dolostone
forms 88% and 90% of the succession, respectively (Fig. 14). In EEV-2 and FSR-1, which
are closer to the southern coastline, the dolostone successions are formed entirely of HCD-
dominated dolostones (Fig. 14). Ofthe 190 samples from these wells, 74% of the

dolostones are LCD-dominated with most composed of 80-90%LCD (Fig. 17B).

(3) Interior dolostones, including those from FFM-1, GFN-2, HRQ-1, HRQ-2, HRQ-4, HRQ-5,

HRQ-6, HRQ-7, and HRQ-8, differ from the peripheral and transitional dolostones because
apart from HRG-7, they all contain more HCD than LCD (Figs. 15, 17C). The average
%HCD in dolostones from FFM-1 is 98.4%, whereas in the remaining wells it is 54.7-
63.9% (Fig. 15). The average %HCD (42.0%) in the dolostones from HRQ-7 is misleading
because that well is only 39.6 m deep and does not cover the full depth range of the other
wells (Fig. 12). The average %HCD from 341 dolostone samples in these 9 wells is 42-
98% (Fig. 15) and 65% of the 341 analyzed dolomite samples contain more HCD than

LCD (Fig. 17C). Forty-five samples are formed of HCD alone.

(4) Interior limestones that contain some dolomite are dominated by HCD (Figs. 16, 17D). Of

the 191 analyzed samples, dolomite was found in 186 of them with HCD dominating in

93% of them (Fig. 17D). LCD was found only in well HRQ-2 (Fig. 16).
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At the island-wide scale, there is no readily apparent stratigraphic pattern to the
distribution of the LCD and HCD (Figs. 4, 5). It seems, however, that the dolostones that overlie

and/or underlie limestone successions are invariably dominated by HCD (Figs. 4, 5).

4.6. Oxygen and carbon isotopes

Dolomite from 206 samples in eight wells have 6'30 from 0.68%o to 5.03%o (average =
3.12 £ 1.02%o0) and 8'3C ranging from 0.52 to 3.83%o (average = 2.37 + 0.84%o) (Fig. 18A). For
dolomites in the calcian dolostones, the 'O ranges from 1.11%o to 5.03%o (average = 3.26 +
0.94%o, n=182), and the 5'3C ranges from 0.52 to 3.83%o (average= 2.50 + 0.80%o, n=182). In
contrast, the §'80 values for dolomite in the dolomitic limestones range from 0.68%o to 3.84%o
(average = 2.10 + 1.03%o, n=24), and the §'*C ranges from 0.64 to 2.15%o (average= 1.42 +
0.43%0, n=24).

The dolomites in the three geographically defined dolostone zones and the limestone are
characterized by isotopic compositions that become progressively more positive towards the
interior of the island (Fig. 18B).

(1) Peripheral dolostone — 105 dolomites from RWP-2, HMB-1, EEZ-1, and LBL-1 have high
8180 (1.11 to 5.03%o, mean = 3.62 + 0.85%o) and 8'3C (1.32 to 3.83%o, mean = 3.05 +
0.47%o) values.

(2) Transitional dolostone — 41 dolomites from HRQ-3 and CKC-1 are characterized by
intermediate 8'30 (1.29 to 4.73%o, mean = 3.10 £+ 0.88%o) and 5'*C (0.94 to 3.29%o, mean =
2.01 £ 0.44%o) values.

(3) Interior dolostone — 36 dolomites from HRQ-1 (0 to 55 m) and HRQ-2 (0-54 m) have §'%0

values from 1.36 to 3.46%o (mean = 2.37 + 0.55%o), and 8'3C values from 0.52 to 2.33%o
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(mean = 1.46 + 0.40%o0). Although there is some overlap between the isotopes of interior
and transitional dolostones, the former is generally lower than the latter, (Fig. 18C).

(4) Interior limestone — 24 dolomites in limestones from HRQ-1 (55-60 m) and HRQ-2 (54-
127 m) have the lowest 30 (0.68 to 3.84%o, mean = 2.10 + 1.03%o) and 8'3C (0.64 to 2.15
%0, mean = 1.42 £+ 0.43%o) values.

The oxygen and carbon isotopes from the peripheral dolostones display no apparent co-
variation between the 8'%0 and §'3C values (Fig. 18A). In contrast, there is a positive co-
variation between the two isotopes for dolomite in the transitional dolostone in CKC-1 (r>=0.67)
and HRQ-3 (r’=0.30) and in the interior dolostone and limestone from HRQ-2 (r>=0.50) (Fig.
19).

Overall, the 3'30 and 6'3C values of the dolomites are poorly correlated with the average
%Ca (Fig. 20A, B). For those dolomites formed almost entirely of LCD (%LCD > 90%) or
HCD (%HCD > 90%), there is no obvious correlation between their 5'30 values and %Ca (Fig.
20C). The average 8'%0 of 45 dolomite samples with LCD>90% (wells LBL-1, RWP-2, EEZ-1,
CKC-1, HRQ-3, and HMB-1) is 2.97 + 0.53%o; whereas the average §'30 value for all 19
dolomite samples with HCD>90% (wells CKC-1, HRQ-1, HRQ-2, HRQ-3, and HMB-1) is
0.75%o lower (2.22 + 0.33%o; Fig. 20C).

In all of the wells, the 8'30 and 8!3C values of the dolomites increase with depth (Fig. 21).
The rate of increase is commonly highest near the surface. In RWP-2, LBL-1, and HMB-1, for
example, the increase in 3'%0 from 10 to 20 m can be 1.0 to 1.5%o. Although apparent in each
well, the rate of 3'30 increase with depth varies from well to well. For example, in the deeper
part of the successions, the increases in §'%0 are higher in CKC-1, HMB-1, and HRQ-2 (increase

~ 1%o in 30 m) than in the other wells (Fig. 21).
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There is a good correlation between the 330 values of the dolomite and the associated
calcite in well HRQ-2 (average A'®Odol-cal = 1.75%0, n=24; Fig. 22A). Similarly, the §!3C values

of the dolomite are ~ 0.60%o higher than the coexisting calcite from the same well (Fig. 22B).

