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ABSTRACT

The Pleistocene Ironshore Formation has resided in the subaerial diagenetic realm,
apart [rom brief periods in the marine and freshwater phreatic zones shortly after its
deposition 125,000 years ago, and during the last 5,000 years. Meteoric diagenesis
included aragonite to calcite alteration and calcite cementation. In Strombus gigas,
Siderastrea siderea, and Montastrea annularis replacement of aragonite by calcite was
controlled by skeletal structure and the distribution and amount of porosity.

Shells of Strombus gigas, formed of four layers of densely packed parallel rod-
shaped aragonite crystals, are replaced to varying degrees by calcite. The morphology and
distribution of calcite was controlled by interfaces between shell layers that now form
planar to gently curving boundaries for the calcite crystals. Calcite crystals are tangentially
oricnted around sponge borings. Inclusions of relict aragonite crvstals and disseminated
Oi ganic matler preserve primary microstructure. Siderasirea siderea and Montastrea
annularis arc composed of a porous network of aragonitic trabeculae that are partly to
totally replaced by calcite. In partly altered trabeculae, calcite crystals are situated along
leached centers of calcification. In Siderastrea siderea, calcite crystals are based along
synapticulothecac and extend along septa into adjacent calices. In Montastrea annularis,
less dense growth layers are preferentially replaced relative to more dense layers.

Calciization of Strombus gigas occurred by in situ dissolution of aragonite and
reprecipitation of calcite (ncomorphism) along a migrating diagenetic front. The front,
which proceeded into the shell from its outer edge and sites of secondary porosity, was
temporarily dammed along organic rici: contacts between shell layers. In Siderastrea
siderea and Montastrea annudaris, calcitization occurred by neomorphism and precipitation
of calcite cement in dissolution cavities. In both cases, dissolution of aragonite and
subsequent precipitation of calcite began along centers of trabeculae and proceeded

outwoards.



Neomorphic calcite in Strombus gigas contains curved to irregalar zones, 5 to 10 gm
wide, that are akin to zones in calcite cements deseribed from carbonates throughout the
geologic column. Neomorphic products are distinguished from cements because they
consist of irregularly-shaped, pleochroic crystals with undulose extinction, non-planar

intercrystalline and intracrystalline boundaries and rare enfacial junctions,
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I. INTRODUCTION

Grand Cayman is the largest of three Caribbean islands collectively known as the
Cayman Islands (Figure I-1). Each island has a core of dolostone belonging to the
Oligocene-Miocene Bluff Formation, that is unconformably overlain by Pleistocene
limestones of the Ironshore Formation (Matley 1926; Brunt er al. 1973; Jones and Smith
1988: Jones and Hunter 1989).

The Ironshore Formation comprises wackestones, packstones, grainstones
floatstones, boundstones, and rudstones deposited in a variety of relatively shallow water
cnvironments (Hunter and Jones 1988, 1989). These limestones contain a diverse
assemblage of corals, gastropods, bivalves and foraminifera, along with non-skeletal
allochems such as ooids and lithoclasis.

The diagenetic history of the Ironshore Formation is relatively simple in comparison
to the complex, multiphasce history of the Bluff Formation (Jones and Hunter 1989, Ng
1990). Diagenetic changes occurred in the submarine and meteoric environments.
Submarinc alteration of limestones in the Ironshore Formation took place via inorganic and
biologically controlled cement precipitation, bioerosion, mechanical erosion, and
rescdimentation. With custatic sea level change, submarine diagenetic processes gave way
to meteoric diagencesis, which involved dissolution, cementation, and replacement of
aragoniiic skeletal and non-skeletal components by calcite.

The mincralogical alteration of skeletal components from aragonite to calcite is a
significant aspect of diagenctic alteration in the Ironshore Formation limestones. The
replacement of aragonite by calcite in the meteoric environment occurs in response to the
instability of aragonite at normal surface temperatuies and pressures (Jamieson 1953; Clark
1957; Fyfc and Bischoff 1965). Mincralogical change takes place either by dissolution of

aragonite and creation of a void in which calcite is precipitated, or as an in situ process of
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dissolution/reprecipitation that occurs on a microscale and involves no appreciable void
stage.

In the Ironshore Formation, the process of replacement of aragonite by calcite is
largely incomplete. This provides an opportunity to cxamine intermediate stages of
aragonitc 1o calcite altcration in skeletal components. By examining numerous samples
displaying varying degrees of alteration, the full spectrum of changes leading up to
complete mincralogical stabilization can be determined. This spectrum of textural evidence
provides a basis for understanding the nature of aragonite 1o calcite diagenctic processcs,
and provides criteria for recognizing the processes responsible for various diagenetic

products.

A. LATE PLEISTOCENE PALEOGEOGRAPHY AND SEDIMENTOLOGY

The Ironshore Formation was deposited during a +6 m sea level highstand in the late
Pleistocene (Jones and Hunter 1990), 120,000 to 130,000 years ago (Woodroffe ez al.
1983). These limestones were deposited in a large lagoon, named the Ironshore Lagoon by
Hunter and Jones (1988), that covered the central and western parts of the island, and in
small cmbayments along the south, cast and north coasts (Figure I-2).

Hunter and Jones (1989) defined 13 facies, based on lithology and sedimentary
structure (Table I-1), that were deposited in a wide range of environments including
lagoon, patch reef, inter-reef, reef channels and reef tract (Figure I-3). In the interior of the
lagoon, where quict shallow water conditions prevailed, bivalve facies A and B were
deposited. The western part of the lagoon was characterized by patch reefs up 1o 306G m in
diameter (coral facics A), surrounded by inter-reef deposits (skeletal grainstone facies,
maoderately burrowed grainstone facies, and highly burrowed grainstone facies).

Erosion of the extensive barrier reef along the western edge of the island since the
Late Plcistocene has removed the reef crest; however, the back-reef portion of the reef tract

is preserved as a lincar outcrop belt along the west, northwest and southwest coasts
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(Hunter and Jones 1989). It is characterized by a coral framestone to rudstone with a
grainstonce matrix {coral facies B), that is cut by a series ot tidal channcls (well sorted
skeletal grainstone facies). The recef tract is represented by a diverse assemblage of corals,
many of which arc abscnt from the patch reefs (coral facies A) because they are incapable

of sediment rejection (Hunter and Jones 1988).

B. OBJECTIVES

This thesis documents and cxplains the origin of diagenetic textures in Pleistocene
gastropods and corals, based on detailed petrographic examination of thin sections, and
scanning clectron microscopy. The specific objectives are to:
1. provide descriptions of diagenetic textures in Strombus gigas, Siderastrea siderea, and

Montastrea annularis,

19

develop a diagenetic model for aragonite to calcite alteration, and cementation, for each

of these skeletal components,

»

comparc the stylc and mode of diagenesis between these three taxa,

rclate diagenetic textures to differences in skeletal structure and microstructure, and

AN

discuss and develop criteria for differentiating neomorphic spar from cement.

C. METHODS

Seventy-six Strombus gigas (Table 1-2), 32 Siderastrea siderea (Table [-3), and 137
Montastrea annularis (Table 1-4) were collected from 55 localities (Figure 1-3) in the
Pleistocene Ironshore Formation of Grand Cayman (see Appendix A for UTM
coordinates). Thesc samples were obtained from surface exposures, and material removed
from dike canals and excavations.

Dectailed petrographic analysis involved examination of 22 thin sections of Sirombus
gigas, 10 thin scctions of Siderastrea siclerea, and 22 thin sections of Montastrea annularis.

Four samples of Strombus gigas, four of Siderastrea siderea, and three of Montastrea



LOCALITY

NUMBER OF SAMPLE THIN SEM
SPECIMENS NUMBERS SECTIONS
ABB 1 2753 2753
ACB 1 2729
ACF 1 2737 2737
ACG 1 2743
B 3 1439, 1971, 1972 1439
BTD 1 2619
BTH 1 3299
C 5 1451, 1984, 1988, 1900, 1989 1990 1984
CDS 1 2836
CNP 2 2119, 3346 3346
CYC 2 2769, 2926 2926
D 1 2057
DPD 1 2700
E 1 2063 2063
EOT 1 2812 2812
F 2 2070, 2079
H 1 2094 2094
K 2 1941, 2103, 2115
L 1 2609
M 1 2614 2614
MA 1 2202 2202
MHA 1 2582
MOA 4 1893, 1894, 1954, 1960 1893
MON 3 1891, 1949, 1950
MOS 1 1963 1963
NSE 1 2201
OG 2 2191, 2192,
OGA 3 2195, 2196, 3482 2196
PBQ 1 2892 2892
PSI 2 1528, 1529 1528
PWA 2 2141, 2145
PWD 2 2148, 2149
SBB 1 2796
SBD 1 2800 2800 2800
sSD 5 1845, 1846, 2164, 2165, 2166 1846
SDA 1 2177 2177
SDB 2 2181, 2183
SDC 2 2856, 2857
SHB 3 5823
TFB 1 2648
TG 3 2156, 2157, 2160 2160
TSE 3 2207, 2209, 2965 2207, 2965
U 1 2126 2126
vV 1 2130 2130
YY 1 2134 2134
[ TOTALS | 76 23 a

Table I-2. List of samples of Strombus gigas from the Pleistocene Ironshore Formation.

See Figure I-3 for map localitics.
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LOCALITY | NUMZER OF SAMPLE THIN SEM
SFECIMENS NUMBERS SECTIONS
BTH i 2641
C 2 1462, 2048 1462, 2048 2048
CNP 2 1820, 2120
CYC 1 2778, 2779, 3018, 3034, 3302 2779A, 3302 3302A
3303, 3305 3304 33028
D 1 3007
E 2 1781, 2065 2065
F 3 1694, 1695, 2073
G 1 1766, 2597
MH 3 1516, 2574, 2576 2574 2574
MON 1 1788
SDA 3 1851, 2179, 2180 1851, 2180
sSDB 3 1859, 2182, 2184 1859
sSDC 1 2860
U 1 1799
vV 3 1800, 1805, 2128
[ TOTALS | 32 T T 10 a

Table I-3. List of samples of Siderastrea siderea from the Pleistocene Ironshore
Formation. See Figure I-3 for map localities.
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LOCALITY NUMBER OF SAMPLE THIN SEM
SPECIMENS NUMBERS SECTIONS
ACB 2 272 . o2 2727
ACF 1 2739
ACH 1 2749
B 10 1436, 1437, 1438, 1445, 1785, 1436, 1785
1975, 1977, 1979, 1980, 1982
BTD 5 2622, 2632, 2633, 2636, 2637 2632, 2636
BTH 1 2644 2644
C 18 1454, 1458, 1461, 1463, 1475, 1987, 1992A, 1987
1649, 1650, 1760, 1987, 1991, 19928, 1956
1992, 1994, 1995, 1996, 2988,
3408, 3409, 3410
CDS 1 2838
CNP 2 1819, 2121
CYC 7 2768, 2776, 2779, 2782, 2785, 27798 2768
2915, 2917
D 4 1736, 2053, 2055, 2059
DP 9 1537, 1538, 1539, 1540, 2682,
2683, 2684, 2687, 2690
DPC 1 2697 2697
DPQ 2 2713, 2715
E 2 1777, 2064
EOT 1 2811 2811
F 7 1698, 1700, 1701, 1718, 2076, 2761
2078, 2761
G 8 1765, 2082, 2083, 2084, 2087,
2224, 2226, 2596
H 3 1775, 2095, 2096 2096
i 2 2600, 2602
K 4 1688, 2114, 2607, 2608 2114
MH 14 1501, 1503, 1506, 1510, 1511,
1512, 1517, 1518, 1520, 1522,
1523, 1524, 2577, 2587
MON 1 1787
MOS 5 1792, 1795, 1796, 1966, 1968 1795, 1968
OGA 2 2669, 3481
PSI 5 1526, 1527, 1530, 1531, 1535 1530
SBE 1 2928
SBG 1 2808
SDA 2 2172, 2179
SDB 3 1864, 2185, 2855 2855
SHB 1 2820
TFB 3 2655, 2665, 3300
TG 2 2155, 2161 2155
TJU 1 2832
TSE 1 2966 2966
vV 1 2131
YY 3 1812, 1817, 2136
| TOTALS | 137 ] | 22 | 2

Table I-4. List of samples of Montastrea annularis {from the Pleistocenc Ironshore
Formation. See Figure I-3 for map localities.
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annularis were polished, ctched with 5% HCI and examined on the scanning clectron
MiCroscope.

Complete or near-complete shells of Strombus gigas were scrially sectioned and
stained with Feigl's solution (Feigl 1937, p. 328-329: sec Appendix B for detailed
mcthodology). This allowed the calcite/aragonite distribution in the shell to be mapped in
three dimensions. Proportions of aragonite and calcite, and the percentage of shell
removed by the boring action of sponges, were determined by point counts of photographic
prints of thin scctions using an average of 670 points (range: 300 to 1200). These valucs
arc accurate o within 2 to 5% at a confidence level of 95%. This error margin is based on

cstimaies of probable error provided by Galehouse (1971, Figure 5, p. 398).

D. OCCURRENCE OF STROMBIU/S GIGAS, SIDERASTREA SIDEREA
AND MONTASTREA ANNULARIS

Modern Strombus gigas lives in the intertidal and shallow subtidal zones down to a
depth of at least 36 m (Javidpour 1978). They are found primarily in beds of Thalassia
testudinum and Syringodium filiforme, or on sand flats, but are also present to a lesser
cxtent on gravel, coral rubble and reef, when not too irregular or steep (Randall 1964).
Strombus gigas is a herbivorous organism which feeds mainly on epilithic algae on sea
grass (Randall 1964).

On Grand Cayman during the Pleistocene, Strombus gigas was most common in
lagoonal and inter-reef environments (Figure 1-4). Strombus gigas was not present on
patch reefs and the reef tract, but was abundant in areas between patch reefs and common
in channels through the reef tract. Although Strombus gigas has been collected from patch
reel localities (Table I-2), itis not a component of coral facies A, but rather forms part of
inter-reef deposits that are proximal to patch reefs. Based on molluscan associations,
Cerndwen (1989) cstablished that mixing between inter-reef and patch reef deposits was

constderable, due to mixing of sediments during excavations and collection of samples over
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arcas containing both facies. Samples of Strombus gigas from paich reef localities are
therefore treated as part of the inter-reef limestones.

Scleractinian corals such as Montastrea ansndaris and Siaderastrea siderea live in
normal salinity waters and generally colonize a hard substrate (Wells 1956). They are
abundant in modern lagoons and on reefs surrounding Grand Cayman. The bathymetric
sanges for Siderasirea sicdlerea and Montastrea anendaris arc 0.5 to 70 m, and 0.3 to 80 m,
respectively (Goreau and Wells 1967).

Morntastrea annularis and Siderastrea siderea were chosen for study because they are
common and have a wide distribution with respect to sedimentological facies (Huater and
Jones 1988, 1989). These corals are capable of sediment rejection, and live in a wide
varicty of environments (Hubbard and Pocock 1972). This wide distribution contrasts
with that of other corals such as Acropora palmata and Acropora cervicornis that are
confined to the reef tract becausce they are incapable of sediment rejection.

In the Ironshore Formation, Siderastrea siderea and Montastrea annularis are most
common in the patch reefs and the reef tract, but also occur as isolated colonies in lagoonal
and inter-reef arcas (Figure 1-4). Siderasirea siderea is less abundant and has a more

restricted distribution than Monrastrea annidaris (Figure 1-4).

E. TERMINOLOGY

Following James and Choqucite (1983), the term cement herein refers to any pore-
lining or pore-filling carbonate precipitate, regardless of whether it acts as a binding agent
or simply fills internal pores. This usage agrees with that of Bathurst (1975, p. 416), who
applied the term to "...all passively precipitated, space-filling carbonate crystals which
grow attached to a free surface...". Cements are precipitated in original cavities (e.g.
intraskeletal pores of corals, on and between skeletal components and grains) or in voids

created by :issolution or biocrosion.
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In sim transformations between a mineral and itself or a polymorph in the absence of
an appreciable void stage arc what Folk (1965) referred to as neomorphism. This broad
term includes the process of recrystallization - which involves no change in mincralogy.,
but only changes in crystal size, shape or oricatation; and inversion - which refers to
neomorphic transitions between a mineral and its polymorph. The process of inversion has
also been referred o as in situ reerystallization (Bathurst 1964, p. 371),
paramorphic replacement (Fricdman 1964), and polymorphic replacement
(Bathurst 1975, p. 476). In its strictest sensc, the term replacement was used by Folk
(1965) for changes between one mineral and another of a different composition, though he
recognized that it is widely used to refer to any mincralogic transformaiion, including
inversion.

Inversion is an in sitie process, and as such it commonly results in the preservation
of primary microstructurc and/or relics of the original polymorph. By contrast, a ccment
that is precipilated in a void created by dissolution of an carlier phase may preserve the
external form of the cavity, but does not retain evidence of the original internal structurc.
The dominant product of aragonite to calcite inversion in the metcoric realm is a caleite
spar, which due 1o its ncomorphic origin, may be referred to as neomorphic spar. This
usage is consistent with that of Bathurst (1975) and Schneidermann ez al. (1972), and is
convenient in distinguishing this type of spar from calcite cement.

The term micrite was originally introduced by Folk (1959) to refer to clay-sized
matrix which characlerizes low cnergy deposits. Sincc its initial application, it has been
used in a varicty of ways, both as a purely descriptive term and as a descriptive term with
genetic connotations. Friedman and Sanders (1978) and Fricdman (1985a, 1985h) argucd
that because matrix typically refers to mechanically deposited material between particles, the
term micrite should be restricted to "... lithified mechanically deposited lime mud...".
Furthermore, Friedman (1985b) argued that the term micrite cement, as used by

Alexandersson (1969), Ginsburg ez al. (1971), James et al. (1976), Jamces and Ginsburg
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(1979), Land and Moore (1980), Marshall and Davies (1981), Marshall (1983), Hook er
al. (1984), and Coniglio et al. (1988) is a contradiction of terms. Despite this, Milliman er
al. (1985), Macintyre and Marshall (1988), and Jones (1989) have recognized the need for
a term which can be used for descriptive purposes that does not carry genetic implications.
Such usuge is imperative due to the difficulty in establishing criteria to distinguish finely
crystalline caleite cement from clay-sized sediment. The term micrite is therefore used
herein to refer to grains or crystals less that 4 ym in size, regardless of their origin.
McKee and Gutschick (1969 . applied the term peloid to allochems formed of
microcrystalline or cryptocrystalline material, irrespective of their size or origin. Bathurst
(1975) noted that the term is useful because it allows reference to grains of microspar or
micrite without the need to imply any particular mode of formation. The term peloid
therefore encompasses a wide variety of particles including fecal pellets, micritized skeletal
particles and other altered grains, calcified bacterial clumps (Chafetz 1986) and inorganic

cement precipitates (Macintyre 1985).