4.7. Strontium isotopes

Collectively, the 87Sr/3Sr ratios of the 100% dolomite samples, which range from
0.70888 to 0.70914 (average = 0.70902, n = 104), have a unimodal distribution with a mode of
0.70900-0.70902 (Fig. 23A). Nevertheless, the 87Sr/36Sr ratios vary from well to well. In the
peripheral dolostones, an obvious bimodal distribution of the 87Sr/*6Sr is apparent in well HMB-1
(modes at 0.70896-0.70898 and 0.70906-0.70908), whereas in RWP-2 and RTR-1 there is no
bimodality (Fig. 23B-D). The transitional dolostones from CKC-1 have a bimodal distribution
of ¥Sr/%Sr with the modes at 0.70900-0.70902 and 0.70908-0.70910 (Fig. 23E). In contrast, the
interior dolostones from well FFM-1 have a unimodal distribution of 8’Sr/%6Sr with the mode at
0.70908-0.70910 (Fig. 23F).

There is no obvious correlation between the 37Sr/%6Sr values and the %LCD or the
average %Ca of the dolostones (Fig. 24).

Two pure limestone samples from GFN-2 have 37Sr/3Sr values of 0.70902 and 0.70915.
The ratios from the 17 dolomitic limestones from FFM-1 and GFN-2 range from 0.70902 to

0.70912 (average=0.70904) (Fig. 23A).

4.8. Groundwater geochemistry and temperature
Today, the groundwater in the Cayman Formation on the east end of Grand Cayman
includes the freshwater, saline, and brackish zones. A freshwater lens, centrally located on the

east end of Grand Cayman (e.g., Mather, 1971; Ng et al., 1992) (Fig. 1B), is <20 m thick and
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separated from the underlying saline zone by a mixing zone that is ~20 m thick (Ng and Jones,
1995).

The water properties of the saline zone vary from location to location. Present-day
seawater around Grand Cayman has an average Mg/Ca ratio of 5.4 (based on 3 samples collected
from Spotts Bay) and contrasts with the ratios of groundwater from (1) RTR-1: 4.95+0.20 (n=5),
(2) HRQ-3: 4.38+0.34 (n=7), and (3) GFN-1: 3.60+0.13 (n=10) (Fig. 25A). Compared with
seawater collected around the island, the lower Mg/ca ratios of groundwater in these three wells
are the result of a decrease in Mg and an increase in Ca (Fig. 25B).

The average 8'%0smow of the saline water from RTR-1, HRQ-3, and GFN-1 are
1.5140.35%0 (n=12), 0.80+0.03%o (n=8), and 0.67+0.08%o (n=5), respectively (Fig. 25C). There
is no correlation between the §'%0 of the water and the chloride concentration or the rock type in
which it resides. The average §'30 of three seawater samples collected in Spotts Bay is 1.06%o.

Groundwater temperature changes with depth and location (Fig. 25D). The rate of
decrease with depth is variable, being about -2°C /10m within ~10 m bsl and about -2.5 °C /100
m from ~10 m bsl to the base of GFN-1 at ~120 m bsl. The water temperature in HRQ-3 and

GFN-1, located in the island interior, is 1.5 to 2.0°C lower than that in EEV-2 at the same depth.

5. Interpretation of dolomitizing time and fluids

5.1. Time of dolomitization

Interpretation of the number of dolomitization phases and the exact timing of each phase
is limited by the dating method employed. The error margin associated with 8’Sr/%¢Sr dating is
typically > 0.5 Ma and can be as high as 2 Ma if the data coincides with the plateaus on the
87Sr/%Sr curve (Jones and Luth, 2003b). The unimodal distribution of #7Sr/2¢Sr (0.70900-0.7090)

from all the dolostones in the Cayman Formation on the east end of Grand Cayman (Fig. 23A) is
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similar to the unimodal histograms of Pleydell et al. (1990) and Jones and Luth (2003b) that had
modes of 0.70900-0.70905 and 0.709025-0.709050, respectively. The large range in the
87Sr/%Sr values, however, means that two or even more phases of dolomitization may be
included (Budd, 1997; Machel, 2000; Jones and Luth, 2003b).

For individual wells, the distribution of the ’St/%¢Sr values for the dolostones varies. The
87Sr/%Sr values of peripheral dolostones in RWP-1 and RTR-1 range from 0.70888-0.70902 with
a unimodal distribution (Fig. 23B, C), which may reflect the mixing of ¥’Sr/*Sr values from
more than one dolomitizing phases. Despite that, the peripheral dolostones in HMB-1 and the
transitional dolostones in CKC-1 show bimodality of the 8’St/%¢Sr (Fig. 23D, E). The two modes
in both wells are probably equivalent. When applying the 37Sr/3¢Sr-time curve of seawater from
McArthur et al. (2001), the two modes correspond to 5.5-7.5 Ma and 1.5-3 Ma, respectively (Fig.
23). These two dolomitizing phases are consistent with previously suggested phase I (late
Miocene) and phase II (late Pliocene) dolomitization of the Cayman Formation on Cayman
Islands (Jones and Luth, 2003b; Zhao and Jones, 2012). The unimodal distribution of 3’Sr/%Sr
from the interior dolostones in the upper 20 m of well FFM-1, with a narrow range of 0.70906 to
0.70910 may indicate phase II dolomitization alone (Fig. 23F).

Collectively, the available information suggests that phase I dolomitization was
restricted to the coastal areas of the island, whereas phase II dolomitization extended into the
center of the island. This model is consistent with Jones and Luth (2003b, their Fig. 15) who
suggested that phase I produced a patchy distribution of dolostone throughout the Cayman
Formation whereas phase Il resulted in dolomitization of the remaining limestone.

The coexistence of LCD and HCD dolomites in Cayman Formation cannot be equated

with the two phases of dolomitization because both LCD and HCD were probably generated
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during each phase. This is based on the fact that the ¥Sr/%¢Sr ratio cannot be related to

the %LCD or %Ca in the dolomite (Fig. 24) and many crystals that have three or more
alternating LCD and HCD zones. It seems improbable that each zone would represent a different
phase of dolomitization.

Some dolomite in the Cayman Formation was diagenetically modified after each episode
of dolomitization. Since the last phase of dolomitization, for example, the rapid and dramatic
glacioeustatic fluctuations in sea level and subaerial exposure led to the formation of hollow
dolomite crystals (Ren and Jones, 2016) and the development of inside-out dolomite (Jones,

2007).

5.2. Properties of dolomitizing fluids

The Mg needed for dolomitizing the limestones in the Cayman Formation was most
probably derived from seawater that surrounded Grand Cayman. Previous studies on
dolomitization of the Cayman Formation on Grand Cayman and Cayman Brac concluded that
seawater or slightly modified seawater mediated dolomitization (Pleydell et al., 1990; Jones and
Luth, 2002; Zhao and Jones, 2012). The contrasts in the degree of dolomitization and the
variations in the %Ca and HCD and LCD ratios of dolomites from the coast to the center of the
island, however, may point to geographical variability in the composition of the dolomitizing

fluids across the island.

5.2.1. Evidence from carbon isotopes

The 8'3C values of most dolomites from the Cayman Formation (+0.52 to +3.83%o,
average = 2.37 £+ 0.84%o, n=206) are typical of replacive island dolostones that are generally
between +0.5%o and +3.2%eo (cf., Budd, 1997). These carbon isotopic values, as suggested by

Land (1992) and Budd (1997), were largely inherited from their precursor carbonates that
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contained marine carbon. The average 8'3C difference between the coexisting dolomite and
calcite in the Cayman Formation (A'*Cdol-pres ca) of about 0.6%o (Fig. 22B) agrees with Land
(1992) who argued that dolomite has < 1%o difference in 6'*C from the precursor sediment. The
true fractionation between the dolomites and their precursor carbonate (A'*Caol-orig cal) from
Cayman Formation is probably < 0.6%o0 because the present-day calcites that coexist with the
dolomite have evolved through meteoric diagenesis after dolomitization and thus may have a
lower 8'3C than their precursor carbonates.

Although the §'3C in the dolomite may provide little information about the nature of the
dolomitizing fluid that affected the Cayman Formation, some clues can still be determined by
considering the spatial distribution of those values and by considering them together with the
oxygen isotopes. In this respect, the following points are important:

(1) The 8'3C values are related to location, with the lower values (< 2%o) being mostly from the
central part of the island (dolomites in interior dolostone and limestone) and the higher
values (>3%o) from the peripheral dolostones (Fig. 18A, B).

(2) Samples with a positive correlation between the 3'%0 and 8!3C all came from the central
part of the island (Fig. 19). This relationship is not apparent in the dolomite from the
coastal areas. Covariation between the oxygen and carbon isotopes of carbonate is
commonly regarded as an indicator of diagenetic alteration in the marine-meteoric mixing
zone (e.g., Allan and Matthews, 1982). In this zone, both isotopes in the water increase
with depth from typical meteoric values to marine values. The positive covariation
between 6'30 and 3'3C evident in dolomites from the Yucatan Peninsula was attributed to a

mixing zone origin (Ward and Halley, 1985). The positive 6'3C values, along with the
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covariation between 8'3C and 8'%0 of the dolomites from the interior of Cayman Island
indicate that they were probably precipitated in the lower part of the mixing zone.
Together, these points indicate that the dolomitizing fluids in the peripheral and interior
parts of the island were different. Assuming that the dolomitizing fluid of the peripheral
dolostones was seawater, the above points indicate that the parent fluid of the interior dolostone

and limestone was probably a mixture of (modified) seawater and meteoric water.

5.2.2. Evidence from oxygen isotopes
Factors that determine the 3'30 value of dolomite include primarily reaction temperature
and the 6'%0 of the dolomitizing fluid (Land, 1985), dolomite stoichiometry (Aharon et al., 1987;
Vahrenkamp et al., 1994; Gill et al., 1995; Zhao and Jones, 2012), dolomite precipitation rates
(Vahrenkamp et al., 1994), and phosphoric acid fractionation (Aharon et al., 1977; Land and
Moore, 1980). The role of non-stoichiometry on 3'30 values is evident in many Cenozoic
dolostones. As yet, however, no agreement has been reached on the rate at which the §'80
changes relative to the %Ca of the dolomite. Proposed values per 1% increase in the %Ca
include -0.1%o (the Bahamas; Vahrenkamp et al., 1994), -0.33%. (St. Croix; Gill et al., 1995), -
0.2%o0 (Niue; Wheeler et al., 1999), -0.15%o (Kita-daito-jima; Suzuki et al., 2006), and -0.26%o
(Cayman Brac; Zhao and Jones, 2012). Budd (1997) suggested that the correction proposed by
Vahrenkamp et al. (1994), of about -0.1%o, was probably the most realistic.
Data from the dolomites in the Cayman Formation examined in this study gives rise to
the following values for the rate of change between §'0 and %Ca:
(1) -0.34%0 — based on all dolomite samples, irrespective of their %Ca (Fig. 20A).
(2) -0.15%o0 — based on dolomite samples with >90%LCD (Fig. 20C).

(3) -0.19%0 — based on dolomite samples with >90%HCD (Fig. 20D).
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The low correlations between the 5'%0 and average %Ca in the above three plots (12 = 0.40,
0.03, 0.60, respectively) indicate that factors (e.g., dolomitizating fluid, reaction rate) other than
non-stoichiometry have affected the oxygen isotopes (cf., Vahrenkamp et al., 1994; Wheeler et
al., 1999). The rate based on the plot of all dolomites (0.34%o) is much higher than those
suggested for many other island dolostones. This higher 8'%040~%Ca rate can probably be
attributed to the dolomitizing fluid rather than stoichiometry. As noted previously (Figs. 13-16),
most HCD-dominated samples come from the island interior whereas LCD-dominated samples
came from the periphery. The §!80 values of the dolomitizing fluid probably varied in different
areas and this would have affected the 8'%0 of the dolomites and thus exaggerated the slope of
the regression line between 6'%0 and %Ca.

The stratigraphic trend of the oxygen isotopes also shows that dolomite stoichiometry had
less influence than other factors. Dolostones in the upper part of many wells commonly have
lower 8'%0 values than those at the base (Fig. 21). In every well, the increase in §'3%0 with depth
(Fig. 21), which is independent of the %Ca, may indicate that (1) the influence of %Ca on the
880 is not as significant as previously suggested (e.g., Vahrenkamp et al., 1994; Zhao and
Jones; 2012), (2) post-dolomitization diagenesis of the dolostones may have modified their
isotopes, (3) dolostones at depth may have formed during sea-level lowstands when seawater
was probably more enriched with '*O than during the highstands (cf., Chappell and Shackleton,
1986), and/or (4) the dolomite pore-water temperature is lower at depth than at the surface and
there is a gradual decreasing of the temperature with depth.

Given that there are still uncertainties over the non-stoichiometric effect on dolomite

880 values, as well as the phosphoric acid fractionation factor (Land and Moore, 1980;
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Rosenbaum and Sheppard, 1986; Vahrenkamp et al., 1994; Zhao and Jones, 2012), the raw 3'30
data derived from the Cayman dolomites were not corrected for these two factors.