E. TEXTURAL CRITERIA FOR THE RECOGNITION OF CEMENT AND
NEOMORPHIC SPAR

The differentiation of neomorphic spar and cement in thin section requires a
knowledge of certain fabric criteria (Table I-5). This task can be difficult because
ncomorphic spar may cxhibit textural characteristics that are the same as cement. For
cxample, although crystal size in neomorphic spar commonly varies irregularly from place
io place (Bathurst 1975), it may also show a regular vectorial increase in crystal size.
Despite these problems, several textures are indigenous to neomorphic products, and thus
can be used as textural criteria for identification purposes. The most reliable criteria for
identifying ncomorphic spar 1s the presence of relict structures and inclusions, because

these cannot be preserved by complete dissolution and subsequent precipitation of cement.



CEMENT

NEOMORPHIC SPAR

Margin of sparry mosaic coincides with surfaces
that were once free, such as surfaces of skeletal
particles or ooids or molds of aragonitic shell
fragments

Contacts between spar and particles sharp

Spar lines cavity which it fills incompletely, or
occupies the upper part of cavity whose lower
part is occupied by a more or less flat-topped
(geopetal) sediment

Spar is interstitial (interparticle) with well-sorted
and abraded particles in depositional contact with
each other

Relic structures absent

Crystal size increases away from initial substrate;
commonly two or more genarations of spar

Crystals of mosaic have preferred orientation of
long axes and optic axes normal to initial
substrate

Intercrystalline boundaries planar

High percentage of enfacial junctions (triple
junctions with one angle equal to 180°)

Crystals typically clear with straight extinction

Skeletal structures, depositional structures and
particles transected by sparry calcite

Naomorphic spar transects older fabrics such
that crystals at margins of neomorphic mosaic
embay crystals of material being replaced

Spar is not associated with discernible voids or
cavities

Floating relics of original material (patches of
micrite, peloids, skeletal remnants) completely
surrounded by spar.

Linear arrangements of relic inclusions cut across
calcite mosaic, continuing without deviation
across intercrystalline boundaries

Crystal size commonly varies irregularly from
place to place but may also show a regular
vectorial increass in crystal size

Crystal orientation may be either randorn, or
exhibit a radial-fibrous arrangement

intercrystalline boundaries vary from curved to
wavy

Enfacial junctions rare

Crystals may be pale brown and pleochroic, with
undulose extinction

Table I-5. Textural criteria for the recognition of cement and ncomorphic spar.

Modified from Bathurst (1975).
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II. SKELETAL MORPHOLOGY AND STRUCTURE OF
STROMBUS GIGAS, MONTASTREA ANNULARIS AND
SIDERASTREA SIDEREA

Critical 10 the understanding of aragonite to calcite alteration in Ironshore skeletal
components is a detailed knowledge of original skeletal morphology and structure. The
purpose of this chapter is to provide a review of morphological features and microstructural
clements of Strombus gigas, Siderasirea siderea, and Moniastrea annularis, and to cstablish
a framework for recognition of altered portions of the skeleton and description of diagenetic

Lextures.

A. STROMBUS GIGAS

Sheil Morphology

Strombus gigas is a dextrally spiraled (coiled from left to right as seen from the
apex), evolute gastropod with well developed spines on the spire almost to the apex (Plate
iI-1A). In its adult form, the aragonitic shell is 15 to 30 cm long, has a flaring outer lip and
small U-shaped indentation or stromboid notch at the base of an elongated aperture. Shell
thickness ranges from 2 mm in the inner whorls, to more that 2 cm in the columella and lip.

Strombus gigas, commonly known as the 'queen conch' or 'pink conch', is readily
distinguished from other Strombids by its large adult size, widely expanded lip, and in
modern specics, its pink, yellow and orange coloration in the aperture (Clench and Abbott
1941; Abbott 1974).

Damage to the shell by boring and movement over sand and rock substrate is
periodically repaired by deposition of new skeletal material along the inner edge of the
shell. The spines and apex of the spire cannot be protected by new layers; thus, they

become bluntly rounded and gradually diminish in size (Randall 1964).
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Plate II-1

Skeletal structure and microstructure of Strombus gigas, Siderastrea siderea and Montastrea

annularis.

(A) Photograph of the shell of Strombus gigas (#2648, CR #285, Loc. TFB).

(B) Thin section photomicrograph of crossed-lamellar structure in Strombus gigas. First
order lamellac are oriented N-S, and second order lamellac are WNW-ESE and
WSW-ENE (#2892, Loc. PBQ).

(C) Photograph of Siderastrea siderea. Colonies are cerioid. Corallitc walls arc defined
by fenestrate synapticulothccae (Modernt sample provided by 1. Hunier).

(D) Photograph of Montastrea annularis. Colonies are plocoid. Corallite walls arc

separated by coenosteal elements including costae and exothecal disscpiments
(Modern sample provided by I. Hunter).
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Skeletal Microstructure

The shell of Strombus gigas is formed of four layers of aragonite with alternating
orientations of crossed-lamellar structure. Crossed-lamellar structure (Plate 11-1B; Figure
I1-1) is common to many groups of molluscs, and has been described in detail by Boggild
(1930), Taylor et al. (1969), Bathurst (1975), and Nakahara et al. (1981). Crosscd-
lamellar structure is always aragonite; however, the scale of structural components varics
greatly between taxa.

In Strombus gigas, first order lamellac are rectangular plates 15 to 50 pm wide, that
lie normal to the shell surface in the first and third layers of the shell, and oblique or
longitudinal in the second and innermost layers. Each first order lamellac is formed of
second order lamellae that lie perpendicular to the first order lamellac. Second order
lamellae arc 1 to 1.5 um wide, and have opposcd directions of inclination in adjacent first
order lamellae (Figure 1I-1). The first order lamellac is a single cntity with perfect uniform
extinction, despite the fact that it is composed of a serics of second order lamellae.

Second order lamellac are formed of numerous rod-shaped aragonite crystals
assembled parallel to one another, and parallel to the tabular surface of the second order
lamellae. These crystals are the basic microstructural unit of crossed-lamellar structure.
They are O.1 to 0.2 pm wide, 0.5 to 8 ym long (average 3 ym), taper slightly towards their

ends, and have rounded terminations.

B. SIDERASTREA SIDEREA AND MONTASTREA ANNULARIS
Skeletal Morphology

Siderastrea siderea
In the Ironshore Formation, Siderastrea siderea occurs as massive, hemispherical
colonies up to 2 m in diameter. This coral is characterized by cenoid colonics with closely

spaced cups or calices that share a common wall (Plate II-1C). Individual calices are4to S
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mm in diameter, and up to 3 mm deep (Vaughan 1919). There are typically more than 48
septa, in five septal cycles; the fifth being incomplete. The columelia is small and papillary.
The inner edges of the septa slope gently (45°) towards the columella, resulting in a wide
fossa.

Adjacent septa are connected by 3 1o 4 rows of synapticulac which pertorate the
mesenteries between adjacent septa. Between cach adjacent pair of septa there are 3 10 4
rows of synapticulae. Well defined corallite walls (thecae) are formed of several
synapticular rings (Wells 1956).

In addition to synapticulae, there are horizontal dissepiments between septa which
support the polyp and scparate it from lower parts of the skeleton (Duerden 1904). In
Siderastrea siderea, these arc endothecal dissepiments because corallites share a common

wall and all dissepiments occur in a calice.

Montastrea annularis

In the Ironshore Formation, the dominant growth forms ol Montastrea annularis
include massive hemispherical and cauliflower-like colonics. These colonics arc up to 2 m
in height or diameter.

Montastrea annularis forms plocoid colonies, in which corallites have scparated walls
that are united by costae and disscpiments (Plate 1I-1D). Calices are circular or slightly
deformed, 2 to 4 mm wide, and 0.5 to 2.0 mm apart (Vaughan 1919). Therc arc 24 scpia
per calice, 12 of which reach the columella (Vaughan 1919). The margins of the first two
cycles of septa are raised so that they are higher than the theca (exsert). The scpta
correspond to an equal number of costae, which extend across the calicular margin and join
the septa of adjacent calices.

Both endothecal and exothecal dissepiments are present in Montastrea annularis.
Endcthecal dissepimenis are thin, flat, and ncarly horizontal, whercas exothecal

dissepiments are curved (Vaughan 1919).



Skeletal Microstructure

The fundamental skeletal elements of scleractinian corals such as Siderastrea siderea
and Montastrea annularis arc minute aragonite fibres which occur in two distinct
arrangements. Spherulitic clusters of aragonite needles, known as sclerodermites
(Figurce II-2A), account for almost all of the coral mass (Bames 1970). Sclerodermites
unite to form trabeculae (Figurc 11-2B), which are the building blocks of septa,
synapticulae, costac and the columelia (Ducrden 1904; Vaughan and Wells 1943; Wells
1956: Bathurst 1975). A less common arrangement is that of aragonite fibres assembled in
dense, fibrous laminar sheets with long axes of the ncedles transverse to the sides of the
sheet (Wells 1956; Bathurst 1975). This type of arrangement is typical of the basal plate,
dissepiments, and stercome.

Septa, synapticulac, costae and the columella are composed of scicrodermites 100 to
200 pum in diameter (Figure 1I-2A). The centers of sclerodermites arc centers of
calcification from which the long axes of aragonite fibres radiate in three dimensions
(Bryan and Hill 1941; Wells 1956; Wainwright 1964, Bathurst 1975). Wainwright (1964)
demonstrated that cach aragonite fibre is formed of an aggregate of acicular aragonite
crystals with "...c axes having a preferred orientation within 10° of the axis of the fibre,
and with a and b axes randomly arranged” (Bathurst 1975, p. 26). In Siderastrea siderea
sclerodermites arc composed of aragonite crystals, 1 to 2 ym wide and up to 100 gm long,
arranged in bundles 10 to 20 um wide. The ends of these bundles are evident along the
margins of septal pores.

Individual sclerodermites are united in linear series, to form pillars with circular cross
scctions equal to the diameter of the sclerodermites (Figure 1i-2B). These pillars are
known as trabeculae, and contain continuous lines of closely spaced centers of
calcification along their centers. Trabeculae are simple, if composed of a series of single

sclerodermites, or compound, if composed of bundles cf sclerodermites.
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Figure II-2. Schematic diagram of basic scleractinian microstructure: A. Sclerodermite. B. Trabecula. C. Septum. Modified



Wainwright (1963, 1964) divided the trabecula into three zones, based on different
crystal texturc (Figure 11-2B). The Center of Calcification consists of randomly
oriented, small (less than 1 m across), equant crystals of aragonite that appear dark brown
to opaquc in thin scction because soluble organics fill intercrystalline pores. The Brown
Zone consists of a combination of randomly oriented, equant crystals and oriented
aragonite ncedles; pore spaces in this zone are empty. The Peripheral Zone of the
trabecula consists of oriented, tightly packed aragonite needles with virtually no
intercrystalline porosity.

Septa (Figurc 11-2C) represent palisades or fans of trabeculae, in which the
trabeculae are inclined outwards from an axis of divergence (Wells 1956). Depending on
how tightly or openly the trabeculae are packed, the septum may be laminar (closely spaced
centers of calcification) or fenestrate (loosely connected trabeculae). Dentate septal margins
result from septal granulations that occur where diverging centers of calcification emerge at
the surface of a septum. Synapticulae are composed of trabeculae, and may have either a
scparate center of calcification, or be formed from extensions of the trabeculae in adjacent
scpla that join midway (Duerden 1904).

Trabecular structure is the dominant morphology of coral microstructure; however,
some skeletal elements have a distinctly different morphology. The skeletal material of the
basal plate, dissepiments and stereome (dense secondary skeletal deposit) consists of
dense, fibrous sheets in which the long axes of the fibres lie normal to the surface of the
shect. These laminar sheets have no distinct centers of calcification, amd are marked only
by growth laminations (Wells 1956).

Bryan and Hill (1941) and Wainwright (1963) noted that there does not appear to be
any difference between the fibres that form sclerodermites, and those which have a laminar
arrangement. Rather, the orientation of the fibres is controlled by "...their invariable
growth normal to the skeletogenic epithelium” (Bathurst 1975, p. 26). Trabecular fabric

results from calcification in a sharply folded epithelium, whereas parallel {ibres are
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produced in the flat cpithclium which controls the growth of the basal plate, disscpiments

and stereome (Wells 1956; Wainwright 1963; Bathurst 1975).

Siderastrea siderea

The septa of Siderastrea siderea arec composced of one fan system of small,
predominantly simple trabeculac (Wells 1956). Trabeculac are widely spaced, with centers
of calcification 125 to 200 um apart; thus the scpta arc porous, with pores or perforations
more or less regularly spaced between adjacent trabeculac. The upper margins of the scpta
are lined with septal teeth or dentations and the sides arc strongly granulated (Wells 1956).
The columella is composed of one or more paptllary trabcculac (Wells 1956).

Between adjacent septa are synapticular rods formed by the union of trabeculac {rom
two opposed septal granulations. The corallitc wall or theca of Siderastrea siderea is also
formed of synapticulae, thus it is referred to as a synapticulotheca (Wells 1956). The
wall is fenestrate with regular perforations, and is shared by adjacent corallites.

Endothecal dissepiments represent transverse partitions which serve to cut off the
living polyps from the dead part of the skeleton below (Duerden 1904). Unlike sepia,
dissepiments contain no centers of calcification, but they consist of thin (10 to 50 pm)
laminar sheets in which aragonite fibres stand at right angles to the surface. Disscpiments

occur at intervals of 0.6 to 0.8 mm along the length of the corallite.

Montastrea annularis

The septa of Montastrea annularis are formed of one fan system of mostly simple
trabeculae (Wells 1956). The margins of both septa and costac arc regularly dentate, and
have granular sides (Vaughan 1919).

Both endothecal and exothecal dissepiments in Montastrea annularis arc formed of
dense sheets of aragonite crystals arranged at right angles to the margins of the sheet. The

corallite wall is defined by layers of secondary thickening of the cuter parts of the scpta.



The sccondary skeletal material, which forms the wall, is referred to as stercome, and has a
non-trabeeular structure similar to that of the disscpiments.

Monitastrea a-awularis is characterized by a well developed trabecular columella, whose
upper surface lies about 1 mm below the thecal margin (Vaughan 1919; Wells 1956). The

diameter of the columella varies from about one third to one half the diameter of the calice.



III. DIAGENETIC ALTERATION OF STROMBUS GIGAYS

Aragonitic shelis of Sirombus gigas have been allered by:
1. boring of the shell b biocroders, particularly sponges,
2. partial or complete filling of these borings by internal scdiments and cements, and
3. partial or complete alteration of the aragonitic shell to calcite. Shells of Strombus gigays

arc also commonly encrusted by bivalves, foraminifera and Siderastrea siderea.

A. SPONGE BORINGS

Plcistocenc shells of Strombus gigas {tom Grand Cayman have been substantially
altered by boring organisms. Entobia >pp., priduced by clionid sponges and to a lesser
cxtent spirastreilid sponges (Broniley 1970; Bromilcey and d'Alessundro 1984; Pleydell and
Jones 1988), arc dominant. Coring has removed an average of 11% of the shell by

volume, to a maximum oi 38% (Table I11-1).

Morphology and Distribution

Fntobia spp. are characterized by a complex network of interconnecting, slightly
irregular and/or elongate, spherical to ovoid chambers, 0.5 1o 5 mm wide (Plate 111-1A),
that have pitted or scalloped walls (Plate I11-1B).

Sponge borings are typically most dense along the outer edge of the lip of the shell,
but also occur in the exposed portions of the spire and its spines (Figure 111-1). The depth
of penetration of sponge borings is typically less than 1 ecm from the outer surface of the
shell. The shell lip of adult Strombus gigas ranges in thickness from 2 to 2.5 ¢m, thus up

to ene-half of the lip has becn altered by bioeroders.
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Plate I1I-1

Sponge borings, internal sediments and cements in Strombus gigas.

(A)

(B)

(©)

(D)

(E)

(F)

(G)

Thin section photomicrograph of a spine of Strombus gigas that has been extensively
bored by sponges. This interconnected network of irregular and/or clongate,
spherical to ovoid chambers is typical of Entobia spp. (#2202, Loc. MA).

Detailed view of an individual sponge boring in an aragonitic shell. Note the
scalloped surface of the walls of the boring (#2892, Loc. PBQ).

Thin section photomicrograph of a sponge boring containing bivalve and coral
fragments, and peloids. The allochems are encased by a densce layer of fluorescent

micrite and cemented by pelsparite and blocky calcite spar (#1983, Loc. MOA).

Thin section photomicrograph of a sponge boring containing pelsparite (ps) overlain
by vlocky calcite spar (¢s) cement (#1528, Loc. PSI).

SEM photomicrograph of growth zones in blocky calcite spar (#2800, Loc. SBD).

Detailed view of pelsparite. Densc spherical to subspherical peloids (p) are
surrounded by equant crystals of microspar (#1528, Loc. PSI).

Thin section photomicrograph of a sponge boring containing a fibrous mat of
randomly oriented needle fibre calcite (nf) crystals (#2965, Loc. TSE).
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Figure III-1. Tracings of serial sections of Strombus gigas showing the distribution of
calcite and aragonite in three dimensions. Slabs are shown consecutively

from the apex or posterior end to the anterior, and are spaced approximately
2 to 3 cm apart.



Internal Sediments

Sponge borings in Strombus gigas contain poorly lithified to indurated internal
sediments that are highly variable in terms of their distribution, amount, composition, grain
size, and sorting (Figurce 111-2). The composition, grain size, and sorting vary according to
the locality from which the sample was collected; however, the amount of sediment varies

between samples from the same location and between adjacent borings in the same shell.

Composition and Distribution

The allochems present in sponge borings include partly altered and unaltered skeletal
fragments and peloids, 50 ym to Imm long (Plate I1I-1C). Skeletai grains include
fragments of molluscs (particularly bivalves), corals, Halimeda, red algae, echinoids,
foraminifera (especially peneroplids), and tunicate spicules. Jones (1990) provided
detailed morphological description of these spicules and their syntaxial overgrowths. The
peloids include extensively micritized and recrystallized skeletal fragments, as well as fecai
pellets, as indicated by the presence of canal systems. Skeletal fragments are generally
rounded 1o well rounded; however, shells collected from bivalve facies A and B contain
allochems that are significantly more angular than those of other localities. The variability
in the roundness of the allochems is a function of the nature of the depositional facies from
which the shell was collected.