Equation (1), developed by Land (1985), can be used to estimate the §'%0 of the
dolomitizing fluid:

6180dolomite - 6180water = 10001nadolomite—water = 2-78(106T_2) +0.91 (1)

The §'30dotomite and §'3Owater are in SMOW, and T is in Kelvin.

Herein, calculations of the paleo-temperature during dolomitization were based on (1) an
average annual surface ocean water T around Cayman today of ~ 28°C (capeweather.com), (2)
the assumption that there was no significant difference in the sea surface T during phases I and 11
dolomitization (cf., O’Brien et al., 2014), (3) the average T gradient for groundwater was about -
2.5°C /100 m below 10 m bsl, and -2°C /10m from sea level to 10 m bsl, as it is today (Fig.
25D), (4) groundwater T, at any given depth, being ~ 1.5°C lower in the interior than the
periphery of the island (Fig. 25D), and (5) during phase I dolomitizition, sea level rose from at
least -40 m below to ~15 m above present sea level, and during Phase II dolomitizition, sea level
rose from -40 m to at least 12.5 m above present sea level (Jones and Luth, 2003b). Accordingly,
dolomitization of the peripheral dolostones at 4 m asl to 94 m bsl interval involved fluid with T
of 24-28°C; the transitional dolostone at 3 m asl to 77 m bsl in wells HRQ-3 and CKC-1 at T of
22.5-26.5°C; the interior dolostone at 3 m asl to 52 m bsl in HRQ-1 and HRQ-2 at T of 23.2-
24.5°C; and the interior limestone 52-124 m bsl in wells HRQ-1 and HRQ-2 at T of 21.5-24.5
°C. These temperatures were used to calculate the 5'80 of the dolomitizing fluids (8'®Owater) that

mediated the four different types of dolomites (Fig. 26).
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(1) Peripheral dolostone — The calculated §'8Owater is 1.3 to 3.9%osmow using a 3'30d0l range of
3.62 £ 0.85%ovrpB and T range of 24-28°C. The 8'%Owater calculated from the average
880040l (3.62%0) and T (26°C) is 2.6%osmow.

(2) Transitional dolostone — The §'"¥Owater is 0.4 to 3.1%osmow using a 8'%0udol range of 3.10 =
0.88%ovppB and T of 22.5-26.5°C. The 8'30water calculated with the average §'80dol
(2.76%0) and T (24.5°C) is 1.7%ssmow.

(3) Interior dolostone — The 8'8Owater is 0.2 to 1.6%osmow using a 3'%0qo1 range of 2.37 +
0.55%ovpepB and T of 23.2-24.5°C. The 8'30water calculated with the average §'80dol
(2.37%0) and T (23.9°C) is 0.9%asmow.

(4) Interior limestone — The 8'8Owater is -0.97%o to1.80%osmow using a 880401 range 2.10 +
1.03%ovpepB and T of 21.5-24.5 °C. The 8'8Owater calculated with the average 6'0 (2.1%o)
and T (23°C) is 0.42%o0smow.

The highest 8!8 Owater value (2.6%osmow), associated with the peripheral dolostone,
supports the notion that seawater mediated pervasive dolomitization in the peripheral part of the
island given that the average 6'%0 of seawater around Grand Cayman today is 1.06%o, and that
seawater 6'0 values were probably 0.3-0.8%o higher during the early Pliocene (Medina-Elizalde
et al., 2008) and Pleistocene (Wheeler et al., 1999). The higher calculated 8'3Owater value is
probably related to (1) the calculation method—the high 3'30water values were calculated using
the high 5'%0q0l and T (Fig. 26), whereas in reality a large §'30dol should be more likely produced
at depth with a lower T (Fig. 21), (2) slight evaporation of the seawater, or (3) glacio-eustatic
lowstands when seawater was enriched with '30 (cf., Wheeler et al., 1999).

The lowest 880401 and calculated 8'3Owater of the dolomites in the interior limestone

indicates that the dolomitizing fluid was more enriched with 80 than seawater. The oxygen
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isotope composition of the dolomitizing fluid may have been derived from seawater, meteoric
water, or from dissolution of the precursor carbonate. If the present-day §'%0 values of seawater
around Grand Cayman (1.06%o0smow) and freshwater from the East End Lens (-4.83%osmow; Ng,
1990) are utilized, the calculated 8'¥Owater values of the fluid that mediated partial dolomitization
of the limestones corresponds to a mixture of seawater with < 34% freshwater; and if the mean
average of 8'8Owater (0.42%o) is used, a mixture of 11% freshwater with seawater is indicated.
This degree of mixing suggests that dolomitization in the island interior may have taken place in
the lower mixing to upper saline zone, which is probably the strongest circulation zone in the
marine phreatic zone (cf., Kaufman, 1994; Whitaker et al., 2004).

Today, the '8 Owater values of the saline groundwater from the interior wells are lower
than those from the coastal wells (Fig. 25C). There is no correlation between the §'8Owater and
the chloride concentration or the rock type in which it resides. This indicates that the low 830
of saline water was not introduced by meteoric water or caused by water-rock reaction. It is
difficult, however, to determine the §'8Owater of saline groundwater when dolomitization of the
central limestone took place. If the situation was like today, the 8'®Owater would have been ~
0.85%o. If so, the fluid that mediated dolomitization may have been modified seawater with
depleted '®0 rather than mixed seawater and meteoric water. The low 8'8Owater of the saline
groundwater in the island interior may have been generated by the dolomitization process itself
because the heavy oxygen would have been preferentially consumed. At the island-wide scale,
the 3'%0water of the pore fluid was almost certainly continually evolving because of rock-water
reaction along the flow path from shelf edge to center of the island. This may also explain the

decreasing trend of §'30water of the dolomitizing fluids that led to the formation of the peripheral
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dolostone, to the transitional dolotone, the interior dolostone and to dolomites in the interior
dolostone (Fig. 26).

The differences in the §'30 of coexisting dolomite and calcite (A'®Odol-cal = §"8Odol —
8"80prescal = 1.75 £ 0.65%o; Fig. 22A) are far less than the fractionation A'®Qdolcal that many
authors have suggested (e.g., 3.8 %o of Land, 1991; 3% of Fouke, 1994; 3-5%o of Budd, 1997).
Limestones in the island interior have undergone various diagenetic modifications in meteoric
settings since the last phase of pervasive dolomitization, which resulted in the reduced 8'¥Opres-cal
values of the present-day calcium carbonate compared with the original sediments (8'®QOorig-cal)
(Ren and Jones, 2016). If this is taken into consideration, the true A'8Odolcal between the
dolomites and their precursor carbonate (=8'80dol — 8'®Oorigcal) would be lower than 1.75%o and
much lower than the theoretical value of 3-4%o. The low A'®Oqolcal was caused, most likely, by
the decreasing of '®Oqo1. This supports the notion that the dolomites that coexist with calcite
(dolomite in the interior island) were formed from fluids that were, relative to seawater, depleted
with respect to '80.

Interpretations of the properties of the dolomitizing fluids based on the oxygen isotopes
are consistent with those derived from the carbon isotopes. Together with variations in dolomite
stoichiometry, the oxygen and carbon isotope data indicate that the (1) compositions of the
dolomitizing fluids varied from the margin to the center of the island, (2) dolomitization in the
peripheral areas was mediated by seawater that may have been slightly evaporated, (3) seawater
gradually lost its 'O as it migrated towards to the island center due to the water-rock reaction
(i.e., dolomitization), (4) fluids that mediated dolomite formation in the interior limestones were

probably a mixture of seawater that had been modified by dolomitization, and meteoric water,
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and (5) dissolution of the precursor carbonate may have also influenced the isotopic
compositions of the dolomites.

As Budd (1997) pointed out, isotopic values determined from bulk-rock samples must
represent an average of numerous populations of dolomite. Thus, the interpretations provided
here address the general conditions of dolomitization, but cannot be specific to each generation

of dolomite.

6. Discussion

Dolostones in the Cayman Formation on Grand Cayman provide an opportunity for
assessing the origin of thick dolostone successions. Island dolostones like these, found on many
Caribbean islands and Pacific atolls (see Budd, 1997), have attributed to many different
formational models (e.g., Tucker and Wright, 1990; their Fig. 8.31), including ocean current
pumping (Saller, 1984; Wheeler et al., 1999), seepage reflux (Deffeyes, 1965; Ohde and
Elderfield, 1992; Lucia and Major, 1994; Gill et al., 1995), tidal pumping (Carballo et al., 1987),
and Kohout convection (Aharon et al., 1987; Machel, 2000). Most of these interpretations are
based largely on the large-scale geometry of the dolostone bodies, stratigraphic relationships
between the coeval dolostones and limestones, and the petrographic and geochemical attributes
of the dolomite (e.g., Hardie, 1987; Wilson et al., 1990; Braithwaite, 1991; Budd, 1997; Warren,
2000).

Natural dolomite, like that in the Cayman Formation on the Cayman Islands, is a
compositional series with variable Mg and Ca ratios (Lumsden and Chimahusky, 1980; Sperber
et al., 1984; Land, 1985; Sibley, 1990; Vahrenkamp et al., 1994; Budd, 1997; Wheeler et al.,
1999; Swart and Melim, 2000; Jones and Luth, 2002). Although deemed “important” by Land

(1985), these stoichiometric variations are usually not integrated into most dolomitization models.
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Dolostones of all ages are commonly Ca-rich with many containing two or more populations of
dolomite with different %Ca. Three populations are present in the Miocene-Pliocene dolostones
from Niue Island (Wheeler et al., 1999) and four populations have been identified in the
dolostones from Kita-daito-jima (Suzuki et al., 2006). On the Cayman Islands, Oligocene-
Pliocene dolostones are formed of LCD and/or HCD (Jones and Luth, 2002). Likewise, Ca-rich
non-stoichiometric dolostones with more than one population of dolomite are also common
among ancient dolostones, including those from North America that were documented by
Lumsden and Chimahusky (1980) and Sperber et al. (1984). Such examples suggest that
heterogeneous dolomites are universal and have been present throughout geologic history. This
is a critical issue because many other geochemical attributes (e.g., stable isotopes) are known to
vary in accord with the %Ca of the dolomite (e.g., Vahrenkamp et al., 1991, 1994).

Many field (Lumsden and Chimahusky, 1980; Sass and Bein, 1988) and laboratory
(Goldsmith and Graf, 1958; Katz and Matthews, 1977; Sibley et al., 1987, 1994; Sibley, 1990;
Nordeng and Sibley, 1994; Kaczmarek and Sibley, 2011, 2014) studies have shown that dolomite
stoichiometry is an important indicator of the chemical properties of their formative solutions.
Folk and Land (1975) argued that the formation of (near)-stoichiometric dolomites is generally
associated with solutions that have high salinities and high Mg/Ca ratios. Similarly, various
experiments have also demonstrated that both the composition of the synthesized dolomite and
the rate of replacement are highly dependent on the Mg/Ca in the formative solutions (e.g.,
Kaczmarek and Sibley, 2011).

On Grand Cayman, the overall trend of increasing volumes of HCD and decreasing
volumes of LCD towards the island centre suggests that variations in dolomite stoichiometric

were related to the landward migration of the seawater that mediated dolomitization (Fig. 27).
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With this model, there was a progressive loss of Mg and hence a decrease in the Mg/Ca ratio as
the seawater moved inland. Accordingly, while seawater mediated LCD formation in the coastal
areas, HCD was formed in the transitional zone, and dolomitization did not take place in the
central part of the island. This pattern indicates that the chemical composition of the pore fluids
was continually evolving along its flow path due to the rock-water interaction (Fig. 27). This is
comparable with the present-day hydrochemistry whereby a progressive landward decrease in
the Mg/Ca ratio of the saline water is evident (Fig. 22).

The lateral extent of dolomitization in the Cayman Formation on Grand Cayman was
controlled largely by fluxes in the Mg supply. The fact that dolomitization was mediated by
laterally derived seawater excludes the seepage reflux and thermal convection models as viable
mechanisms for seawater circulation through the island. Sea level lowstands before each phase
of dolomitization on Grand Cayman, meant that the island was subaerially exposed. Jones and
Luth (2003b) argued that karst development during these lowstands led to increased porosity and
permeability in the bedrock that would, during the next transgressive phase, have enhanced
groundwater circulation throughout the island. The submixing-zone circulation model was
proposed as the driving mechanism for dolomitization in Barbados (Machel et al., 1990) and the
Bahamas (Vahrenkamp et al., 1991, 1994). Numerical simulation models for submixing-zone
flow (Kaufman, 1994; Whitaker et al., 2004), also support this assessment.