The allochems are commonly encased by micritic coatings 10 ygm to 30 ym in
thickness. Examination of these micrite coatings at high magnification shows that in some
grains, the contact between the micrite and the allochem is diffuse, and the micrite layer
appears 1o represent an altered rim of the allochem. More commonly, the contact between
the micrite and the allochem is sharp, and the coating is irregular in thickness, indicating
that the micritc is a cement coating. On some allochems, particularly those that are not
sheltered by other grains, the micrite cement coating on the upper surface of the particle is

slightly thicker than that on the underside (Figure 111-2D).
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Internal sediments are commonly geopetal (Figure [11-2B), cemented or uncemented,
and occur in conjunction with a variety of cement types. Interna! sediments are most
abundant in the borings closest to the shell edge; however, their distvibution and amount
varies greatly between adjacent cavities of the same shell. Some borings are almost entirely

filled with internal sediment whercas adjacent cavities are empty, or contain only cement.

Grain Size and Sorting

The internal scdiment ranges from micrite to coarse, skeletal fragments and peloids 50
to 500 um long. Rare, larger grains up to 1 mm are present. The degree of sorting ranges
from poor to good. In some borings micrite supports larger grains 30 to 150 ym long
(Figurc I1I-2A). Elsewhere, the sediment consists entirely of large grains 150 to 500 ym
long (Figure 111-2B).

The size and sorting of grains in sponge borings is controlled by the size, orientation,
and configuration of borings and their apertures. Large borings, that are well connected to
the shell edge and have large apertures, are dominated by coarse allochems, that occur
aloric or in conjunction with smalier particles. By contrast, smaller, more isolated cavities

arc empty or contain only fine-grained internal sediment.

Cements

Sponge borings in Strombus gigas contain, in order of abundance, (i) bincky caicite
spar, (ii) pelsparite, (iii) micrite coatings on the walls of the borings and allochems, and/or
(iv) ncedle fibre calcite. All four of these cement types may be present in an individual

boring; however, it is common for one or more of these cements to be absent.
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Blocky Calcite Spar

Blocky calcite spar is common in borings of shells collected from patch reefs (coral
facies A) and the recef tract (coral facics B), and less abundant in samples from quict water
lagoonal environmenis (bivalve facies A and B). Borings may be totally occluded by
blocky calcite spar or they may be lined with spar cement and have pore space remaining in
their interiors. Commonly, blocky calcite fills or lincs the upper part of a cavity that
contains geopetal sediment (Figure [1I-2B) or pelsparite (Figure 111-2C; Plate [11-1D).

Crystals of blocky calcite spar cement arc typically 20 to 150 ym long (average 75
pum); however, in extreme cascs, individual crystals arc up to 500 pm long. Crystals are
predominantiy equant (Plate [1I-1D); however, they are somctimes clongate. Where there
is a dominance of non-cquant crystals, there is a preferred oricntation of the longest axis
normal to the wall of the boring. Intercrystalline boundanes are planar. Some borings
show a significant increase in crystal size towards the center of the pore (Figure [11-2B;
2C), whereas others contain cement crystals that are all approximately the same size.

Growth banding, in the form of rcgular, straight bands 3 to 6 ym widec, is cvident in
samples that have been lightly etched in HCl and examined on the SEM (Plate H1-1E). The
growth zones are defined by differences in relicf on the surface of the cement crystal, and
are presumably related to slight variations in the solubilities of adjacent zones. Growth
bands can be traced across intercrystalline boundarics into adjacent cement crystals.
Interfaces between adjacent zones mark the former positions of old crystal faces, thus

zoning documents the growth history of the crystals.

Pelsparite
A relatively common type of cement in sponge borings consists of densc spherical to
subspherical aggregates of micrite 20 to 50 ym in diamcter ('floating peloids' of Macintyre

1985) surrounded by equant crystals, 4 to 15 ym wide (Plate [1I-1F). The edges of the



'floating peloids' arc poorly defined, and have surfaces that are transitional with the
microspar that surrounds them.

Pelsparitc cecment may accumulate as a geopetal fill in the lower portion of a cavity
(Figure I11-2C; Plate 111-1D), fill the cavity entirely, or have an irregular distribution, in
which most of the cement adheres to cavity wal's, but irregularly distributed and shaped
pockets of pore space remain. Porcs in the pelsparite are commonly filled with blocky
calcite spar (Figure 111-2D). Where pelsparitc occupies the lower portion of a boring, it is
commonly overlain by blocky calcite spar (Figure 111-2C). The boundary between
pelsparitc and coarscr spar is cither diffuse or sharp. Pelsparite cement commonly
incorporates allochems such as mollusc fragments, Halimeda, coral fragments and

foraminifera (Figure I11-2D).

Micrite Coatings

The walls of sponge borings in Strombus gigas are commonly lined with a layer of
dense fluorescent micrite, 10 to 45 um thick (average 15 gm). These coatings, formed of
subcquant rhombs, arc petrographically similar to the micrite cement coatings that encase
skcictal fragments and other allochems. Micrite coatings are commonly slightly thicker
along the basal surface of the boring (Figure III-2C). They commonly appear lumpy and
cloticd, perhaps duc to the incorporation of allochems or 'floating pcloids', 5 to 15 ym
long. Such linings commonly show partial alteration to coarser spar crystals, 5 to 10 gm

long.

Needle Fibre Calcite
A relatively rare variety of cement in sponge borings consists of elongate crystals 2 to
4 um wide, and 10 to 40 ym long (Plate 11I-1G). Following the terminology of Folk

(1965, p. 25), thesc crystals are referred to as 'needle fibres'. This type of cement occurs
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as scattered randomly oricented crystals, and less commonly, as loose fibrous mats and

tangential needle fibres.

Discussion

Origin and Occurrence of Sponge Borings

The boring action of sponges is accomplished by chemical dissolution of the substrate
(Cobb 1969; Rutzler and Rieger 1973 Rutzler 1974, 1975; Pomponi 1977; Acker and Risk
1985) and the eventual removal of hemispherical chips 40 to 60 ym in diameter. Boring
sponges possess specialized ctching cells or amocbocytes that relcase a substance (possibly
carbonic anhydrase - Rutzler 1975) that isolates and then separates a chip from the
substrate. Although a chemical mechanism of boring implies that much of the substrate is
chemically dissolved, it is estimated that only 2 ‘0 3% of the excavated material is removed
in solution (Warburton 1958; Rutzler and Rieger 1973).

The dominant product of the dissolution process is the creation of particles with
rounded to oval or elongate outlines, that have a single large convex basal surface and up to
ten concave side or roof surfaces (Futterer 1974; Ekdale et al. 1984). The characteristic
morphology of carbonate chips produced by boring sponges is recognized in the fine
fraction of many sediments in both modern and ancient regimes. The proportion of modern
recf sediments attributed to biocrosion by sponges is estimated at 2 to 3% in the Persian
Gulf and northern Adriatic Sea (Futterer 1974), 30% at Fanning Island (Futtcrer 1974),
and 40% on the Bermuda Platform (Rutzler 1975).

The amount of shell material removed by biocrcxders from Pleistocene samples of
Strombus gigas ranges from O to 38% by volume and averages 11% (Table 111-1). The
degree of boring in Strombus gigas from lagoonal and inter-reef environments is variable
(Figure 111-3), and reflects localized differences in the abundance of biocroders and the
length of time over which they affected the shell. Strombus gigas from reef tract and reef

channel environments contain a significantly lower proportion of borings compared to their



39

pUR JOJUN WOIJ SIUSWILIOIIAUS PUE S3I08,] "UONBULIO] JI0YSUOI] 3y} JO saloe) 10 sv818 snquiods ui 3utioq adejusdind “¢-111 amng1g

(6861) sauof

T3NNVHO 4334

10vdl 4334

4334-H31NI

d4334-431NI

4334-43UNI/ 4334 HO1Vd

NOOYV

NOOOV

ANIWNOHIANT

&89
(]
—

e——o0 PP °

@ 900 L 4

& L
o  J
Lovveovonabogovngstypragaraatoreriveisld
o e ® o 0

ONIHOS 39V.INIOHId

INIOd YIVQ —@—

INOLSNIVHD TYLININS
@31HOS 13Mm

8 Tvd0O

INOLSNIVHD TV1313INS
a3modung A13.1vH3Iaonw

ANOLSNIVHO
WIITENS

vV IvdOO

8 3ATVAIE

v 3ATVAIE

S310v4d




40

lagoonal and inter-reef counterparts (Figure 111-3). This might be explained by higher
energy conditions, because the colonization of a shell or other substrate by sponges is
strongly influenced by the hydrodynamic regime, particularly at the free swimming larval

stage (Lawrence 1969).

Composition, Grain Size and Sorting of Internal Sediments

The internal sediments of sponge borings in Strombus gigas arc similar in
composition, grain size, and sorting to the rock and poorly lithified sediment that cncases
the shell. For example, shells of Strombus gigas {rom arcas dominated by poorly sorted
skeletal wackestones and packstones of bivalve facies A and B, contain internal sediments
formed of fragmented bivalves, gastropods, foraminifera, and corals mixed with very fine-
to fine-grained non-skeletal carbonate particles. Similarly, shells from coral facics A and B
contain internal sediments characterized by numerous altered and unaltered, medium- to
coarse-grained coral fragments. In general, the lithological and compositional
characteristics of internal sediments in shells from various localitics arc consistent with the
facies descriptions of Hunter and Jones (1989) for those localities (Table I-1). The upper
size range of the grains is typically not represented in the borings due to the restrictive
nature of the configuration and size of pore apertures (Ginsburg 1973; Scoffin and Garret

1974).

Origin of Cements

Sponge borings in Strombus gigas contain micritc cement, pelsparitc, blocky calcite
spar and needle fibre calcite cements. Regardless of which types of cement are present in
an indi:»idual boring, the sequential order of precipitation of these phases was constant
(Figure I11-4). Petrographic evidence indicates that filling of the borings with sediment
may occur before, during, or after precipitation of micrite coatings and pelsparite, but

always predates blocky calcite spar and needle fibre calcite.



41

"3)10[eD 01q1 9[paou pue Jeds dj10fed £Yo0[q sojepaid sfem(e inq ojueds|ad pue
sFunros ayudnu jo uoneidioaid so1pe 10 Suunp ‘010§0q 4ndoo Sewl JUGWIPIs Yim s3utioq 3y jo Jul[[y

ey 010N suS1S snquioys w s3unioq oduods ut soduonbas 1wowod djgqissod jo wesdelp onewdydpg -] undig

3LI97vO 34814 31A33N

i

"Hv¥dS 3LI0TVD AXO0T8

A|.||||||||

A A

3LIBYdS13d 4—

SONILYOD JLIHOW

DNIHOE IONOJS




Blocky Calcite Spar

Blocky calcite spar is volumetrically the most important ccment in the sponge
borings. Due to its coarse crystal size and predominantly equant habit, it is considered (o
be diagnostic of freshwater metcoric diagenesis (Bathurst 1975- Longman 1980; James and
Choquetuie 1984). Aithough high magnesium calcite cements are precipitated in submarine
settings, the morphology and sizc of submarine calcite differs from calcite cements
precipitated in the meteoric environment. Submarine calcite cements arc dominantly micrite
(James and Choquette 1983), but tibrous to bladed cystals less than 100 gm long are also
common (James e7 af. 1976; James ar Ginsburg 1979: Marshall and Davies 1981;
Aissacui er al. 1986, Rure caarn o stals of caleite, 20 1o 50 pm wide, occur locally in
hardgrounds and reefs (Jamc: «wod ¢ hoguetic 1983).

Borings in shells that are -Jominantly aragonite contain si gnifrcantly lower
proportions of blocky calcric spar than do highly calcitized sam ples. The corrclation
between low degree of calcite cementation and low degree of mincralogical alteration
indicates that, for these samples, circulation of meteoric fuids saturated with respect o

calcite was inhibited.

Pelsparite

Pelsparite in sponge borings in Strombus gigas is texturall y sitmilar to that described
from modermn reef's (Ginsburg et al. 1971; Land 1971 Fricdman ef al. 1974; Scherer 1974,
James et al. 1976; Macintyre 1977; Alexandersson 1978; Macintyre 1985; Chafctz, 1986).
It is abundant in modemn reefs, particularly in isolated and semi-isolated reef cavities, and
as surface crusts on framework components. Despite evidence that pelsparite forms in
marine environments, similar textures can occeur in vadose scttings (Jones 1989). This
suggests that cither marine waters are not essential to the formation of these textures, or that
periodic or repeated incursions of marine water into vadose environments may produce

petrographically identical features (Jones 1989).



Pelsparite cements in modern reefs contain clliptical to sphencal pelotds, 15 to 60 um
in diameter, that consist of a dense micritic nucleus and a more coarsely crystalline rim.
The mechanism by which these marine peloids form is controversial. The proposed origins
for these peloids include:

i. replacement texture (Taylor and Illing 1969; Shinn 1969),

19

fecal pellets (Macintyre e al. 1968; Land and Goreau 1970; Land and Moore 1980),

dcetrital grains (James e? al. 1976),

oW

calcified algal filaments (Schroeder 1972; Ginsburg and Schroeder 1973; Friedman ez

al. 1974),

VN

cruslosc coralline algae (Gvirtzman and Friedman 1977),
6. inorganic cement precipitates (Alexandersson 1972a, 1972b; Macintyre 1977; Marshall

and Davies 1981; Marshall 1983; Lighty 1985; Macintyre 1985), and

~i

bactenally induced precipitates (Macintyre and Videuch 1979; Chatetz 1980).

Early interpretations of peloidal textures in marine reef rock suggested that the peloids
represent exisling carbonate grains or organic structures that were altered and/or
incorporated into the cement during its precipitation.  As the widespread occurrence of
submarinc cecments in modern reefs became known, it was accepted that the peloids
precipitated directly from sca water. This view is currently held as the most viable
mechanism for marine peloid formation; however, the degree to which nucleation is
organically induced and/or controlled has not been established.

Chafetz. (1986) presented evidence that the cores of the peloids are composed of fossil
bactenal clumps. Alternatively, inorganic precipitation may occur through intermediate
growth stages (Alexandersson 19725, 1978), repeated nucleation (Macintyre 1977, 1985},
spontancous nucleation (Marshall 1983), or crystal growth on nuclei of silt-sized clastic
detritus (James er al. 1976). The difference in texture between the nucieus and rim of the

peloids suggests that the dentate nm of the peloids represents a secondary stage of slower
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and more organized precipitation of coarser cuhedral calcite (Macintyre and Marshall 198R;
Macintyre 1977; Marshall 1983; Chafctz 1986).

The process of spontancous nucleation as outlined by Marshall (1983) involves
pcloid nucleation in pore waters, and gradual enlargement of the peloids through successive
precipitation of micrite until they reach a critical size and sctie on the floor of the cavity.
Such a process would account for the geopetal accumulation of pelsparite in sponge
borings.

The inclusion of mollusc and coral fragments, Halimeda, and foraminifera in the
pelsparite indicates that it precipitated in the submarine environment concurrent with
accumulation of internal sediment in the borings. The submarine origin of this cement is
further substantiated by the fact that. based on petrographic evidence, it predates the

mecteoric precipitation of blocky calcite spar.

Micrite Coatings

A wide spectrum of processes is known or inferred 1o be responsi’ .. e
formation of micrite coatings on the surfaces of skeletal and non-siet -+ 0 . aponents and
cavitics. These include:

1. destructively gencrated micrite ‘envelopes' produced in the submarine environment by
centripetal replacement of aragonitic materiai by precipitation of micritic magnesium
calcite in boring tubes vacated by algac (Bathurst 1966; Winland 1968), fungi, and
bacteria (Friecdman er al. 1971),

2. micritization in the marine environment by dissolution/reprecipitation in an organic
mucilaginous sheath (Kendall and Skipworth 19693,

3. submarine cement precipitated on grains and skeletal surfaces as a rind of magnesium
calcite micrite (Ginsburg et al. 1971; Ginsburg and Schroeder 1973 Macintyre and

Marshall 198R),



4. constructively gencrated micrite coatings produced by coalescence of calcified filaments
ol the marine algae Ostreobium and associated precipitation of micrile and microspar
cement inside the pores (Kobluk and Risk 1977a, 1977b), and

5. constructive micrite coatings formed in the near-surface, vadose diagenetic environment
duc to colonization of grain surfaces by algae and fungi, calcification of their filaments,
and precipitation of micrite cement (James 1972b; Calvet 1982; Jones 1987).

Although micrite coatings form by a variety of processes, in the shallow marine and
vadose diagenetic environments, the mechanism by which the coatings have been created
can be determined from detailed examination of the coatings at high magnification. Steinen
(1974) prescented textural criteria for distinguishing inorganically precipitated micrite
cements from coatings or envelopes tormed by processes related to the activity of micro-
organisms. Petrographically, an inorganic origin for micrite coatings is confirmed if:

1. the contact of the substrate with the micrite cement is sharp 1n contrast to the diffuse or
ragged appearince of micrite coatings . - - :ciated with boring algae or micritized grain
boundaries,

2. texturally, the micrite represents a coating on the surface of the substrate rather than an
altered rim of the substrate, and

3. "...rchct cellular or laminar structures suggestive of algae are absent” (p. 1016).

In Strombus gigas, most micrite coatings on the walls of borings and surfaces of
allochems show no evidence of association with micro-organisms. Contact between the
miucrite and the substrate ts sharp, and the micrite does not appear to be an altered rim of the
wall of the boring or allochem. This evidence indicates that most of the micrite coatings are
truc Inorganic ccment precipitates.

As determined petrographically, micrite coatings usually predate the precipitation of
the pelspanite cement, suggesting that they arce predominantly marine in origin. The
increase in thickness of the coatings on the upper surfaces of allochems and along the basal

portion of borings, indicates that micrite may nuclcate from pore waters and then settle, in a
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manner similar to that discussed above for the formation of peloids. Some of the micrite
may have been precipitated in the vadose diagenetic environment, but the relative
importance of vadosc micrite compared to manne micrite is extremely difficult to assess
from petrographic evidence.

Regardless of their origin, micrite coati ngs arc more resistant to dissolution than the
aragonite interiors of the skeletal or non-skeletal material they encasce, thus they allow for
the preservation of original shapes of skeletal particles, borings or any surface they cout

(Friedman er al. 1971; James and Choquette 1984).