Whitaker et al. (2004), using a model carbonate island that was 4.5 km wide with a
recharge of 0.5 m/year and a freshwater lens ~30 m thick (parameters akin to the eastern part of
Grand Cayman), showed that the flow rate can be as high as 5x1077 m/s in the coastal mixing
zone. The flow and flux in the submixing-zone decreases landwards and downwards from the

mixing zone (e.g., Kaufman, 1994; Whitaker et al., 2004). As illustrated in the model developed
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by Whitaker et al. (2004, their Fig. 10), the flow draws in seawater over a zone that extends to ~
1 km offshore of their 4.5 km wide model island. The reduced flow rate and restricted flux of
submixing-zone flow are probably important constraints on the supply of Mg to the island
interior and may account for the lack of dolomitization in that part of the island. Moreover,
dolomite cements and cavity-filling sediments that are common in the peripheral dolostones (Ren
and Jones, 2016) may also have reduced pore connectivity and reduced groundwater circulation
that, in turn, curtailed the Mg supply.

The fact that the different dolostones zones are concentrically arranged on Grand Cayman
supports the notion that seawater flowed into the island from all directions during dolomitization
(Fig. 26). The rate and volume of flow may have varied from coast to coast in accord with local
factors such as permeability in the bedrock carbonates, precipitation, climate, oceanographic
currents, sea level fluctuations, platform geometry, and/or geography. Thus, the lateral extent of
dolostone relative to the bordering coastline may indicate local variability in the lateral
penetration of the dolomitizing fluids. On Grand Cayman, for example, the dolostones and the
peripheral dolostone zone extend further inland from the northeast corner than from any other
direction (Fig. 6). This suggests that the highest flux, and/or flow rate of seawater came from the
northeast. This may be related to the permeability patterns in the bedrock, different topographic
features, and/or a dominant paleowind direction from the northeast.

The dolomitization model developed for the dolostones on Grand Cayman may be
applicable to Cenozoic dolostones found on other islands throughout the world. Like the Grand
Cayman dolostones, the stoichiometric and geochemical attributes of the island dolostones can
be used as indicators of the fluid flow directions and the source of Mg. Some caution must be

used when applying this model to the interpretation of ancient dolostones, which may have
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experienced more than one phase of dolomitization/diagenetic modification with each phase
involving a different source for the reactants and different flow patterns.

The non-stoichiometric signature of the dolostones from Grand Cayman, as with many
Cenozoic dolostones, means that they are susceptible to further diagenetic modifications. When
exposed to aggressive fluids such as meteoric water, the preferential dissolution of HCD can lead
to the development of hollow dolomite crystals (James et al., 1993; Jones and Luth, 2003a; Swart
et al., 2005), which may be further modified to inside-out dolomites (Jones, 2007). These
processes could modify the quantity of dolostones as reservoir rocks by creating or occluding
porosities. When buried, recrystallization of both dolomites is very likely to happen with time,
resulting in an increase in the Mg/Ca ratio and cation ordering (McKenzie, 1981; Nordeng and
Sibley, 1994; Malone et al., 1996; Machel, 1997; Kaczmarek and Sibley, 2014). Whether early
meteoric or late burial diagenesis, modifications of dolomites can significantly change their

geochemistry (e.g., Land, 1980; Land, 1985).

7. Conclusions
A network of wells drilled on the east end of Grand Cayman allowed assessment of the

spatial variations in many aspects of the subsurface dolostones. Dolomites on the island are
calcium-rich and composed of LCD and HCD. The geographic variations in the attributes of the
dolostones, particularly with respect to the LCD and HCD and the oxygen and carbon values,
provide a unique perspective on the origin of dolostone. Analysis of Cayman dolostones has led
to the following conclusions:

e The Miocene Cayman Formation is incompletely dolomitized with the peripheral zone

being completely dolomitized whereas limestones are still present in the island interior.
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e Based on the distribution of LCD and HCD, the Cayman Formation is divided into the
peripheral dolostone zone, the transitional dolostone zone, and the interior
limestone/dolostone zone. These concentrically arranged zones differ in their LCD/HCD
compositions, petrographic attributes, and geochemical signatures.

e Seawater provided the Mg needed for dolomitization of the Cayman Formation.
Geographic variations in these dolostones reflect modifications of seawater chemistry
caused by rock-water interaction as the dolomitizing fluids moved towards the island
centre.

e The Cayman Formation experienced two major phases of dolomitization as suggested by
87Sr/36Sr of the dolomites; the first during the late Miocene—early Pliocene, and the
second during the late Pleistocene. Dolomitization probably took place in the submixing
zone where seawater was pumped into the island from all directions.

e The Mg/Ca in the dolomites is an important proxy that could be applied in the
interpreting the origin and the flow directions of dolomitizing fluid. As suchitis a
practical demonstration of the concept first argued by Kaczmarek and Sibley (2011) on
the basis of their experimental work.

The model developed from dolostones on Grand Cayman is probably applicable to island

dolostones throughout the world.
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Figure captions
Location and geological setting of study area. (A) Location of Grand Cayman in the
Caribbean Sea. (B) Geological map showing the distribution of the Cayman Formation
on Grand Cayman (modified from Jones et al., 1994a), the approximate distribution of
East End Freshwater Lens on the island (modified from Ng and Jones, 1992), and
location of High Rock Quarry. (C) Locations of 32 wells incorporated in this study (wells
in solid red dots are the primary wells used in this study). (D) Shelf profile in
northeastern corner of the island, modified from Brunt (1994). (E) Distribution of 8 wells
in High Rock Quarry.
Stratigraphic succession on Grand Cayman (modified from Jones et al., 1994a).
Distribution of seven sedimentary facies in Cayman Formation based on this study, Der
(2012) and Ren and Jones (2016).
Profile through successions in wells LBL-1, GFN-2, FFM-1, HRQ-2, ESS-1, and HMB-1
showing the spatial distribution of LCD, HCD, and calcite (Cal).
Profile through successions in wells RTR-1, FSR-1, DTE-1, HRQ-2, CKC-1, and RWP-2
showing the spatial distribution of LCD, HCD, and calcite (Cal).
Spatial distribution of peripheral dolostone, transitional dolostone, interior dolostone, and
interior limestone in the Cayman Formation on the east end of Grand Cayman.
Thin section photomicrographs illustrating the occurrence of calcite in Cayman
Formation in the upper (A—C) and the lower calcite units (D-F). All depths are below
ground surface. Thin sections are impregnated with blue epoxy to highlight porosity and
stained with Alizarin Red S. (A) Blocky calcite cements completely filled the pores in

dolostone. GFN-2, 9.6 m. (B) Pores in dolostone lined with limpid dolomite cement and



980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

Fig. 8.

Fig. 9.