Needle Fibre Calcite

Needle fibre cements have been described from the Pleistocene of Barbados (James
1972a, 1972b; Steinen 1974; Harrison 1974, 1977), Pleistocene colianites from Mallorcea,
Spain (Calvet 1982), Holocene and Pleistocene colianites from Y ucatan (Ward 1970,
1975), subsurface Bahamian calcarenites (‘whisker crystals' - Supko 1971), and the
Pleistocene of Cayman Brac (Jones and Ng 1968). Needle fibre calcite is indicative of
vadose precipitation, and is commonly associated with surficial calcarcous crusts and
rhizoliths. They typically form fibrous mats of tangentially and/or randomly oriented
crystals that have accumulated i sheaths around rootlets. Ward (1970) suggested that these
crystals formed by calcite precipitation along or in fungal hyphac. Alicrnatively, Jumes
(1972a, 1972b) argued that they are the result of inorganic precipitation from
supersaturated vadose waters near the subacrial subsurface.

Needle fibre mats in the Pleistocene of Barbados are commonl y associated with
“...irregularly shaped areas which may be dissolution enlarged channclways” (Steinen
1974, p. 1014). Such channelways probably reprcsent paths of Icast resistance for
rootlets. Steinen (1974) also noted that needle fibre crystals arc present only in rocks that

have been exposed exclusively to vadose diagenesis, and are not preserved in samples that



have been alternately subjected to vadose and phreatic processes. Evidently these needic
fibre crystals arc unable o survive in the freshwaier phreatic environment.

Needle fibre calcite is a relatively rare type of cement in sponge borings, but where
present, it is always the last phase of cementation. These crystals probably formed in the
necar-surface vadose cnvironment in association with penetration of roots and rootlets into

the formation.

Cement Distribution

Cement type and abundance varies between localities and between adjacent borings of
the same shell. Despite this, the paragenetic sequence of cements is constant (Figure 111-4).
Cementation in sponge borings in Strombus gigas proceeded by:

1. submarine precipitation of micrite cement on the walls of borings and allochems,

2. submarine precipitation of pelspanie,
3. vadose (and freshwater phreatic?) precipitation of blocky calcite spar, and
4. vadosc precipitation of needle fibre calcite.

The type and amount of cement in sponge borings was controlled in part by
depositional environment. The abundance of micrite coatings and needle fibre cement
shows no apparcnt correlation to sedimentary facies, however the distribution of blocky
calcitc spar and pelsparite can be explained in terms of the hydrologic regime responsible
for depositional and diagenctic processes.

Blocky calcite spar and pelsparite are most abundant in shells collected from paich
reefs (coral facies A) and the reef tract (coral facies B). By contrast, shells from quiet
water lagoonal environments (bivalve facies A and B) contain a relatively low proportion of
blocky calcite spar and virtually no pelsparite. The lack of pelsparite in the lagoonal
deposits can be attributed to the relatively poor circulation of marine waters through pore
spaces. As shown by studies of modern marine environments, submarine cementation is

most pronounced along the seaward margins of reef’s and is not a significant factor in the

47



lithification of finer-grained back reef deposits that are protected from wave action. By
contrast, the reef tract and patch reefs formed under higher encrgy conditions that allowed a
greater degree of finid circulation in pores, necessary tor the precipitation of large volumes
of cement.

Blocky calcite spar is most abundant in shells of Strombus gigas collected from
localitics characterized by coral floatstones and boundstones that have significantly higher
porosity and permcability than their lagoonal counterparts. This higher porosity and
permeability has allowed significant volumes of meteoric waters to pass through them, thus

they contain higher proportions of metcoric cement.

B. MINERALOGICAL ALTERATION OF THE SHELL

The degree of alteration of ars_onite to calcite in the shell of Strombus gigas is highly
variable (Table I1i-1). The suite of samples examined includes sheiis in all stages ol
alteration, ranging from unaltered to compietely replaced (Figure 111-5). The intensity of
replacement by calcite shows no significant correlation to depositional facies (Figure 111-5)

or geographical location.

Textural and Mineralogical Relationships

Calcite is typically concentrated along the outer edge of the shell where boring is most
intense, and in the interior of the columelia (Figure 111-1; Plate 111-2). There is little or no
differcnce in the intensity of alteration from the anterior to posterior ends of the shell
(Figure II1-1). In addition, isolated irregularly shaped patches of calcite also occur
throughout the shell and appear to float in unaltered aragonite (Plate 111-2).

Altered portions of the shell consist of an interlocking mosaic of clongate to
subequant, anhedral calcite crystals (Plate I11-3A; 3B). Intercrystalline boundaries arc
ragged and uneven, and enfacial junctions (triple junctions with one angle cqual to 180°) arc

rare. Calcite crystals end sharply at the shell edge, and do not extend into surrounding
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Plate I11I-2

Photograph of a thin section through the columella of Strombus gigas. The onginal shell is
aragonite (a) with crossed-lamellar structure, and is partly replaced by clongate to
subequant, anhedral crystals of calcite (¢). Calcite is concentrated in the interior of the
columella, and along the outer edge of the shell where borings (b) arc abundant (#2614,
Loc. M).






Plate I11-3

Alteration of the aragonitic shell of Strombus gigas o calcite.

(A)

(B)

(&)

(D)

(BE)

(F)

Thin section photomicrograph of the interlocking mosaic of calcite that replaces the
shell. The mosaic consists of elongate to subequant, anhedral crystals.

Intercrystalline boundaries are ragged and uneven and enfacial junctions are rare
(#2094, Loc. H).

View as above (#2094, Loc. H).

SEM photomicrograph of the boundary between aragonite (a) and calcite (¢). The
contact is an irregular surface, except where it is controlled by boundarics in the
original aragonitic shell. Relict crossed-lamellar siructure is preserved in the calcite
mosaic (#1439, Loc. B).

Detailed view of the boundary between calcite (¢) and aragonite (a). Notc that there is
no pore space visible at the boundary (arrow) between the two phases (#1439, Loc.
B).

SEM photomicrograph of relict rod-shaped aragonite crystals (#1963, Loc. MOS).

SEM photomicrograph of the contact between aragonite (a) and calcite (¢). The
orientation of aragonite inclusions in calcite is identical to that of aragonite crystals in
the adjacent crossed-lamellar structure. The abundance of aragonite inclusions
decreases away from the aragonite/calcite contact (#1963, Loc. MOS).






sediment or sponge borings ('fabric sclective mosaic' of Pingitore 1976). Maximum
crystal size occurs in the columella, where individual calcite crystals arc up to 7 mm long.
Many large calcite crystals appear 1o be composed of small subcrystals with slightly
different extinction positions.

The contact between aragonite and calcite is sharp but irrcgular or jagged (Plate 111-
3C). Commonly, the calcite mosaic extends into aragonite along intercrystalline boundaries
betwecn calcite crystals. No pore space is visible along the aragonite/calcite contact (Plate
[11-3D). Floating patches of unaltered aragonite may be completely surrounded by calcite,
but more commonly it is calcite that is included in aragonite.

The distribution and texture of the calcitec mosaic is controlled by the original structure
of the aragonitic shell, and the sccondary development of cavitics by boring sponges.
Primary crossed-lamellar structure and original boundaries between shell layers are of
utmost importance in influencing the texture of the replacement product, and as such, arc
co-mmonly preserved as relics in the calcite that replaces the shell. Sponge borings arc a
significant control in that their presence or absence dictates the manner in which
replacement proceeds. By controlling the nature of the diagenetic process, sponge borings
exert an influence on resultant fabrics.

In thin section, relict aragonite microstructure is preserved as parallel lines of
inclusions in the calcite mosaic, that continue without deviation across intercrystalline
boundaries (Plate 11I-3C; 3D3). The orientation of these rows of inclusions is identical to
the orientation of {irst order lamellae in the adjacent aragonite. Examination on the SEM
shows that thes: inciuasions are rod-shaped aragonite crystals identical to those iri the
crossed-lamellar structure (Plate 11I-3E). These crystals are prescrved as relics in the
calcite, up to a maximum disiance of 1 mm from the aragonite/calcite contact (Platc [11-3F).
Preservation of these oriented inclusions results in a calcite mosaic that mimics the crossed-
lamellar structure of the aragonite. First order lamellac in the unreplaced aragonite can be

traced across the boundary into the calcite mosaic, where they are defined by the orientation



ol relict inclusions. Alternate zones in the calcite are coincident with adjacent lamellae 1n
the aragonite, and the orientation of aragonite crystals in corresponding zoncs on either side
of the boundary is identical. Relict lamellae in the calcite are thercfore defincd by
differences in the orientation of relict aragontte crystals.

Original boundarics between the four layers of the shell control both the distribution
and texture of the calcite. Commonly these boundaries act as barriers to replacement such
that the calcite mosaic ends sharply along this contact, and individual calcite crystals
terminate against the edge. Where this occurs, the crystal face in contact with the primary
boundary follows this surface and is planar to slightly curved. Where the calciic mosaic
transccts two adjacent shell layers, crystals of calcite on cither side of the boundary meet
along a planar surfacce (Plate 111-4A).

Textural evidence indicates that sponge borings are critical in controlling the nature of
aragonite to calcite alteration. Calcite crystals along the margins of sponge borings arc
typically clongate and oriented perpendicular to the margin of the boring (Plate 111-48; 4C).
This results in a radial fabne that display= a distinctive increase in crystal size outwards
(Plate 111-4C). In the arca between two or more adjacent borings, the surface along which
the radial fabrics from cach boring meet cun be identified as a compromise boundary (Plate
11-4D).

Shells of Strombus gigas that have undergone only slight mineralogical alteration,
show =~y rential replacoment of the aragonite surrounding the borings, such that calcite
forms rings around the borings. This association of sponge borings and replacement is so
prevalent that, in partly altered shells, the zones around the borings are wholly calcite. In
rarc samples that show no alteration to calcite (e.g. 2207 A; Table H1-1), the aragonite that
surrounds the borings is distorted or discolored. Although these 'alteration halos' are
common in shells that contaun no calcite, they are not present in aragonitic zones of partly

altered shells.

L
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Plate II1I-4

Textural characteristics of the calcite mosaic in Strombus gigas.

(A)

(B)

(&)

(D)

(E)

(F)

(G)

(H)

Thin section photomicrograph showing how onginal shell boundanies control the
distribution and texture of replacement calcite (a = aragonite, b = boring.c = calcite).
Organic rich surfaces between shell layers commonly separate replaced and
unreplaced portions of the shell. Where the calcite mosaic transects shell lavers
(arrow), intercrystalline boundarices between calcite crystals on either side are
commonly planar (#1893, Loc. MOA).

Thin section photomicrograph of the radial fabric of the calcite mosaic around sponge
borings (b). Calcite crysials arc elongate and oriented perpendicular to the bonings
(#2094, Loc. H).

Thin section photomicrograph showing the increase in crystal size of replacement
calcite away {rom borings (b) in the shell (#2926, Loc. SHB).

Comprise boundary (arrow) between calcite crystals that radiate outwards {from two
adjacent borings (b) (#2094, Loc. H).

SEM photomicrograph of curved subparallel growth bands in ncomorphic caleite
(#1963, L.oc. MOS).

Dectailed view of growth zones in ncomorphic calcite (#1963, Loc. MOS).

SEM photomicrograph showing the progression of growth zones in ncomorphic
calcite (¢) towards unaltered aragonite (a) (#1963, Loc. MOS).

Comparnison between growth zones in ncomorphic calcite, and those of blocky caleite
cement. Growth zones in the cement that lines the boring (by are more regular and
straight, and are thinner than zones in the ncomorphic calcite. Note that along the
margin of the boring (arrow), intercrystalline boundaries between ncomorphic calctte
and calcite cement are commonly coincident (#1963, Loc. MOS).






Examination of the ncomorphic spar at high magnification (SEM) reveals that many
of the ncomorphic crystals arc zoned, a feature that has not been documented previously.
These zones consist of gently curving subparallel bands, 5 to 10 pm wide (Plate 111-4E;
4F), that are continuous across intercrystalline boundaries in the mosaic. The progression
of zones in ncomorphic calcite radiates outwards from sponge borings in the direction of
unaltered aragonite (Plate 111-4G). Where zoned ncomorphic crystals lic adjacent to zoned
calcite cement in the borings, intercrystalline boundarics on cither side of the margin ol the
boring arc commonly coincident (Plate 111-4H).

A comparison of zoncs in ncomorphic calcite and growth bands in calcite cement
reveals two important differences:

1. growth zones in cement arc more regular and straighter than those of ncomorphic

calcite, and

19

zones in neomorphic spar are wider (5 to 10 gm) than those of cement (3 to 6 pHm

wide).

Evidence for a Neomorphic Origin of Calcite

Bathurst (1975) suggested a number of textural criteria that could bc used to
differentiatc neomorphic spar from pore-filling cemant. Several of these textures can be
cited as evidence that the calcite in shells of Strombus gigus is the product of in situ
inversion of aragonite to caleite and not duc 1o cementation in a void created by aragonite
dissolution. Based on Bathurst's (1975) criteria, the ncomorphic origin of calcite is

substantiated because:

—
.

the shell is transected or wholly replaced by an interlocking mosaic of calcite crystals,

)

intererystalline boundaries in the calcite mosaic are irregular to Jagged rather than planar,
cnfacial junctions are rarc,

irrcgular patches of unaliered aragonite are com pletely surrounded by calcite, und

ok W

cmpty and partly filled sponge borings in the shell are preserved.



In addition to Bathurst's (1975) criteria, several additional lines of evidence can be
cstablished:
1. the texture and fabric of the calcite mosaic mimics the original microstructure of the

aragonite,

19

of the adjacent aragonite, and

3. growth zones, if present, are curved and irregular rather than planar.

C. DIAGENETIC MODEL

Shells of Strombus gigas have undergone a number of diagenctic changes in the
submarine and meteoric environments (Figure I11-6). Submarine modification of the shell
involved:

1. encrustation and boring,

19

accumutation of internal sediments in borings,

3. precipitation of micrite cement on the walls of borings and surfaces of allochems, and
4. submarine precipitation of pelsparite cemcent.

Diagenctic changes in the metcoric environment included:

1. partial or complete inversion of the shell to calcite,

19

precipitation of blocky calcite cement, and

3. ncar-surface precipitation of ncedle fibre calcite cement.

Aragonite to Calcite Inversion

Where aragonite relics and oniginal skeletal microstructure are preserved in calcite, i1t
v+ evident that no appreciable void stage could have occurred during replacement. Such
transformations oceur by in sifu dissolution/reprecipitation across a thin solution film
(Bathurst 1964, Fricdman 1964, Folk 1965; Dodd 1966; Tebbutt 1967; Kinsman 1969;

Folk and Asscrto 1976; Pingitore 1976, Wardlaw er al. 1978).

rclict aragonite crystals in the calcite have identical orientations and morphologies to that
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The model for in situ replacement or inversion as outlined by Kinsman (1969),
involves a narrow (1 pm) crack filled with water that scparates aragonite and calcite (Figure
[11-7). Unstable aragonite is dissolved on one side of the solution {ifm, and calcium and
carbonate ions arc diffusced to the other side where calcite is pregcepitated. Due to the
solubility difference betwee  he two polymorphs, a diffusion padieiit 1s maintained across
the film, and the process is sclf perpetuating. The driving mechamsm for this process is
the supersaturation of pore waters with respect to calcite and the ur:dersaturation of the
walters with respect to aragonite (Chave ef al. 1962). As the dissolution/reprecipitation
continues, the boundary migrates in the direction of the remaining aragonite, and aragonite
is gradually replaced by calcite. The fine scale on which this process operates allows for
the prescervation of onginal skeletal microstructure and relict aragonite crystals.

Aragonite to calcite inversion in Strombus gigas may proceed from the shell walls
inward, or be initiated along the margins of sponge borings and other primary and
sccondary pore space in the shell. The former process results in the neomorphic growth of
a mosaic dominated by irregularly shaped crystals. Planar interfaces occur only where flat
sided crystals lic against original boundaries between aragonite layers. Tebbutt (1967)
described such crystals of calcite as being 'dammed' at a boundary in shell structure, as the
replacement front expands laterally.

Migration of the replacement front outwards from the scalloped margin of a sponge
boring results in a radial fabric of elongated to bladed calcite crystals. In rare examples,
sponge borings are surrounded by subequant anhedral calcite. Where this unusual fabric
oceurs around a boring, it might be explained by the rapid advancement of a replacement
front intiated along the margin of an adjacent boring.

Although ncomorphic calcite is concentrated in portions of the shell that are intensely
bored (Figurc 111-1), there is no 3, wrent correlation between the degree of boring in the

shell and the relative proportions of aragonite and calcite (Figure 11-8).
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Figure 111-7.  Schematic diagram of in sitie dissolution/reprecipitation across a
thin solution film. Aragonite is dissolved on one side of the film
and calcium and carbonate ions are diffused to the other side where
calcite is precipitated. With continued dissolution and
precipitation, aragonite is gradually replaced by caleite. Moditied
from Pingitore (1976).
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The ‘chalky transition zonc' present between calcite and aragonite in partially replaced
corals, as described by James (1974) and Pingitore (1976), is not evident in any of the
Strombus gigas shells from Grand Cayman (this study) or Belize: (Tebbutt 1967, 1975:
Wardlaw et al. 1978). The presence of alteration halos around the sponge borings in
aragonite, does suggest, however, that some alteration of the aragonite may precede
inversion of aragonite to calcite.

Relict aragonite inclusions in ncomorphically replaced Pleistocene fossils have been
previously documented. Sandberg ef al. (1973) described aragonite ultrastructural relics
from corals, gastropods and bivalves from the Pleistocene Key Largo and Miami
limestones. Similarly, Sandberg (1975) reported that aragonitic layers in the bimincralic
bryozoan Schizoporella floridana from the Miami Limestone have been replaced by coarse
necomorphic calcite that contains numerous relict skeletal aragonite crystals as solid
inclusions that are in their original orientation. Aragonite rclics are also reported from
Jurassic bivalves (Sandberg and Hudson 1983).

Aragonite rclics might be regarded as temporary components of the calcite mosaic,
that will, given sufficient time, invert to calcite. Sandberg and Hudson (1983), however,
reported that they are also present in the Jurassic bivalve Neomiodon . Sandberg and
Hudson (1983) argucd that aragonite inclusions arc not necessarily a temporary fcature,
and suggested that aragonite relics are prescrved because they were protected by organic
sheaths that surround individual crysiais. Further, they suggested that this protective
coating was supplemented "...by excess organic matter released by dissolution of
intervening crystals." (p. 886). They reported that the concentration of aragonite inclusions
is highest in areas of greater organic concentration, and noicd that despite their higher
solubilities, aragonic relics are not preferentially removed during ctching. Additionall Y.
organic rich layers between subunits of crossed-lamellar structure commonly act as

boundaries to the neomorphic calcite crystal mosaic. The preservation or dissolution of



aragonite crystals can be attributed 1o differences in the thickness or integrity of the
protective organic coating.