46

partly filled with calcite (red) cement. RWP-2, 3.5 m. (C) Zoned blocky calcite cements
in cavities in dolostone. HRQ-3, 3.4 m. (D) Porous benthic foraminifera limestone.
GFN-2, 34.4 m. (E) Mudstone with planktonic forams. GFN-2, 59.1 m. (F) Limestone
with a variety of fossils. GFN-2, 91.7 m.

Thin section photomicrographs of peripheral dolostones. All depths are below ground
surface. (A) Fabric retentive dolostone with limpid dolomites lining the cavities. RWP-2,
94.6 m. (B) Benthic foraminifera with original fabrics well preserved in dolostone.
Chamber of the foraminifera and the intra-particle pores are lined with limpid dolomite
cement. RWP-2, 51.8 m. (C) Bladed dolomite cement encrusting grains in fabric retentive
dolostone. RWP-2, 22.0 m. (D) Fabric retentive dolostone with a complete Halimeda
plate, red alage fragments, and other grains. Tubules in the Halimeda plate and the intra-
particle pores have been filled with dolomite cement. RTR-1, 116.6 m. (E) Dolostone
with limpid dolomite filling cavities in a coral(?). RTR-1, 11.4 m. (F) Hollow dolomite
crystals with leached cores — suggesting that the dolomite crystals originally had a HCD
core. RTR-1, 130.3 m.

Thin section photomicrographs of transitional dolostones (A—C), interior dolostone (D)
and dolomites in interior limestone (E, F). All depths are below ground surface. Thin
sections are impregnated with blue epoxy to highlight porosity and stained with Alizarin
Red S. (A) Dolostone with original fabrics of precursor carbonate partly preserved. HRQ-
3, 46.1 m. (B) Fabric destructive dolostone. Note molds formed by dissolution of
foraminifera(?) in precursor carbonate. HRQ-3, 59.8 m. (C) Dolostone with original
fabrics largely destroyed. HRQ-3, 79.6 m. (D) Fabric destructive dolostone with

scattered limpid dolomite and blocky calcite cements. GFN-2, 2.6 m. (E, F) dolomite
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crystals in chambers of foraminifera in dolomitic limestone. Dissolution and fossil moldic

porosity are common. (E) GFN-2, 7.8 m; (F) GFN-2, 7.1 m.

Fig. 10. SEM photomicrographs of dolostones from Cayman Formation. A, C, D are etched (in

HCI for 12 s) and polished thin sections. B is fractured surface, unetched. All depths are
below ground surface. (A) Calcite cement filling in cavities and coating the surface of a
red alage fragment, g=grain, cal=calcite, dol=dolomite. EER-1, 2.7 m. (B) Dolomite
cement encrusting surface of a tubular skeletal grain held in a dolomite matrix. HRQ-5,
4.2 m. (C) Dolomitized coral (?) with dolomite cement lining the cavities. HRQ-2,
11.8m. (D) Distribution of dark-gray LCD (L) and light-gray HCD (H) in dolostone. Note

open pores lined with LCD. HRQ-2, 2.7m.

Fig. 11. SEM photomicrographs illustrating the compositional heterogeneity of dolomites from

Cayman Formation. Polished thin sections, etched with HCI for 12 s. All from well HRQ-
2. All depths are below ground surface. (A) Dolostone with dolomitized foraminifera,
and dolomite cement in the pores. 42.3 m. (B) Enlarged view of etching in the matrix
dolomites and the cement crystals in panel A. 42.3 m. (C) Enlarged view of cement
crystal from panel B. Hollow dolomite crystal, formed by preferential dissolution of the
core, partly refilled by dolomite cement. 42.3 m. (D) Preferential dissolution of matrix
dolomites. 24.0 m. (E) Dolomite matrix crystals show extensive etching, and dolomite
cements that overgrow on matrix crystals show clear zones. 8.8 m. (F) Dolomite crystals
showing growth zones with HCD zones have been dissolved. 36.2 m. (G) Cement
crystals showing growth zones, cortical boundaries, etch pits, and dissolution slots. 11.8
m. (H) Dolomite crystal showing clearly defined growth zones and cortical boundaries,

2.7 m. (I) Dolomite cement crystals with the core cut by dissolution slots. 21.0 m.
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Fig. 12. Distribution of LCD (low calcium dolomite), HCD (high calcium dolomite), and Cal
(calcite) in 8 wells in the Cayman Formation in High Rock Quarry (HRQ). Note similar
patterns among the closely spaced wells.

Fig. 13. Distribution of LCD, HCD, and calcite (Cal) in 7 wells in the peripheral dolostone zone.
Pie charts showing the average compositions (%LCD, %HCD, and %calcite) of all
samples in each well. Histograms illustrating the %LCD in dolomite samples in each
well.

Fig. 14. Distribution of LCD, HCD, and calcite (Cal) in 4 wells located in the transitional
dolostone zone. Pie charts showing the average compositions (%LCD, %HCD, and
%calcite) of all samples in each well. Histograms illustrating the %LCD in dolomite
samples in each well.

Fig. 15. Distribution of LCD, HCD, and calcite (Cal) in 8 wells in the interior dolostone zone.
Pie charts showing the average compositions (%LCD, %HCD, and %calcite) of all
samples in each well. Histograms illustrating the %LCD in dolomite samples in each
well. See Fig. 6 for the distribution of the interior dolostone zone, and the locations of
wells FFM-1 and GFN-2.

Fig. 16. Histograms illustrating the %LCD in dolomites in the limestone samples from each well
in the interior limestone zone. See Fig. 6 for the distribution of the interior limestone
zone, and the locations of wells FFM-1 and GFN-2.

Fig. 17. Histograms of %LCD in all dolomites from (A) peripheral dolostone, (B) transitional
dolostone, (C) interior dolostone, and (D) interior limestone. Note the increase in the
frequency of the pure HCD and HCD dominated dolomites in the transitional dolostone

zone relative to the interior dolostone zone.
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Fig. 18. Oxygen and carbon isotopes of dolomites in the Cayman Formation. (A) Cross-plots of
8'80 and 8'3C of dolomites from all dolomite samples grouped by the peripheral
dolostone, transitional dolostone, interior dolostone, and interior limestone zones. (B)
Distribution of the average §'%0 and §'3C of dolomites from the peripheral dolostone
(PD), transitional dolostone (TD), interior dolostone (ID), and interior limestone (IL)
zones (error bars represent =1c). Note the decreasing trends of the isotopes from the
periphery to the interior of the island. (C) Histograms of '%0 and 8!*C of dolomites from
transitional dolostone (TD) and interior dolostone (ID).