Long term retention of aragonite inclusions is encouraged because the crystals of
ncomorphic calcite that surround relics are much larger and therefore isolate the aragonite
from diagenctic fluids. These crystals arc effectively protected from alteration unless there
is complete remobilization of the stable calcite phase.

Sandberg et al. (1973) proposed that the presence or absence of aragonite relics was
an indicator of phreatic or vadose diagenesis, respectively. After further study, Sandberg
and Hudson (1983) revised this interpretation and argued that "...the nature of the
intraskcletal alteration front is of greater importance in determining alteration texture and

rclic preservation than is the general diagenetic environment." (p. 887).

Controls on Diagenesis
The inter-relationships between degree of boring, type and amount of cement, degree
of aragonite 1o calcite necomorphism, and depositional facies are complex, but can be

summarizecd as follows:

—

the degree of boring is variable in all facies, but lowest in the reef tract and recf channel,

19

ncedle fibre calcite and micrite cements show no apparent correlation to facics,
however, blocky calcite spar and pelsparite cements are most abundant in shells from
the patch reefs and the reef tract,
3. blocky calcite spar cement is more abundant in shells that have undergone complete or
ncar complcic alteration to calcite,
4. the intersity of replacement by calcite shows no significant correlation to depositional
tacics, and
S. although sponge borings arc important in influencing the texture of neomorphic calcite,
there is no correlation between degree of boring and intensity of aragonite to calcite

alteration.
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IV. DIAGENETIC ALTERATION OF
SIDERASTREA SIDEREA AND MONTASTREA ANNULARIS

Pleistocene Siderastrea siderea and Monic strea annularis have been moditied by (i)
precipitation of syntaxial aragonite ncedle cements, (ii) biocrosion, (iii) accumulation of
sediments and cements in intraskeletal pores and borings, (iv) selective dissolution of the
skeleton, (V) partial or complete alteration of the aragonite skeleton to caleite, and (vi)

precipitation of blocky calcite spar and needle fibre calcite cement.

A. DIAGENETIC ALTERATION

Samples of Siderastrea siderea and Montastrea annularis from the Pleistocene of
Grand Cayman display a wide range of stages and types of alteration. Some corals are
entirely aragonite, some are partially dissolved, some are partly alicred to calcite, whercas
others arc entirely calcite. The following discussion concentrates on those corals which
have undergone partial alteration to calcite because these samples provide details of the

nature of the process by which aragonite to calcite alteration has occurred.

Siderastrea siderea

The mineralogical alteration of aragonite to calcite in Siderastrea siderea procceds
through a serics of intcrmediate diagenctic stages that arc evident in partly altered samples.
The sequence of transitional textures that occurs between unaltered and altered portions of
the coral is evident along septal columns in longitudinal and oblique sections, and between
calices in trunsversc cuts through corallites. The transitional sequence can be divided into
five zones based on textural and mincralogical criteria.

Thin section #3302 (locality CY C), prepared from a transverse cut through

Siderastrea siderea (Platc IV-1), contains the entire spectrum of progressive diagenctic



Plate 1V-1

Photograph of a thin section of Siderastrea siderea (B = boring, RB = root boring). The
degree of alteration ranges from unaltered skeleton with syntaxial aragonite ncedle cement
(Zone I - upper left) to calcite replaced and cemented (Zone V - lower center and lower
right). Sce Figure I V-1 for the location of diagenetic zones (#3302, Loc. CYC).
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sones (Figure 1V-1). These zones are characterized and differentiated on the basis of

mincralogical and texturad critena (Table IV-1).

Zone |

In Zone 1, the trabecular structure of Siderastrea sidzrea is cvident, with axes of septa
and synapticufuc defined by dark brown centers of caicification (Plate IV-2A).

Needle-shaped crystals of aragonite arc present as syntaxial extensions ol the
aragonite fibres forniing the trabeculac (Plate 1V-2A). These syntaxial crystals arc typically
wider «1an the primary crystals on which they have formed (1 10 4 pn wide compared to 1
10 2 um wide), huve pointed terminations, and vaziable fength (maximum of 150 ym) that
is partly controlled by the size of the pore. In thin section, primary aragonite needics
appear cloudy to brownish in color; whereas, the syntaxial overgrow'hs are clear. Therc i«
strong optical and structural continuity between the primary crystals and their
owergrowths.

Crvstal overgrowths from adjacent sepia are commonly intermingled, but they do

not join, and <o not occlude the pore. The crystals forming the fibrous syntaxial fringe are
foosely packed when compared with the tightly packed aragonite fibres in the trabecula.

Considerable skeletal porosity is retained despite the addition of the cement.

Zene 11
Alteration in Zone 11 is typificd by sclective dissolution of primary skeletal aragonite
and syntaxial aragonite cement erystals.
sssobation of syntaxial aragonite needle cement is most pronounced in the centers of
caheos, particularty along the columelia and inner ends of the septa. Wherce substanual
Jissolution of cement ts evident, the trabecular edge is comnionly marked by a dark zone 5
o 8 emowide. Remnants of the aragonitc needie cement may or may not be preserved on

the poreward side of this coating.
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ZONE |

Coral skeleton aragonite
Trabecular structure evident

Aragonite needle cement present as syntaxial extentions
aragonite fibres forming the trabeculae

ZONE 1l

Coral skeleton aragonite

Selective dissolution of primary aragonite along centers of
calcification

Pai -4l or total dissolution of syntaxial aragonite needie cement

ZONE Il

Tra sition~) zone between aragonite and calcite skeleton
Micrite coatings on intraskeletal pores well developed
Elongate crystals of calcite cement extend aling centers of septa

Fingers of calcite from adjacent septa join through centers of the
synapticulae to form irregulariy shaped cystals

ZONE tV

Coral skeleten calcite
Micrite coatings on infraskeletal pores well developed

Coral skeleton consists of an interlocking mosaic of
coarse-grained, irregularly shaped crystals of calcite

ZONE V

Coral skeleton consists of an interlocking mosaic of
coarse-grained, irregularly shaped crystals of calcite

Fartial or total occlusion of intraskeletal cavities and borings by
blocky calcite spar

Needle fibre calcite cement in root borings

Tablc 1V-1. Summary of the textural characterisiics of diagenetic zones in
Siderastrea siderea.
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Plate 1V-2

Diagenetic alteration of Siderastrea siderea.

(A)

(B)

(<€)

(D)

(F)

(G)

(H)

)

Thin section photomicrograph of Zone I. The trubecular structure of the unaltered
aragonitic skeleton s evident. Dark centers of calcification (ce) are present along the
middle of trabeculac. Aragonite ncedle cement is present as syntaial extensions of
the aragonite fibres forming the trabeculac (#3302, Loc. CYC).

SEM photomicrograph of lcached centers of calcitication in Zone 11 (#3302, Loc.
CYQC).

SEM photomicrograph of Zone 1I. Centers of caleification and aragonite needle
cement arce leached (#3302, Loc. CYC).

SEM photomicrograph of Zonc I11. The lecached centers of calcification are occupicd
by subequant crystals of calcite. Calcite crystals from adjacent centers join to form
thin fingers of calcite that are separated trom the pore walls by a zone ol aragomiie (o)
(#2302, Loe. CYCQ).

SEM photomicrograph of Zone 1. Irregularly shaped crystils of calcite are based
along synapticulac and exter:a down the centers of septa towards the columelia
(#3302, Loc. CYC).

SEM photomicrograph of the contact between aragonite (a) and caleite (¢). The zonc
of aragonite immediately adjacent to the contuct is porous and chalky.  Aragonite
ncedles 1n this zone are scparated, ciched, and ragged (#3302, Loc. CYC).

Thin scction photomicrograph of Zone IV. The coral skeleton consists of an
interlocking mosaic of coarse-grained, irregularly shaped crystals of calcite (#2048,
Loc. C).

Thin section photomicrograph of Zone V. The coral skeleton is altered to calcite.
Interskeletal pores are cemented by finely-crystalline calcite spar (#3302, Loc. CYC).

Thin section photomicrograph of Zone V. The coral skeleton is altered to calcite. A
single large crystal of calcite occupics the interconnected pores between septa and
synapticulae (#2302, Loc. CYC).
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Primary skeletal aragonite is preferentially dissolved along conters of caleification
which extend down the axcs of trabeculae (Plate IV-2B). In transverse view, these
dissolved centers are seen as cqually spaced pores or voids along the length of the septa
(Plate 1V-2C). To a lesser extent, aragonitce is also dissolved in the outer zones ot the
trabeculac, particularly lecaching of the small cquant crystals in the brown zone, and along
the sides of the aragonite needles in the peripheral zone. Crystal boundaries of aragonite
necdles are ragged and uneven, and small pores arc present between adjacent needles.
There are no examples where solution has proceeded from the pore walls towards the
centers of the trabeculac.

Overall, partial dissolution of primary skeletal aragonite serves 10 mcieise porosity
substantially. This process of textural alteration is what James (1974), in his study of
Pleistocenc Acropora palmata {rom Barbados, referred to as chalkification. The chaiky
zonc as described by James (1774) is a few ym to several em thick and always occurs s a

boundary between aragonite and calcite.

Zone Il

Zonge 111 is the wansition zone between aragonite and calcite. As viewed under Si:M,
the leached centers of calcification along a trunsverse cut through a scpla arc occupicd by
irregularly shaped cryste’s of calcite that partly or compictely occlude the vords (Plate 1V-
2D). Where the replacement process is more advanced, caleite crystals from adjacent
centers join to form thin fingers of calcite which extend down the centers of the septa (Plate
IV-2E). Along the leading cdge of calcite replacement, these fingers arc separated fron the
pore walls by zones of aragonite that become progressively thinner with increasing degree
of alteration. Aragonite crystals in the zone immediately adjacent to the contact with caleite
are commonly leached (Plate [V-2F). The extent w which this pore space is developed 1s

variable. The zone of partly dissolved chalky aragonite is generally less than 50 pm wide.



Fingers of calcite from adjacent septa are joined through centers of the synapticulac to
form irregularly-shaped crystals up to 5 mm wide. These crystals tend to straddle the
synapticulothecac such that a single ¢, stal of calcite has fingers wnich extend into two or
more adjacent calices (Plate IV-2E). An individual crystal of calcite occupies up to 50% of

the sepla in a given calice. Micrite coatings hine intraskeletai pores.

Zone 1V

The cord skeicton in Zone 1V has becn altered to an interlocking mosate of coarse-
grained, i~ wpularey sk, -od calceite erystals (Plate IV-2G). Relict triabezular structure is not
evident. s> ot °nosepla and synapticulac may be empty or lined with altered or
pristine aci<s ©  sragonite cement. Micritic coatings on the surfaces of intraskeletal pores

arc well developed.

Zone V

Zone V is characterized by complete or near complete alteration of the skeleton to
calcite, and partial to total occlusion of intraskeletal cavities by non-fluorescent, biocky
creleile spar.

intraskeletal pores are commonly filled by firely-crystalline calcite spar, 20 to 40 yum
wide and 40 to 80 pm long (Piate 1YV-2H). Cemenation by this relatively fine-grained
cement is most prominent in the centers of the calices, and is commonly associated with
sccondary porosily created Ly root borings and associated, irregularly-shaped dissolution
voids. Alternatively, the interconnected pores between scpta and synapticulac may be fhilled
with large calcite erystals, 50 to 150 ym wide and 100 to 260 um long (Plate 1V-2I). Some
of these cement crystals are optically continuous with those crystals that replace the
skeleton, however this type of cementation is relatively rare when compared with fabric
sclective mosaics. Micrite coatings on skeietal walls are well developed, even where

cement and crystals that replace the skeleton are optically continuous. Whe. v this occurs,
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the micrite coating scparates that part of the crystal that fills an onginal intraskeletal void,

and that which has replaced the skeleton.

Montastrea annularis

In Montastrea annularis, the processes of mineralogical alteration 1 the skeleton and
calcite cementation are strongly controlled by skcletal structure. The Jitribution of calcite
and aragonite is influenced by scasonal differences tn density, and differences i porosity
and permeability between corallites and coenosical arcas.

The corallites are more porous and permeable than cocnosteal arcas, thus they act as
fluid pathways through the coral. Superimposed on these vertical permeability pathways
are orizontal differences in skeletal density between scasonal growth layers. Coral growth
or skeletegenesis occurs by progressive addition of concentric layers of aragonite t: the
outer edge of the skeleton (Bamnes 1970), and is strongly infiucnced by variations in lght
and water tiemperature {Baker and Weber 1975). In Montastrea annidaris, annual growth
consists of a thin. ¥z ~se layer and a thicker. less dense layer. Although scasonal density
banding in Hermatypic corals is well known (Knutson ef al. 1972; Buddemeser ef al . 1974,
Baker and Weber 1975; Buddemeier and Kinzie 1976), there is considerubic controversy as
to which of the alternating high or low density bands is associated with a particular scason.
Whereas Goreau (1977, ::ported that densc lavers in Monwe. sea e 0 om Jamaica
formed in November and December, in Montastrea annularis from ine Florida Keys, dense
skeletal material was added in August and September (Hu ison er al. 1976).

In Montastrea annularis from Grand Cayman, denisce grov. i fayers are 1 to 4 mm
thick and the less dense layers are 3 to 5 mm thick. The combi. - thickness of these zones
yields values that arc well within the expected range for annual lincar growth rates of
Montastrea annularis provided by Gladfelier et al. (1978), and Hubbard and Scaturo

(1985).



The occurrence of alternating vertical zones of high and low porosity and permeability
(corallites vs. cocnosteum), superimposed by horizontal ditierences in the density of
growth layers, divides the coral into distinct areas that have undergone different types of
diagenciic «heron (Plate 1V-3). Four distinet diagenctic zones can be identified: Zone 1 -
cocnosteal arcas of dense growth layers, Zone 11 - corallites of dense growth layers, Zon.
11 - cocnosteal arcas of less dense growth layers, and Zone 1V - corallites of less dense
growth layers (Figure 1V-2).

The degree of alteration of the skeleton to calceite is considerably higher in iess dense
growth layers, than in adjacent, more dense growth layers (Table 1V-2). The columella,
scpta and endothecal dissepiments are preferentially leached compared to thecae, costac and
exothecal dissepiments. Wherce leaching of corallites is extensive, this resulis in rounded
calices as scen in transverse view (Plate 1'V-4A).

Syntaaal aragoniie needle cements present in Holocene Monlasirea annuiaris arc
rarcly preserved in Pleistocenc samples. Presumably, the aragonite cement has undergone
dissolution during sclective leaching of the skeleton. Micrite coatings are well developed

on the surfaces of all pnmary intraskcletal cavities.

Zone 1

Cocnosteal arcas of dense growth laycers are characterized by minimal alteration of
costac, thecae, and exothecal dissepiments to calcite (Plate IV-43). The original trabecuiar
structure of the coral is commonly stili cvident, and coenosteal pores contain no czlcite

cement,

Zone Ii
The septa, columella, and endothecal dissepiments of dense growth layers are
extensively leached. Corallites are uncemented, and portions of the septa and the columella

that remain are aragonite.
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Plate 1V-3

Photograph of a thin section of Montastrea annularis. Corallites (Zone- 11 and 1V) are
preferentially leached compared to coenostcum (Zones I and 111). Mincralogical alicration
and cementation arc most pronounced in less dense growth layers (Zones HI and 1V). Sce
Figure V-2 for the location of diagenctic zones (#2114, Lo, K).
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Plate 1V-.

Diagenetic alteration of Montastrea annularis.

(A)

(B)

(C)

(D)

(E)

(F)

Photograph of a thin scction through a l¢ - <fcnse growth layer (Zones 1T and 1V).
The columellac and septa are extensively icuched. Co..ac and thecae are altered to

finely crystalline calcite, and coenost.: pores are cemented by calcite (#1987, Loc.
C).

Comparison of degree and type of alteration in different diagenetic zones. Cocnosteal
areas (cn) of less dense growth layers (Zone I11) are altered to caleite and cemented.
Minimal alteration and cementation occurs in the cocnosteal arcas (arrow) of more
dense growth layers (Zone I). The corallites (cl) of the densc and less densc layers
(Zones I and 1V) are relatively unaltered and uncemented (#2727, Loc. ACB).

Comparison of degree and type of alteration in different diagenetic zoncs. Cocnosteal
areas (cn) are preferentially cemented compared to the corallites (¢cl) (#2114, Loc. K).

Thin section photomicrograph of Zone IV. Septa (s) are altered to fincly-crystaliine
calcite and the corallite (ci) is cemented by calcite spar (#1987, Loc. C).

Thin section photomicrograph of Zone 1'V. Calcile cement was precipitated in the
corallite, and then the septa were leached, resulting in an internal mold of the calice
(#1987, Loc. O).

Thin section photomicrograph of Zone V. Costac (ct) are altered to fincly-crystalhine

calcite, and coenosteal pores are cemented by coarse calcite spar (#1987, Loc. C).






Zone 111

The cocnosteal arcas of less dense growth layers are characlerized by extensive
alteration of costac, thecac, and exothecal dissepiments to irregularly shaped, cloudy
crystals of calceite 25 10 100 um widce (Plate IV-4B; 4C; 4F). Cocnosteal pores are
thoroughly cemented by clear crystals of calcite spar 125 to 250 ym wide (Plate IV-4B; 4C
and 4F), with rare crystals up to 500 ym wide. Calcite crystals that replace the skeleton
commonly exiend into cocnosteal pores, resulling in a cross-cutting mosaic of calcite.
Despitce this, the original skeletal structure of the coral is preserved. Even where cement
crystals and those replacing the skeleton are optically continuous, the surface of the
intraskeletal cavity 1s marked by a zone of micnite averaging 20 um in thickness. Crystals
of cement can also be differentiated from those that replace the skeleton because they are
clear rather than cloudy, and are typically coarser-grained. Although the external form of
the coral is preserved in heavily cemented and calcitized areas, the original trabecular
structure of the coral is not evident. Relict aragonite crystals were not observed, however
the cloudy nature of crystals that replace the skeleton indicates the inclusion of organic

remnants.

Zone 1V

Remnants of septa and the columella in less dense growth layers may be either
aragonite or calcite. Where septa are partly altered to calcite, the calcite occuss in the center
of the septa and is surrounded on all sides by aragonite. The corallites of less dense layers
arc cemented (Plate IV-4D) or uncemented (Plate IV-4A). In some cases, cement has filled
scptal arcas, and then the septa and columella have been leached, leaving an internal mold

ol the calice (Plate I V-4E).
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Internal Sediments

Intraskeletal pores of Moniastrea annularis and Siderastrea siderea are partly filled by
loosely consolidated internal sediment. Due to the extremely porous nature ol coral
skeletons and the relatively low degree of cementation, most of this sediment has been
removed during the preparatien of thin sections. As a result, it is not rcadily available for
detailed examination with the petrographic microscope. The sediment which remains is
largely concentrated in borings in the skeleton.

The internal sediment in corallites of Montastrea amuslaris and Siderasirea siderea is
composed of lime mud, lime sand, micrite, and microspar. All are original void {ills or the
alteration products thereof. The allochems include fecal pellets and peloids, 15 10 80 yum
wide, and lesser amounts of skeletal fragments, 50 to 150 pm long. The micrite and
microspar are closely associated and have a gradational contact. suggesting that the
microspar is a product of aggradational recrystallization of ori ginal lime mud.

Internal sediments comprise a volumectrically insi gnificant proportion of these corals.
Similarly, sedimentary detritus in Acropora palmata from Barbados compriscs only 0 to 5%
of the coral (Pingitore 1970).

Filling of the intraskeletal cavities with sediment postdated cementation by acicular
aragonite, but predated blocky calcite spar, and probably occurred at the time of submarine

burial of the skeleton following death of the coral.

Borings

Siderastrea siderea and Montastrea annularis have been cxtensively bored by
Lithophaga, polychactc and sipunculid worms, sponges, algae, fungi and other bivalves.
Jones and Pemberton (1988a, 1988b) provided a detailed descri ption of Lithophaga
borings and their filis in Montastrea annularis and Diploria labyrinthiformis {rom

Pleistocene palch reefs of Grand Cayman. These borings are assigned to the ichnospecics
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Gastrochaenolites torpedo as defined by Kelly and Bromicy (1984), and many still contain
the Lithophagz that was responsible for their generation.

Lithophaga produces clavate borings 4 to 14 cm long, and 0.3 to 4 ¢m in diameter.
The borings are lined with fluorescent cryptocrystallinz calcite, 0.1 10 0.5 cm thick, and
contain cryptocrystalline calcite, porous cryptocrystalline caleite, hOpeycombed
cryptocrystalline calcite, pelsparite, and pelmicrite (Jones and Pemiberton 1988b). Jones
and Pemberton (1988b) suggested that because of the distinctive fluorescent character of
carbonate in the borings (indicates high organic content), Lithophaga probably played an
active and important role in their formation.

Lithophaga borings occur as cither closely spaced or widely spaced discrete entities,
or may interpenctrate onc another where multiple episodes of boring have occuired (Jones
and Pemberton 1938a, 1988b). A complex array of sediments and cements results where
onc boring cross-cuts another. These borings are significant because they:

1. wecaken the coral hcads and make them more susceptible to physical breakdown (James

1970; Risk and MacGeachy 1978; Hadfield 1976),

®)

liberate substantial quantities of CaCO3 (James 1970; Jones and Pemberton 19884,
1088h),

3. have dense calcarcous linings which strengthen the substrate and make it less
susceptible to weathering (Otter 1937; Jones and Pemberton 19884, 19885),

4. increasc the surface area available for attack by bioeroders (Otter 1937; Jones and
Pemberton 1988a, 1988b), and

5. provide sites for accumulation of sediment (Otter 1937; Kennedy and Klinger 1972;
Marshall 1983) and precipitation of cement (Jones and Pemberton 1988g, 1988p).

Isopachous aragonite cements, which are common in the corallites, are absent from
the borings. This suggests that either Lithophaga borings postdate aragonite cementation,
or that the micro-cnvironment of the borings is unsuitable for precipitation of aragonite

(Jones and Pemberton 1988b).
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Root Borings

Morasirea annularis and Siderastrea siderea contain irregularly shaped voids that
were once the site of rootlets. The walls of the root borings arc commonly lined with
micrite and tangential needle fibre mats (Plate IV-5A). The needle fibre mats form
coatings, up to 10 um thick, that are comprised of calcite needles < 1 pm wide and up to 10
pm long (Plate IV-5B; 5C). Associated with these borings are dissolution cavitics that
have no surficial coatings on their walls. Both the root borings and the dissolution voids
that are associated with them commonly contain randomly oricnted needle fibre crystals, |

to 2 ym wide and 10 to 50 um long.

B. DISCUSSION
Aragonite Dissolution

Solution of the original aragonite skeleton of Siderastrea siderea is restricted to
dissolution along the centers of trabeculac that accompanics aragonite to calcite alteration,
and dissolution associated with root borings. In Montastrea annularis, these types of
dissolution are important, but there is also substantial dissolution of the columella, septa,
and endothecal dissepiments in the corallitc. Minimal dissolution of scptal arcas oceurs in
Siderastrea siderea.

Differences in the types of dissolution between Siderastrea siderea and Momtasirea
annularis can be attributed to differences in skeletal structure. Siderastrea sidereda is formed
of cerioid colonies in which corallites share a common wall. There is no cocnosteal arca,
thus porosity and permeability of the skeleton has a rather homogencous distribution. In
contrast, Montastrea annularis colonies arc plocoid, and corallites are scparated and united
by coenosteum (costac and exothecal dissepiments). The more porous corallites act as fluid

pathways and are therefore preferentially dissolved.



Plate IV-5

Root borings, needle {ibre caicite and aragonite dissolution in Monlastrea annularis and

Siderastrea siderea.

(A) SEM photomicrograph of a root boring in Siderasirea siderea. The root boring is
lined with micritc and tangential needie fibre mats, and contains randomly oriented
iath shaped crystals of calcite (#3302, Loc. CYC).

(B) Detailed view of a tangential needle fibre mat on the wall of a root boring in
Siderastrea siderea (#3302, Loc. CYC).

(C) SEM photomicrograph of calcite needles that form a necdle fibre mat in Siderastre«
siderea (#3302, Loc. CYC).

(D) SEM photomicrograph of preferential dissolution of the center of a trabeculae in
Montastrea annularis (#2768, Loc. CYC).

(E) SEM photomicrograph of a calcite crystal (c) precipitated in a leached center of
calcification along a chalkified aragonite (a) trabeculae in Montastrea annularis
#2768, Loc. CYC).

(F) SEM photomicrograph of chalky aragonite (a) at the contact with calcite (¢) in
Montastrea annularis (#2768, Loc. CYC).

(G) SEM photomicrograph of altered remnants of primary aragonite needle cement
(arrow) along the surface between a septum (s) and a cemented intraskeletal pore (ic)
in Montastrea annularis (#2114, Loc. K).

(H) Detailed view of the surface of an intraskeletal pore in Siderastrea siderea (#3302,
Loc. CYQ).






Partly altered sumplces of Siderastrea siderea and Montastrea annularis contain intermediate
diagenetic sones in which septa (and/or costae) are part aragonite and part calerte. In cach
case, dissolution and subsequent precipitation of calcite begins along the centers of the
trabeculac (Plate 1V-5D; SE). Preferential leaching of the centers of calcification can e
attributed to textural differences between the trabecular axis and surrounding zones. The
axes of trabeculac are formed of small equant crystals of aragonite (Wainwright 1963,
1964). Intercrystalline spaces are filled with soluble organic material which undergoes
rapid decay upon exposure of the skeleton (Spiro and Hansen 1970). This causes a
significant increase in porosity along the centers of calcification, which allows percolating
fluids to dissolve the small crystallites along the trabecular axis (Jamnces 1974).

As the leached channel of the trabecular axis is widened by continucd dissolution,

solution of the aragonite needles surrounding the axis begins (Plate IV-5F). Duc to a faster

rate of dissolution along crystal faces parallel to the c-axis (Fyfc and Bischoff 1965),
aragonite ncedles are dissolved along their sides thereby causing separation of the crystals
and creation of ‘chalky' aragonite (James 1974).

The chalky aragonite described by James (1974) consists of a porous mass of
scparated, ctched, and ragged aragonite ncedles. The necdles are thinned and have been
scparated by solution along the crystal contacts. Chaltky aragonite is present in all samples
of Acropora palmata from Barbados, and varies from a few ym to several cm thick. In
corals comprisced of both aragonite and calcite, the two phascs arc always present as two
distinct phases (and never as scattered domains), and are always separated by chalky
aragonite. James (1974) reported that in thin section, 'chalky' aragonite is darker than the
dense unaltered aragonite”...duc to internal reflection of light in submicrosccpic solution
voids between aragonite needles” (p. 791). Zones of chalky aragonite observed by James
(1974) in Acropora palmata, arc not as well developed in sampies of Montastrea annularis
and Siderastrea siderea cxamined in this study. Chalkification is, however, more

pronounced in Montastrea annularis than in Siderastrea siderea.
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Whercas Pingitore (1970) suggested that solution proceeds inward from pore walls,
the work of James (1972a, 1974), and this study, suggests that it begins along centers of
calcification. James (1974) stated that "Solution of aragonite was never observed to have
taken place from the pore walls inward..." (p. 790), but rather dissolution (and subscquent
alteration to calcite) begins in the centers of Acropora palmaia fronds, The presence of well
derdfopmef racrite coatings on the surfaces of intraskeletal cavities act as a protective burrier
whiciy infebits dissolution. sy e wiva <f Afoutastrea annularis, however, micrile coatings
arc not sufficient to prevent massis ¢ dissolution of septa, columcilae, and endothcecal

disscpiments in the corallites of both dense and less dense growth layers.

Origin of Cements

Aragonite Needle Cement

Aragonite ncedle cements are indicative of the marine phreatic zone (James and
Choquetic 1983; Chaletz er al. 1988). The precipitation of these cements is gencrally
rcgarded to be contemporancous with active coral growth (Hubbard 1975; Macintyre 1977,
Lighty 1985), with cementation occrrring just below the surface of active skelctogencesis
(Jones and Pemberton 1988b). Pir gitore (1976) noted that the precipitation of aragonite
nccedles is best developed in the reei” erost, and concluded that "...physicochemical or
biochemical processes of shallow agitated water are best suited for aragonite precipitation.”
(p. 988).

Pingitore (1970, 1976) described cement crusts (30 to SO um thick) on Acropora
palmarta, compriscd of finc-grained equidimensional calcite crystals. These crusts oceur
alone, or as the outermost layer in a cement lined or filled void. They are interpreted to be
the diagenctic alteration product of submarine aragonite ncedles. Aragonite needles are
typically not preserved in calcitized skeletons except for rare cases where they arc encased

in crystals of void filling calcite cement. Pingitore (1976) suggested that this interpretation



is correct, based on the absence of these crusts from secondary dissolution voids created
alter removal from the submarine environment.

Aragonite ncedle cements are rarely preserved in calcitized samples or portions of
Siderastrea siderea and Montastrea annularis. These cement crystals are either dissolved or
altered during meteoric diagenesis. In Siderastrea siderea, micrite coatings are not well
developed in portions of the coral that contain substantial amounts of aragonite ncedle
cements (Zone 1), but are pronounced in zones where acicular aragonite is absent. This
suggests that micrite coatings represent, in part, the alteration product of syntaxial aragonite

ncedle cement (Plate 1V-5G; SH).

Micrite Coatings

Micrite coatings on the walls of intraskeletal pores and borings are well developed in
alterca or partly altered zoncs of Siderastrea siderea and Montastrea annularis. These
coatings have originated, in part, {from the alteration of aragonitc needle cements. In
addition, it is likely that micritc was precipitated as a cement in the submarine (and vadosc?)
diagenctic environments. The sharp contact of the micrite with the skeleton precludes
formation of the coatings by micritization associated with the activity of endolithic algae and
fungi. Additionally, some of the micrite may be carbonate mud which has adhered to the
sides of intraskeletal pore spaces in the subtidal environment. This interpretation was put
forth by Siblcy and Murray (1972) to explain the presence of fine-grained coatings in

carbonate sediments from Bonaire.

Pelsparite

Pelsparite is dominantly confined to intraskeletal cavitics near the exposed surfaces of
the coral and in borings, and probably originates after active coral growth has ceased
(Lighty 1985; Jones and Pemberton 1988b). This type of cement is interpreted as having

formed in the submarine diagenetic cnvironment by the inorganic and/or organically
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induced precipitation of peloids and microspar directly from sea water (Macintyre 1977,

1985; Marshali 1983).

Blocky Calcite Spar

In Siderastrea siderea and Monitastrea annularis, blocky calcite cement is concentrated
in arcas of the coral that have undergone alteration to calcite. In general, erystals of blocky
calcite cement are not present in intraskeletal pores that lic immediately adjacent to the
unaltered aragonitic skeleton. These factors suggest that calcitization of the coral skeleton
precedes cementation of the pores by blocky calcite.

Pingitorc (1970) suggested that the precipitation of calcite cement in intraskeletal
pores of Acropora palmata from the Pleistocene of Barbados, was the direct result of
excess carbonate (8% by volume) liberated by the mincralogical alteration of aragonite to
calcite. He noted that small amounts of void-filling calcite arc present in younger skcletons
which have not yet cquilibrated themsclves with respect to fresh water (still aragonitc),
however the most calcite cement (nearly ten times more) oceurs in mincralogically altered
specimens, where it fills up to one-third of available macroporosity. Similarly, Pittman
(1974) reported that corals which have been altered to calcite contain si gnificant amounts of
calcite spar cement whereas aragonitic corals contain very litile. The concentration of void
filling calite in portions of the coral that have been altered 1o calcite led Pingitore (1970) to
conclude that "...the precipitation of void fill is limited in time and space to the period and
place of active skeletal inversion” (p. 720). Although he acknowledged that small amounts
of calcite cement may be precipitated prior to alteration of the skeleton to calcite, he argucs
that the vast majority of calcite cementation occurs concomitantly with or later than
aragonite to calcite alteration.

The absence of calcite cement in aragonitic skeletons can also be attributed, in part, to
the difficulty of nucleating calcite cement on a substrate of aragonite. Pingitorc (1970),

however, rejected this ¢x;lanation based on the observation that cementation in samplces
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from Barbados is not time continuous (i.c. older calcite samples contain the same amount
of calcite cement as younger calcite samples). The percentage of calcite cement does not
increasce in older reels, thus Pingitore (1970) argued that most of the ccraent must be
derived Irom the 8% excess that is precipitated locally, and not from external sources.
The 8% (by volume) excess of carbonate fiberated by the change from aragonite to
calcite is due to a density difference between the ortherhombic and hexagonal
crystallographic forms of the polymorphs (Pingitore 1970). Mass balance calculations
in ficate that 80% of the calcite cement in the calcite samples can be accounted for by this

mcchanism (Pingitore 1970).

Needle Fibre Czlcite

Necedle fibre calcite is dominantly confined %o root borings and associated dissolution
voids, indicating that they are precipitated in the near-surface diagenetic environment.
Similar crystals were described from rhizoliths of Cayman Brac (Jones and Ng 1988), the
Plcistocene of Barbados (James 19724, 1972b; Steinen 1974; Harrison 1974, 1977),
colianites of Yucatan (Ward 1970, 1975), and subsurface calcarenites of Barbados (Supko
19713. The association of these crystals with surficial calcarcous crusts and roots is well
documented. The vadose origin of these crystals is substantiated by their occurrence in
r:xcks which have only been exposed to vadose diagenesis (Steinen 1974). The decay of
thc organic matter in the roots may have promoted calcite precipitation, and influenced the

morphology of the crystals.

C. DIAGENETIC MODEL

Diagenctic changcs in Siderastrea siderea and Montastrea annularis o-curred in both
the submarine and metcoric environments (Figure IV-3). Submarine diagenesis of the
corals involved:

1. precipitation of syntaxial aragonite needle cement,
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boring,

w

. accumulation of sediment in borings and intraskeletal cavities, and
4. precipitation of micrite and pelsparnte cements.

Diagenctic changes in the meteoric environment included:

1. dissolution and/or alteration of aragonite necdle cement,

2. sclective dissolution of the aragonitic skeleton,

3. partial or total mineralogical alteration of the skeleton to calcite,

4. precipitation of blocky calcite cement in intraskeletal cavitics,

5. penctration by root svstems, and

6. precipitation of needic fibre calcite.

Mineralogicai Aiteration

The mincralogic altcration of aragonitic skeletons of Montastrea anrularis and
Siderastrea siderea occurs by a combination of precipitation of calcite cement in voids
created by progressive icaching of the skeleton, and thin film dissolution/reprecipitation.

In both cascs, dissolution and subsequent precipitation of calcite begins along the
trabecular axes of septa, synapticulae, costae, and thecae, and proceeds outwards to the
walls of intraskeletal pores. No relict aragonite crystals were detected in the replacing
calcite; however, the inclusion of organic matter is irdicated by the cloudy nature of the
crystals. The process of alieration of the skeleion to calcite is intimatel v associated with
precipitation of calcite cement in intraskeletad pores.

Duc to their extremely small size, the magnesium calcite and/or aragonite crystals
comprising micrite coatings alter to low magnesium calcite extremely rapidly when exposed
to meteoric waters. This alteration occurs much more rapidly than calcitization of the
aragenitic skeletons that they encase (Friedman er al. 1971; James and Choquette 1984).
Oncece altered to low magnesium calcite, these coatings are more resistant to dissolution than

the aragonitic skeletal matenal, and act as protective barriers that prevent dissolution of the
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skeleton from the pore walls inward. The presence of these resistant coatings has allowed
the prescrvation of the original structure of the coral, even where obliterative, cross-cutling
calcite mosaics are present.

Skeletal structure is important in controlling the aragonite to calcite alteration process.
In partly altered Siderastrea siderea, the boundary between aragonite and calcite is
commonly positioned along the axes of synapticulothecae. In transverse view, the surface
of contact is seen as a polygonal outline which separates aragonite and calcite. Thin fingers
of calcite extend aheari of the main (ront of replacement along the axes of trabeculac. In
Moniastrea annularis, replacement is strongly influenced by difiererices in porosity and
permeability between corallites and coenosteum, and between densce and less dense growth
layers. Septa, synapticulae, and endothecal dissepiments are preferentially dissolved
compared to thecae, costae, and exothecal dissepiments, and mincralogical alteration is
more advanced in less dense growth layers that in more dense growth layers.

Pingitore (1970) and James (1974) noted that younger corals from Barbados are
compesed almost exclusively of aragonite, whereas older samples have equilibrated to the
subaerial environment, and are calcite. Whereas 83,000 year old corals are 10 to 307
calcite, 164,000 year old corals are 30 to 100% calcite (James 1974). This suggests that
the replacement of aragonite by calcite is an ongoing (i.c. time continuous) process during

mcteonc diagencsis.