Fig. 19. Cross-plots of '%0 and §'3C of dolomites from wells (A) CKC-1, (B) HRQ-3, and (C)
HRQ-2 showing the positive correlation between the isotopes.

Fig. 20. Relationship between the stable isotopes and stoichiometry of the dolomite from
Cayman Formation. (A) Comparison of 3'*0 and average %Ca of dolomite. (B)
Comparison of '3C and average %Ca of dolomite. (C) Comparison of 6'%0 and average
%¢Ca in dolostones with %LCD > 90%, and dolostones with %HCD > 90%.

Fig. 21. Stratigraphic variations of !%0 and §'3C in dolostones from wells (A) RWP-2, (B)
EEZ-1, (C) LBL-1, (D) HRQ-3, (E) CKC-1, (F) HMB-1, (G) HRQ-1, and (H) HRQ-2.

Fig. 22. Stratigraphic variations and correlations of (A) 8'%0 and (B) §'3C between coexisting
dolomites and calcites from well HRQ-2. Arrows showing the stratigraphic trends in the
8'80 and 6'3C values.

Fig. 23. Histograms of 8’Sr/®Sr of dolostones and limestones from Cayman Formation. (A) All
dolostones from wells illustrated in B-F, and (dolomitic) limestones from wells HRQ-2,
FFM-1 and GFN-2. (B) Dolostones from well RWP-2. (C) Dolostones from well RTR-1.

(D) Dolostones from well HMB-1. (E) Dolostones from well CKC-1. (F) Dolostones
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from well FFM-1. (G) Two phases of dolomitizaton derived from 37Sr/%¢Sr of dolostones
from wells B-F. Seawater 3Sr/*®Sr curve modified from McArthur et al. (2001).

Fig. 24. Comparison of ¥’Sr/%Sr with (A) %LCD in dolomite, and (B) the average %Ca of
dolomite.

Fig. 25. Geochemistry (A-C) and temperature (D) of present-day pore water in Cayman
Formation. (A) Molar Mg/Ca ratio. (B) The contents of Mg and Ca. (C) 8'30 (%o) smow.
(D) Temperature. Dashed lines in (A)-(C) represent the average values of 3 seawater
samples collected in Spotts Bay (south coast).

Fig. 26. Interpretation of 8'®Owater that mediated dolomitization of peripheral dolostones,
transitional dolostones, interior dolostones, and dolomites in interior limestone in
Cayman Formation. For each type of dolostone (dolomites), the box represent mean value
+ 1o, the midline represents the mean value of §'®0uol, and the solid dot represents the
calculated 8'"®Owater using mean 3'80dol and temperature.

Fig. 27. Schematic diagram of the dolomitization model on Grand Cayman. (A) 3-D view of
Cayman Formation on the east end of the island showing the concentric zones of
dolostones and limestones which indicate that seawater flowed from all directions into
the island during the dolomitization. (B) A N-S profile showing the spatial variations in
many attributes of dolostones and a variety of dolomitizing conditions from the periphery

to the interior of the island.
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brianjones
Sticky Note
I am still having problems here -- if I look at the vertical column - there is 75% LCD and 25% HCD -- but is this not the same information as is given in the Pie diagram (B) - so why repeat it.  However, I now noticed that the percentages shown in the Pie Diagrams do not match the percentages shown in the vertical columns (A) -- so why the difference?
Also, the vertical scale is labelled as thickness  -- so are these percentages based on total thicknesses ???

I am totally confused.
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Why different colours (for same zones) compared to Figure 15?
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Table
Click here to download Table: Tables.docx

1 Tables

2 Tablel

3 Wells on the east end of Grand Cayman (see Figs. 1, 6 for locations) used this study.

4  Twenty-one wells (in bold) were the primary wells used in this study. Distance to shelf

5 edge is the shortest distances from the well to the northern (N), eastern (E), or southern (S)
6  shelf edge. (PD=peripheral dolostone, TD=transitional dolostone, IL/D=interior

7  limestone/dolostone, IL=interior limestone only).

Distance
Total  to shelf
depth edge
Well Zone (m) (km) %Core % Cutting
HHD-1 PD 61.0 1.55 /N 0 100
LBL-1 PD 94.5 1.36 /N 0 chip
RWP-2 PD 94.6 0.66 /N 97 0
EEZ-1 PD 87.6 1.40 /E 0 chip
ESS-1 PD 77.4 1.29 /S 0 100
HMB-1 PD 57.9 0.86 /S 0 chip
RTR-1 PD 138.7 1.32 /S 0 100
QHW-1  PD '60.0 1.16 /N
EEZ-2 PD 87.6 1.86 /E
CKC-1 TD 67.2 3.10 /E 0 chip
EEV-2 TD 101.8 1.14 /S 0 chip
HRQ-3 TD 80.0 2.48 /S 0 100
FSR-1 D 7524 221 /S 0 chip
EER-1 TD 140.2 245 /S 0 chip
BAC-1 TD 39.6 222 /S 0 100
GMR-2 TD 46.0 1.45 /S 0 chip
AlIR-1 TD 49.4 1.82 /S 0 chip
GFN-2 IL/D 92.2 2.75 /N 63 0
FFM-1 IL/D 64.8 342 /S 0 chip
HRQ-2 IL/D 128.0  3.00 /S 0 100
HRQ-1 IL/D 61.7 323 /S 0 100
HRQ-4 IL/D 64.0 295 /S 0 100
HRQ-5 IL/D 76.2 2.78 /S 0 100
HRQ-6 IL/D 76.2 3.55 /S 0 100
HRQ-7 IL/D 39.6 3.29 /S 0 100


http://ees.elsevier.com/sedgeo/download.aspx?id=278888&guid=50dba210-2fc6-47c3-8fcd-d91b41ccb4a1&scheme=1

HRQ-8 IL/D 76.2 290 /S 100

0
DTE-1 IL 463  2.88 /S 0 chip
GFN-1 IL 1223 275 N 0 100
RAD-1 IL/D 201 343 /N 0 chip
EER-2 IL/D 1158 273 /S 0 100
BOG-1 IL 396  275/S 20 0

koksk

NSC-1 IL 243.0 335 /S 0 chip
* Cayman Formation in the lower 20 m (c.f., Jones and Luth, 2003b).

**Cayman Formation starts ~8 m bsl.

*#* Cayman formation in the upper ~140 m (c.f., Jones et al., 1994; Liang and Jones,

2014).
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