Porosity and Permeability Changes

Submarine and meteoric diagenesis of corals has substantially affected the porosity
and permeability of Siderasirea siderea and Montastrea annularis. In the submaurine
environment, porosity was increased by boring by algac, fungi, worms, bivalves and
sponges. Porosity decrcased as a result of precipitation of syntaxial aragonite and micrite
cements in corallites, and the accumulation of sand and clay-sized sediments and cements in

cerallites and borings. In the meteoric environment, the major factors that affected porosity



and permeability were alteration of the skelcton to calcite, calcite cementation and aragonite
dissolution.

Calcite cementation is volumetrically the most important control on porosity. The
precipitation of calcite cement in intraskeletal pores of Siderastrea siderea and Montastrea
annularis has resulted in an overall decrease in porosity of the skeleton. Pittman (1974)
noted a similar decrease in the porosity of Pleistocene corals of Barbados (9% decrease in
Montastrea annilaris), and also noted that permeability increased (> 1,000% in Montastrea
annularis) duc 1o changes in porc aperture size associated with fabric changes that
accompanied recrystailization. Corals that have undergonc alteration to calcite have larger
and betier sorted pore apertures than do their unaltered aragonitic counterparts (Pittman
1974). Prcicrential cementation in less dense growth layers, and preferential dissolution of
corallites in Montastrea annularis from Grand Cayman has had a similar affect on

pcrmcability.
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V. DISCUSSION

The instability of aragonite at normal temperatures and pressures (Jamieson 1953;
Clark 1957; Fyfe and Bischoff 1965) leads o its replacement by calcite when subjected to
the conditions of the meteoric environment. This mincralogic alteration has been
extensively documented in Pleistocene carbonates of Florida and the Bahamas (Ginsburg
1957; Stchli and Hower 1961), Barbados (Matthews 1968; Steinen and Matthews 1973:
James 1974; Pingitore 1970, 1976), and Bermuda (Friedman 1964; Land 1967).

The mincralogical change from aragonite to calcite involves a change from
orthorhombic to hexagonal crystallographic form (James and Choqucttc 1984), and the
liberation of 8% (by volume) excess calcium carbonate ( Pingitore 1970). This excess
carbonate may contribute significantly to calcite cement ( Pingitore 1970).

Mineral~zical transformation of aragonitic skeletal componcents to calcite in the
meteoric diagenctic environment may occur by in situ ncomorphic replacement of aragonite
by calcite, or dissolution of aragonite and subsequent precipitation of calcite. Necomorphic
replacement occurs by in situ dissolut. sn/reprecipitation across a thin solution film in the
absence of an appreciable void stage (Bathurst 1964; Friedman 1964: Folk 1965; Dodd
1966; Tebbutt 1967; Kinsman 1969; Folk and Asserto 19 .6; Pingitore 1976; Wardiaw e
al. 1978). In contrast, th: *atter process involves the preci pitation of cement in voids
created by dissolution of aragonite. Although these two processes arc commonl y regarded
as scparate diagenetic processes, they may also be "...interpreted as ecnd members of a

continuum based on a singlec mechanism" (Carlson 1983, p. 211).



A. CONTROLS ON THE ALTERATION OF ARAGONITIC SKELETAL
COMPONENTS TO CALCITE
Significant controls on the stabilization of aragonitic skeletal components to calcite
include time, climate, facies, skeletal composition, structure and microstructure, and

diagenctic cnvironment.

Time

Ancient carbonate sequences in the geologic column are composed of stable
mincralogy (calcite and dolomite), whereas Recent and Pleistocene carbonates contain
significant amounts of unstable aragonite (Stehli and Hower 1961, Friedman 1964; Land
1967). Given time. these rocks will equilibrate themselves to meteoric conditions and will
vadergo change to stable mineralogy.

On the coral cap of Barbados, older terraces contain higher proportions of calcite and
icss aragonite that do younger terraces at lower elevations (Broecker et al. 1968). The
youngest terrace (dated at 82,000 years) is dominantly composed of aragonite, whereas
those terraces older than 500,000 years are composed entirely of calcite (Matthews 1968).
Intermediate terraces contain both aragonite and calcite, and the proportion of calcite
increases with age of the terrace. The island has undergone gradual tectonic uplift (0.3 m
per 1,000 years - Mcsolella er al. 1970) during the Pleistocene, thus the reef terraces have
been subacrially exposed since shortly after their formation. This suggests that given
continual exposure to meteoric fluids, complete alteration of Pleistocene carbonates to
calcite occurs within 500,000 years.

James and Choquecttc (1984) suggested that stabilization of carbonate sediments of
Bermuda probably requires 100,000 to 1,000,000 years. In contrast, the sediments of
Joulters Cay may cquilibrate within only 10,000 to 20,000 years (Halley and Harris 1979),
possibly because of the high aragonite content of these oolitic deposits (James and

Choquctic 1984).
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Corals from the upper part of the Pleistocene Ironshore Formation off Grand Caymuan
have been dated at 124,000 +/- 8000 years (Woaodroffe er al. 1983). The degree of
alteration of Pleistocene skeletons of Strombus gigas, Siderastrea siderea and Montastrea
annularis to calcite is variable. Although some skeletons are composed of aragonite, most
contain both aragonite and calcite and some arc centirely calcitc. This indicates that given the
right conditions, equilibration of skcletal components can occur within a geologically short
period of time.

Despite evidence of relatively rapid equilibration of unstable mincralogy, there are
numerous examples of aragonite preserved in ancient sequences. In cach case, conditions
have existed that inhibited the passage of fluids nceessary for dissolution and precipitation.
For examplc, Bruni and Wenk (1985) reported that corals, gastropods and bivalves in the
Trassic San Cassiano Formation of Italy retain aragonite because of extremely low
porosity related 1o the presence of clay and early cementation processes. Additionally, Fyfe
and Bischoff (1965) reported the occurrence of Palcozoic aragonite molluscs encased in

impervious mairix.

Climate

Matthews (1968) demonstrated that the speed of the stabilization process is controlled
in part by the amount of rainfall and evaporation. Pleistocene recf tracts in hi gh-rainfall
(1500-2000 mm/year), low-evaporation terrains of Barbados contain greater amounts of
calcite relative to aragonite than reef tracts of comparable age that lie in relatively low-
rainfall (1250 mm/year), hizh-evaporation arcas (Matthews 1968; James 1974).
Mineralogic stabilization proceeds at a much reduced rate under dry climatic conditions.
Pleistocene rocks of Hogsty Reef, Bahamas, show excellent prescrvation of original
mineralogy, due to the less than 800 mm of rain received per ycar (Picrson and Shinn
1985). Similarly, Ward (1973) attributed the retention of metastable mincralogy in

Pleistocene coliantes of Y ucatan to a dry climate during carly subacrial diagenesis.
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Present day rainfail on Grand Cayman is irregularly distributed, and varies from year
to year, however, most precipitation is received by the western and southwestern portions
of the island (Ng 1990; Ng et al. in press). Average daily temperatures range from 25 to
30°C, and rainfall between 1920 and 1987 averaged 1513 mm/year (Ng 1989, pers.
comm.). Due to the presence of an extensive karst system, rain that falls to the surface
doces not collect in freshwater ponds or strcams, but rather it is quickly channelled into the
subsurface. Comparison of the degree of aragonite to calcite alteration of skeletal
components from different parts of Grand Cayman indicates no significant geographic

distribution of highly-altered and non-altered samples.

Facies

The grain size, porosity and permeability of depositional facies may be important in
controlling diagenetic processes such as cementation and mineralogical alteration. For
example, sedimentary facies dominated by very fine- and fine-grained particles alter inore
rapidly than do calcarenites or large fossils (Purdy 1968; Matthews 1968; James and
Choquettc 1984). Sediments characterized by high permeability may contain relatively
higher proportions of cement because they permit the passage of large volumes of fluid
(James and Choquettc 1984).

On Grand Cayman, depositional facies exerts an important coniol «n degree and type
of cementation, and degree of alteration of fine-grained non-skeletal and skeletal
components. The degree to which facies controls aragonite to calcite alteration in large

skeletons of Strombus gigas, Montastrea annularis and Siderastrea siderea is negligible.
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Comparison of the number of unaltered and altered samples, and the proportion of calcite in

partly alticred specimens reveals that there is no significant correlation between degree of

alteration and depositional facies.
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Skeletal Composition, Structure and Microstructure

Recognition that some carbonate components are more susceptible to alteration than
others has led to the documentation of susceptibility rankings for skeletal and non-skeletal
carbonates (Schlanger 1964; Land 1967; Purdy 1968; Milliman 1974: Scoffin 1987).
Although the rankings in different schemes may vary, it is clear that two of the most
important considerations in diagenctic susceptibility arc ori ginal mineralogy, and the size,
orientation and habit of crystals (skeletal structure and microstructurc). Additionally,
Banner and Wood (1964) suggested that forcign i-ns such as magnesium, and organic
components of the skeleton may also influence diagenetic susceptibility.

In the casc of Siderastrea siderea, Montastrea anssularis and Strombus gigas, the
original skeletal mineralogy is aragonite. Differences in the manner in which aragonite i1s
replaced by calcite are therefore controlled by differences in the on ginal skeletul structure,
including amount and distribution of porosity, and arrangement and size of aragonite
crystals.

The crossed-lamellar structure of Strombus gigas is comprised of an cextremely dense
arrangement of parallel rod-shaped aragonite crystals. Porosity in this structure is
extremely low, thus the only significant pore space within the shell is that created by
boring. These borings are important in controlling the way in which rcplacement proceeds,
and the diagenetic texture that results. In addition, growth lines and boundarics between
shell layers are known to influence boundarics in replacement calcite mosaics (Land 1967:
Bathurst 1964, 1975; Schroeder 1973; and this study). Sandberg (1975) suggested that
this is probably due to higher organic content along these contacts.

In contrast, the scleractinian corals Montastrea annularis and Siderastrea siderea arc
comprised of a porous network of trabeculae that allows for relatively efficient circulation
of meteoric fluids. Based on study of Recent and Pleistocene corals of Barbados,
Constanz (1985) argued that variation in the diagenctic suscepti bility of sclcractinian corals

is controlled by each taxon's non-mineralogic skeletal propertics. All scleractinian corals



arc aragonitc, thus diagenctic susceptibility is controlled not by composition, but by the
rcactive surface arca of the skeleton. Aragonite fibre diameter and degree of aragonite fibre
packing were identified as the critical factors in determining cach taxon's relative diagenetic
susceptibility in the meteoric phreatic environment (Constanz 1985). In addition,
branching corals are more susceptible to dissolution than massive colonies, and diagenetic
susceptibility increases with increasing surface area to volume ratio (Pittman 1974).

Constany. (1985) demonstrated that coral species with the narrowest (< 0.05 xm)
aragonite fibres (c.g. Acropora) or most looscly arranged crystals are more susceptible to
subscquent metcoric diagencesis that are coral species with wider (1 - 4 ym) or more
densely packed aragonite crystals (e.g. Moniastrea, Siderastrea, and Diploria). The
exponential increase in the solubility with decreasing crystal size below 1 yum has becn
confirmed by experimental data (Chave and Schmaltz 1966), and can be explained in terms
of the large ratio of reactive surface area to particle size (James and Choqguette 1984).

Differences in the susceptibility of skeletal aragonite to dissolution explain why the
process of chalky alteration or chalkification as described by James (1974) is more
pronounced in Acropora than in Montastrea and Siderastrea.

Martin e7 al. (1986) examined ncomorphically replaced Montastrea annularis and
Strombus gigas from the Key Largo Limestone of Florida and concluded that "Skeletal
porosity influences both the morphology of the neomorphic front and the composition of
diagenctic caleite..." (p. 201). The ncomorphic front in Montastrea annularis is highly
irregular and not controlled by skeletal microstructure, whereas in Strombus gigas it is
cither irrcgular, or aligned with growth bands in the shell. Trace element and isotopic
chemistry of ncomorphic crystals indicates that in Montastrea annularis, there has been
stgnificant exchange between formation waters and water at the neomorphic front. In

contrast, the chemical composition of neomorphic calcite in Strombus gigas is similar to
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that of the original aragonite, indicating that fluid exchange has been more limited (Martin ez

al. 1986).



Skeletal porosity also controls the rate of migration of the diagenetic front, as higher
porosity and available surface arca contribute 1o increased rates of aragonite dissolution and
calcite precipitation (Martin er al. 1986). Bascd on differences in the thickness of altered
rims of Montastrea annularis (4 cm) and Strombus gigas (0.5 cm), Martin er al. (1986)
calculated that neomorphism was six times faster (by volume) in porous skeletons of

Montastrea annularis than in densce shells of Strombus gigas.

Diagenetic Environment

The submarine, vadose, and freshwater phreatic diagenctic environments are
charactenized (and distinguished) by significant differences in hyvdrological, chemical, and
biochemical parameters. Although significant variations can and do oceur in a given
diagenctic realm (c.g. water chemistry, temperature and saturation), certain diagenctic
processes are specific to one or more diagenctic realm.

Aragonite dissolution, calcite cementation, and aragonite to calcite ncomorphism arc
known to occur in the vadose and the freshwater phreatic environments. It is widcly
accepted, however, that diagenetic processes are more rapid in the freshwater phreatic
diagenctic environment than under vadose conditions (Ginsburg 1957; Schianger 1963;
Land 1970; Harris 1971 Steinen and Matthews 1973; Matthews 1974; Pingitore 1976).

Most carbonate rock sequences have undergone diagenesis in more than one
diagenetic environment, thus it is desirable to use mincralogical, chemical and textural
criteria to identify the diagenetic realms that have affected the rocks, and 1o map out the
diagenetic pathway or history of movement of the rocks through the different disgenctic
realms. In terms of the alteration of aragonitic skeletal components to calcite, many
attempts have been made at establishing links between various diagenetic texturcs, the
process responsible for these textures, and the diagenetic cnvironment within which the
process operates. Despite recent advances in the interpretation of diagenctic textures,

considerable confusion still remains.

105



106

Pingitore (1976) coined the term cross-cutting mosaic for calcite mosaics in
which individual calcite crystals extend out from the coral skeleton into the void filling
cement. He suggested that this texture is indicative of phreatic alteration, and noted that
these corals contain more caleite cement and secondary porosity than their vadose
counterparis. Phreatic transformation takes place across an intermediate chalky zone that
represents i region of extensive, although mostly temporary, development of secondary
poresity. Pingitore (1976) suggested that phreatic mosaics are composed of large,
generally equant crystals, which are commonly up to several mm across. In contrast,
vadosc-altered corals are characterized by fabric selective mosaics, in which
boundarics of filled primary voids serve as crystal boundaries in the calcite mosaic, and
crystal sizc rarcly exceeds 100 yum (Pingitore 1976). Aragonite to calcite transformation
takes place by thin film transformation across a 1 ym (or less) film of water.

Although the use of fabric-selective mosaics and cross-cutting mosaics as criteria for
distinguishing between in sirn ncomorphic transformation (inferred to occur under vadose
conditions) and aragonite to calcite alteration via chalkification (phreatic alteration) has
some application, an examination of the textures of skeletal components from various
known diagenetic environments suggests that this may be an oversimplification of a
complex situation. James (1974), for example, provided a detailed description of the
vadose chalkification of Acropora palinata. 1n addition, Land (1970) described
ncomorphically replaced skeletons from the phreatic zone of Bermuda, and Schroeder
(1973) reported that neomorphic crystals of vadose-altered vermetid gastropods are in
optical continuity with cement (i.c cross-cutting mosaic). These examples suggest that the
controls on the mechanism of aragonite to calcite alteration are not limited to differences
between the vadose and phreatic diagenetic environments, but also include variations in
hydrologic and chemical parameters that occur within diagenetic environments.

Petrographically, fabric-sclective and cross-cutting mosaics are not necessarily mutually
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exclusive, as shown by Sandberg and Hudson (1983), who observed both textures in the
Jurassic bivalve Neomiodon.

An alternative approach is to relate diiferent types of diagenctic processes and
products to water chemistry and kinetics of vadose water pereolation. Harris and Matthews
(1968), and Matthews (1968) argucd that undersaturated fluids, passing rapidly through
the sediment will tend to dissolve aragonitic skeletons and transport calcium carbonate to
the water table. The cavitics in the skeleton that are created by this dissolution, if’
preserved, may be filled with calcite cement at a later time. 1f, however, the movement of
water is sufficiently slow, and the surrounding fluids remain saturated or super-saturated
with respect to calcite, solution of aragonite and precipitation of calcite may oceur
concurrently and the skeleton will be altered to calcite without the formation of discernibie

void spacc.

B. SEA LEVEL HISTORY AND DIAGENESIS

Similarity between the diagenetic history of comparable carbonate deposits on
different Caribbean Islands has led to the suggestion that diagenclic development may be
related to regional events (Sibley 1980; Jones er al. 1984). Changes in sca level
significantly affect the hydrologic regimes of both istands and Caribbean coastlines, and
thus have profound effects on the movement of carbonate rocks and sediments through
different diagenetic environments (James and Choquettc 1984). The cffects of these sca
level changes differ slightly for deposits on tectonically active istands (c. g. Barbados -
controlled by both tectonic and custatic changes) compared to those of relativel y stablc
carbonate areas (c.g. Bahamas, Bermuda, Cayman Istands, Y ucatan - controlied mainly by
custatic changes).

Pleistocene glacio-eustatic sca level cvents have been documented from geological
and geochronological data from Barbados (Broccker ef al. 1968; Matthews 1973: Steinen ef

al. 1973; Stearn 1976), Bermuda (Land et al. 1967; Harmon et al. 1978, 1981 ; Vacher and



Hearty 1989), the Bahamas (Neumann and Moore 1975; Carew ef al. 1984; Carew and
Mylroic 1986; Stowers et al. 1988; Chen et al. 1991), Jamaica (Digerfeldt and Hendry
1987), and New Guinca (Aharon 1983). These data demonstrate that numerous significant
changes in sca level have occurred since the Late Pleistocene. Although sea level curves
constructed from different data commonly differ in the exact position of the sea during any
given time interval, there is relatively good agreement that relative sea level highstands
occurred around 125,000, 105,000, 82,000, 60,000 and 40,000 years B.P. (Figure V-1).

On the Cayman Islands, a number of coastal and shallow marine fcatures confirm that
Pleistocence sca level changes have influenced carbonate deposition, erosion and diagenesis.
Thesce include (summarized after Ng et al. in press):

1. wave cut notches at +6 m along the north coast of Grand Cayman (Jones and Hunter
1990), and arvour< Cuyman Brac (Woodroffe ef al. 1983; Jones and Hunter 1990) that
arc interpreted to have formed at the time of deposition of the Ironshore Formation
125,000 ycars ago (Jones and Hunter 1990),

2. submerged wave cut notches at -19 m and -150? m around Grand Cayman (reported by
pilots of the rescarch submersible submarine), and

3. marine terraces at +2 m, +4 m, +6m, +8 m, +11 m, and +15 m (Emery 1981), and
submerged terraces at -5 to -10 m and -20 m (Rigby and Roberts 1976).

Comparison of the prescnt day elevation of these features on Grand Cayman, Cayman Brac

and Little Cayman allowed Jones and Hunter (1990) to conclude that the three islands have

not undergone independent vertical movement during the last 125,000 years.

The coral cap of Barbados is an excellent location for study of Pleistocene sea level
fluctuations because numerous recf terraces have been created by the interaction of
relatively constant tectonic uplift and Pleistocene sea level fluctuation (Broecker ef al. 1968;
Mesolella er al. 1969, 1970). Mineralogical evidence from a cored borehole (#17) in a
105,000 year old reef tract (Steinen and Matthews 1973) documents the transition of

Pleistocenc rocks through different diagenetic environments in response to sea level
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changes. The core between 1.5 and 15.3 m ts dominantly composed of siable, low-
magnesiuin caicite, whereas the rocks above and below this interval are mostly unstable
aragonitc and mugnesium calcite.

These diagenctic zones are independent of lithologic and facies boundarnies, and have
toen interpreted in terms of sca leve! highstands and lowstands, and the changes in
diagenctic environmcents that accompanics them (Steinen and Matthews 1973). The rocks
in the borchele were deposited during a high stand of the sea 105,000 years B.P., and
were subacnally exposed shortly after deposition. Durning such lowstands of the sea
(perniods of glaciation) the entire column of rock was subiected to vadosc diagenesis.
During highstands of the sca (at 82,000 B.P., 60,000 B.P., and present) the rocks of the
middlc portion of the core were occupicd by freshwater phreatic lenses that promoted rapid
allcration of unswabic mineralogy W low-magnesium calcite. ' Whereas the interval itom O 10
1.5 m has been in the vadose zone since shortly after its deposition, the rocks between 1.5
and 15.3 m have been subjected to alternate periods of vadose (lowstands) and phreatic
(highstands) diagenesis. The rocks below 15.3 m have been exposed to the vadose
cnvironment during low stands of the sea and salt water during high stands.

The diagenctic history of the Pleistocene of Grand Cayman was controlled by the
position of the formation relative to paleo-sca level (Figure V-1). Eustatic sea level changes
durnirg the late Pleistocenc resulted in the movement of the formation through different
dragencetic realms.

At the present day, the Ironshore Formation reaches a maximum height of +6.4 m
above sca level (Jones and Hunter 1990), and is up to 30 m thick (Brunt et al. 1973). All
samples examined in the present study were collected from Ironshore deposits ranging
from +4 m to -3 m relative to present day sea level. The portion of the Ironshore
Formauon that is presently above sca level is currently subjected o vadose diagenesis,

w hereas that below sea level is affected by either marine phreatic, freshwater phreatic, or

mixed saline and fresh diagenetic fluids. Aithough small, thin and isolated freshwater
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aquifers are present in the Ironshore Formation (e.g. at Georgetown - Hunter 1992, pers.
comm.), the major freshwater lenses of Grand Cayman arc restricted to the underlying
Bluff Formation (Ng 1990; Ng and Jones 1990; Ng e al. in press). A< a result, no
widespread freshwater meteoric diagenctic environment currently exists in the Tronshore
Formation. In this respect, Grand Cayman differs from islands such as Barbados, which
has an extensive freshwater aquifer approximately 9 m in thickness, developed within
Pleistocene carbonates along the west coast (Tullstrom 1964; Matthews 1967 Hamis
1971).

James and Choquectie (1984} acknowledged that metcoric diagenesis on small islands
with only local aquifers differs slightly from that of larger islands such as Bermuda,
Jamaica and Barbados. Rates of diagenesis above and below the water table do not appear
to be substantially different, and the degree of cementation decreases with depth in the
phreatic zonc as the proportion of sca water increases (Halley and Harnis 19795 James and
Choquette 1984).

The Ironshorc Formation was deposited during a +6 m sca level highstand 125,000
years B.P. These rocks have been subacrially exposcd and subjected to vadose diagenesis
throughout most of their history. Durning sca level highstands, that occurred at 105,000,
82,000, 60,000 B.P and the prescnt, the upper portion ol the formation was (is) subjected
to vadose conditions whereas the lower portion was (is) in the freshwater phreatic, marine
phreatic or mixed diagenctic environment (Figure V-1B).

Although sea Ievel history dictates that Pleistocene rocks have spent significantly
more time in the vadose environment than in the phreatic, the Barbados data indicate that
relatively short periods of exposure to freshwater phreatic fluids can result in rapid
alteration of unstable mincralogy to stable mincralogy. With respect to the samples
cxamined in this study (derived from the uppermaost portion of the Ironshore Formation), it
can be concluded that phreatic alteration has occurred only during the brief peniod following

deposition and during the last 4000 to 5000 years (Figure V-1B).



C. USE OF TEXTURAL CRITERIA FOR DISTINGUISHING BETWEEN
NEOMORPHIC SPAR AND CALCITE CEMENT

Carlson (1983) suggested that much of the difficulty in scparating the products of in
situ aragonite 1o calcite neomorphic transformation and dissolution/cementation
(ncomorphic spar and calcite cement, respectively) stems from the fact that these are not in
fact twao distinct processes, but rather they can be regarded as two end members of a
spectrum of replacement. Similarly, Sandberg ef al. (1973), and Sandberg (1984) argued
that these processes differ only in scale and relative timing.

When viewed in this way, it is understandable that textural fabrics that result from
these two types of transformation may be similar. Along the length of the spectrum is a
range of processes involving varying degrecs of void stage during alteration. Two aspects
of the void stage are significant; the size of the void, and the length of time the void remains
open before the new phase is precipitated. The length of time between dissolution and
precipitation is extremely difficult to assess, thus the size of the void is generally used as an
indicator of whether transiormation has occurred by neomorphism, or dissolution followed
by cementation.

The process of alteration via chalkification (James 1974; Pingitore 1976) can be
rcgarded as intermediate between the two end members. Although significant amounts of
void space arc evident in the zone of aragonite chalk that lies at the contact between
aragonite and replacement calcite, the original spherulitic texture of bundies of aragonite
ncedles is preserved in ghost form (James 1974).

Bathurst's (1975) criteria are based mainly on morphology and arrangement of crystal
mosaics and crystal boundaries, and are useiul in distinguishing between neomorphic spar
and cement only when the carbonate in question is examined with respect to all of the
textural cnteria. Extreme caution should be used in applying these critena, and no single
criterion should be used in interpretation of diagenetic product because there are countless

cexamples where one or more of these textural requirements are not met. For example,



Land (1970) reported that phreatic meteoric cements from the Pleistocence at Devonshire
Bay, Bermuda show no regular increase in size towards the center of the occluded pore,
and the cement mosaic docs not display good enfacial junctions. Similarly, Purdy (1968)
noted that a regular vectorial increase in crystal size may occur in ncomorphic caleite, and
Steinen (1974) reported that calcite cements from the Pleistocene of Barbados show little
tendency for increasing crystal size towards the interior parts of molds.

The single most reliable textural indicator that calcite is a ncomorphic product is the
inclusion of organic matter and oriented relics of the original aragonite. Such inclusions
clearly demonstrate that aragonite to calcite transformation has occurred by thin film
dissolution/reprecipitation. Numerous examples of such relics have been reported in both
skeletal (Schneidermann ef al. 1972; Sandberg e al. 1973; Sandberg 1975; Sundberg and
Hudson 1983; Martin ef al. 1986) and non-skeletal (Lasemi and Sandberg 1984) carbonate
components.

It should be noted that the reporting of preserved relics is largely a function of the
scale of observation. Ghosts of the original aragonite structure may be cvident in thin
section, but only under examination by SEM or TEM can the presence of aragonite crystals
in the calcite be verified. Inclusion of organic matter, which provides the brownish color to
ncomorphic mosaics, is so finely disseminated that it is not recognizable on polished,
etched surfaces cxamined on the SEM (Sandberg 1985).

Furthermore, in a given skeleton, neomorphic calcite and calcite cement arc not
mutually exclusive. The photomicrograph of Halley (1984, figurc 3) shows a calcite
replaced mollusc fragment from the Pleistocene Miami Limestone that contains: pore space
created by dissolution of the original aragonite; calcite cement; and ncomorphic calcite. Itis
unclear if neomorphism has occurred concomitantly with aragonite dissolution, or whether

these processes are scparated in time.



D. SIGNIFICANCE OF GROWTH ZONES IN NEOMORPHIC CALCITE

The occurrence of zoned calcite cements is common and has been documented from a
wide range of carbonate rocks throughout the geologic column. In contrast, zoning of
ncomorphic calcite crystals has not been previously described.

Zones in calcite cements represent intracrystalline areas that differ in trace element,
isotopic composition, and/or inclusion density. Cement zones are made visible by staining
with potassium fernicyanide (Dickson 1965, 1966; Evamy and Shearman 1965; Oldershaw
and Scoffin 1967; Davies and Till 1968; Colley and Davies 1969; Evamy 1969; Neal
1969), cathodoluminescence (Sippel and Glover 1965; Sippel 1968; Meyers 1974; Frank ez
al. 1982), and/or etching with HCI and examination at high magnifications.

Cement zones may consist of relatively simple concentric bands, or more irregular
arcas of the crystal (e.g. sector zoning - Reeder and Grams 1987). Parallel, concentric
zones in cement reflect the past positions of former crystal faces and imply that sequential
changes in fluid composition or growth rate have occurred during carbonate precipitation
(Emery and Marshall 1989). Recent increases in the sophistication of analytical techniques
have greatly improved the scale to which micro-zones in cement can be detected. This has
led Emery and Marshall (1989) to conclude that the analysis of zoned calcite cements may
have outpaced interpretation.

Neomorphic mosaics differ from cement in that growth zones and crystal interfaces
arc not planar. This textural dissimilarity can be attributed to differences in the style and
mechanism of crystal growth, as displayed by the morphology and character of growth
zones. Whereas the zones in calcite cement consist of regular, straight bands 3 to 6 um
wide, zones in ncomorphic calcite of Strombus gigas consist of gently curving subparallel
bands, 5 to 10 ym wide.

Planar interfaces between cement crystals are a result of nucleation of cement on free
surfaces and competitive growth during increase in crystal size. Where adjacent crystals

mect. they interrupt the freedom of each other's development, such that a planar interface is
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maintained between them (Schmidegg 1928; Buckley 1951). Just as the straight, regular
boundarics of cement zones are interpreted as representing the position of old crystal faces,
the curved boundarics evident in ncomorphic calcite may be regarded as the past positions
of old neomorphic crystals. Crystal growth in ncomorphic calcite takes place along a
narrow neomorphic replacement front that passes through the skeleton. The interfaces
between adjacent calcite crystals in the ncomorphic mosaic are curved rather than planar,
indicating that the process of competitive growth observed in cement precipitation does not
occur during neomorphic replacement.

The presence of zones in neomorphic calcite can be viewed in terms of the 'two water
system' proposed by Pingitore (1976, 1982). The thin film surface is narrow (< 1 gm)
and 1s relatively isolated from the pore waters that surround the shell, thus chemical
exchange between the fluid at the thin film surface with water percolating through the larger
conncected pores is intermittent and episodic. In contrast, the water from which cements are
precipitated is in relatively constant contact with percolating waters. The greater width of
the zones in neomorphic calcite may be a reflection of the relatively infrequent exchange
between water at the neomorphic front with water that percolates through the rock,

compared to that of the cement.



VI. CONCLUSIONS

1. Submarine diagencsis of Strombus gigas from Grand Cayman resulted in:
a. encrustation and boring of the shell,
b. accumulation of internal sediments in borings,
¢. precipitation of micrite cement on the wall of borings and surfaces of allochems, and

d. submarine precipitation of pelsparite cement.

2. Subscquent exposurc of Strombus gigas 1o the meteoric diagenetic environment resulted
in:
a. partial or complete inversion of the aragonitic shell to calcite,
a. precipitation of blocky calcite spar cement, and

b. near-surface precipitation of needle fibre calcite.

3. Alteration of Strombus gigas 1o calcite occurred by in situ dissolution of aragonite and
reprecipitation of calcite across a thin solution film. The neomorphic calcite mosaic
preserves the original microstructure of the shell in ghost form and includes relic

oricnted aragonite crystals and organic matter.

4. Neomorphic calcite crystals in Strombus gigas contain gently curving, subparallel zones
5-10 pum wide, that have not been previously documented. These zones are interpreted
as having formed in response to slight changes in calcite chemistry (and hence
solubility) caused by episodic fluid exchange between fluids at the thin film surface and

waters percolating through the rock.
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5. Submarine diagenesis of Montastrea annularis and Siderastrea siderea from Grand
Cayman involved:
a. precipitation of syntaxial aragonite ccment,
b. boring of the skeleton by worms, sponges, algae, fungi and Lithophaga,
¢. accumulation of sediment in borings and intraskelctal cavities, and

d. precipitation of micrite and pelsparitc cement.

6. Meteoric diagencesis of Montastrea annularis and Siderastrea siderea included:
a. dissolution and / or alteration of aragonite needle cement,
b. selective dissolution of the aragonitic skcleton,
¢. partial or complete mineralogical altcration of the skelcton to calcite,
d. precipitation of blocky calcite spar in intraskelctal cavitics,
€. penetration by root systems, and

f. precipitation of needle fibre calcite.

7. Mineralogical alteration of Siderastrea siderea and Montastrea annularis o calcite has
proceeded by a combination of in situ ncomorphic transformation, and larger scale
dissolution of the skeleton and subsequent precipitation of calcite cement. No relic
aragonite crystals are present, but inclusions of organic matter in the replacing calcite
are common. The presence of micrite coatings on intraskcletal pores has promotcd

prescrvation of the skeletal structure of the corals.

8. Dissolution and subsequent calcitization of Siderastrea siderea and Montastrea annularis
has proceeded by dissolution of aragonite and precipitation of calcite that begins along

centers of calcification and proceeds outwards to pore walls.



9. Differences in resuitant diagenctic texture of calcite replacement products in Strombus

10.

gigas, Siderastrea siderea and Moniastrea annularis can be attributed to differences in
skeletal structure (porosily and permeability) and microstructure (size, shape and

arrangement of aragonite fibres) between these taxa.

Sca level history, hydrogeological data, and mineralogical and textural evidence
indicatc that the majority of alteration of these skeletal components has occurred in the

vadose diagenetic environment.
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APPENDIX A

Sampling localities for the Ironshore Formation on Grand Cayman
with locality name and exact location.
UTM = Universal Transverse Mercator

CODE NAME UTM - N UTM - E
ABB West Bay Coast 2141780 457110
ACB West Bay Coast 2141800 456800
ACF West Bay Coast 2141780 456360
ACG West Bay Coast 2141780 456270
ACH West Bay Coast 2141890 456100

B 2141040 459820
BTD Birch Tree - D 2143960 457560
BTH Birch Tree Hill 2143790 457210

C 2140550 459550
CDS Cayman Diving School 2132680 459030
CNP Canal Point 2137550 461450
CYycC Cayman Yacht Club 2140080 460740

D 2140450 459550

DP Dolphin Point 2141960 455840
DPC Dolphin Point - C 2142180 455840
DPD Dolphin Point - D 2142260 455860
DPQ Dolphin Point Quarry 2142040 455850

E 2141180 459020
EOT Esso Oil Tanks 2132020 458720

F 2141560 459300

G 2141400 459830

H 2140780 459420

I 2140740 459360

K 2140960 459720

L 2140600 460050

M 2141270 460150
MA Midland Acres 2133560 476690
MH Morgan's Harbour 2141920 459620

MHA Morgan's Harbour - A 2141960 459680
MOA Middle of Anywhere 2143020 460040

MON Middle of Nowhere 2143090 460240
MOS Middle of Somewhere 2143430 460050
NSE North Sound Estates 2133400 469380
oG Omega Gardens - 2132860 465330
OGA Omega Gardens - A 2132840 465260
PBQ Paul Bodden Quarry 2131900 460550
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APPENDIX A

Sampling localities for the Ironshore Formation on Grand Cayman
with locality name and exact location.
UTM = Universal Transverse Mercator

CODE NAME UTM - N UTM - E

PSI Pump Station | 2135780 459700
PWA Public Works - A 2135380 461280
PWD Public Works Department 2134920 461680
SBB Smith's Barcadere - B 2131590 458690
SBD Smith's Barcadere - D 2131730 458670
SBE Smith's Barcadere - E 2131820 458630
SBG Smith's Barcadere - G 2131140 438840
SD Selkirk Drive 2132510 464360
SDA Selkirk Drive - A 2132560 464350
SDB Selkirk Drive - B 2132520 464520
SDC Selkirk Drive - C 2132600 464720
SHB Sunset House - B 21325350 458930
TFB Turtle Farm - B 2143300 456300
TG Tropical Gardens 2133050 463600
TIU Prospect Point 2130800 464380
TSE Tarpon Springs Estates 2134320 478660
U 2136570 460380
\"AYS 2135900 460180
YY 2135180 460140
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APPENDIX B
FEIGL'S SOLUTION

PREPARATION

- Dissolve 7.26 g of MnSOg4-H; per 100 ml distilled water.

- Add 1 teaspoon AgrSOy4

- Heat 1o a boil (stir frequently), then continue boiling for an additional 2 to 3 minutes.
- Cool to room temperature, then filter out insolubles.

- Add 1 or 2 drops dilute NaOH and stir.

- Let sit 1.5 to 2 hours, then filter out precipitate.

STORAGE AND USAGE

- Store solution in dark bottles, in a cool location. Best results are achieved if the stain is
uscd within 1 week of preparation.

- Prepare a sample for staining by etching with 5% HCI and rinsing thoroughly. Staining
time varies with the nature of the sample, therefore check frequently and remove from
stain when desired intensity is reached.

- Aragonite is stained black and calcite remains unstained.

- If the sample contains substantial quantities of unconsolidated material, it may be
nccessary to discard and replace the solution during staining.

- Use extreme caution when staining thin sections as it may obscure features which you

may wish to photograph at a later time.



