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Abstract

The Oligocene-Miocene Blutt Fommtinn of Grand Cayman Island has a
complicated diagenetic history resulting from the passage of the rocks from the marine
phreatic, through the mixing and freshwater phireatic to the vadose diagenetic zones, in
response to tectonic and/or sea level fluctuations. The result is a highly porous dolostone
produced by extensive aragonite and dolomite dissolution.

Differenual aragonite dissol'uliongf skeletal matenal (fargely coral molds), revealed
abundant borings that were preserved as casts. 75% (;f the borings are donmunated by
Entobia. Trypanites, Gastrochaenolites, Macandropolydora, Tulpina, Caulostrepsis,

microborings and two new ichnogenera aré also locally abundant. 1t 1s apparent that

-

-~ r

bioerosion during middle Tertiary times was comparable, in terms of both the organisms
involved and the scale of damage, to bioerosion in mochiccf S.

Pervasive dolomitization which occurred prior to or penecontemporancous with
aragonite dissolution, took place awa{' from the scdiment—wutcr interface. Petrographic,
and oxygen and carbon stable isqtope geochemistry indicate that dolomitization occurred in
normal marine to slightly hypersaline waters, prior to the initial emergence of the island.

Emergence of the island after middle Miocene times saw the influx of meteoric
waters into the dolostones. This led to the development of poikilotopic calcife from
progressively fresh porewaters of the mixing and freshwater phreatic zones. The
development of this poikilotopic texture can bé%onsidcrcd a dedolomitiZation proccss'
through time separated stages of (1) precipitation of limpid dolomite cements, (2)
dissolution of the cores of those cements, and (3) precipitation of sparry calcite cements in _

T ’;nd around the hollow (;clomitc rhombs. As the rocks moved into the vadose zone, calcite
dissolution, CaCO; cementation, dedolomitization by concomitant dolomite replacement by
micrite, and sparmieritization occurred. Since this initial emergence of the island, the ‘

[

dolostones have remained predominantly,in the vadose zone.



Despite the simiarities of the dolostones of the Bluff Formation with the Tertary
and Quaternary dolostones of other Cartbbean areas, dolomitization was not a synchronous

Carbhean-wide event
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[. INTRODUCTION

The origin of dolomite in pervasively dolomitized sequences of rock is still in
debate, even after decades of extensive invcsng;llﬁn (c.g. Zenger et al | 1980; Morrow,
19824, 1982b; Land, 198 3a, 1985: Machel and Moungjoy, 1980; Hardie, 1987). The dea
that dolomite may un(fcrgo a senies of recrystallization events duning burial diagenesis
(Land, 1980, 1983a), which may result in maoditication of both the petrographic and
1sotopic signatures of the dolmnilc,‘ renders interpretation of ancient dolomites (hlﬁ(ull.

‘The pervasively dolonutized coralgal rocks of the Bluft Formation on Grand
Cayman Island studied herein are particularly suitable for the mvestigation of
dolomitization, since they are relatively young and have not been subject to any burial since
deposition. Hence, the dolomites probably have not undergone ;1;1y significant
recrystallization since formation, and the petrographic and stable 1sotopic data may be
indicative of the original dolomite that formed.

Dolominzation of the rocks of the Bluff Formation was assoctated with aragontic
dissolution, which has produced a very porous dolostone. A complex sequence of
dolomite and calcite cements have been precipitated in the pores, cavities and skeletal
jolds, reflecting the fluctuating porewater chemistries of the shallow diagenetic regimes
ugh which the rocks have evolved. Both the dolomitization textures and the cement
sequences have been compared to similar textures and cements in dolostones of other
Caribbean areas (Sibley, 1980; Jones er al., 1984). On the basis of simtlarities between the
Seroe Domi Formation of Bonaire with the dolostones of the Hope Gate Formation of
Jamaica as described by Land (1973a, 1973b) and the dolostones of San Salvador,
Bahamas as described by Supko (1977), Sibley (1980) suggested that dolomitization
events were common to the entire Canibbean area. Jones et al. (1984) included the Bluff
Formation of Grand Cayman Isiand and the dolostones of Great Abaco Island, Bahamas

(described by Kaldi and Gidman,1982) into the list of similar dolostones and argued that
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the same sequence of diagenctic events should be found on most islands of the Caribbean
Ward and Halley (1985) reported dolomitized limestones from the Yucatan Peninsula, that
comprised a sunilar cement sequence. However, they refuted the idea of regronal
dolomitization cvcr-us, and emphasized the importance of individual environmental and
hydrological charactenistics in any one area. The detailed study of dolomitization of the
rocks of the Bluff Formation of Grand Cayman Island provides a good opportunity to test
such a hypothesis.

The dissolution of skeletal components during diagenesis of the Caymanian
carbonates has revealed well preserved casts of borings of endolithic organisms. Even
though dolomitization has removed many of the original skeletal components in which the
borings occur, the casts of the borings themselves have been preserved in fine detail. The
abundance and diversity of the borings attest to the significance of bioerosion in middle
Tertiary imes. Detailed investigations of ancient bioerosion assemblages in reef
environments are rare (e.g. Kauffman and Sohl, 1974; James et al., 1977, Warme, 1977),
although studies of bioerosion in recent reefs are extensive. Thus, the good prcse;vation,
abundance and diversity of the borings preser\;cd in skeletal molds of the Bluff Formation

provide an excellent opportunity to carry out such a study, and to contrast the bioerosion

assemblage preserved with those of modem reefs.

A. OBJECTIVES

The main objective of this thesis is to provide an overall documentation of the
borings and diagenesis (especially early diagenesis) of the Bluff Formr_nion based on
surface outcrop alone, as such an overview has not been attempted since the investigations
of Matley‘(1926). The borings, in particular, have never been investigated previously.

The specific objectives are:

I. To define the age of the Bluff Formation on Grand Cayman Island.



2. Toidentfy the borings that occur in the skeletal molds of the Bluft Formation.

To describe and document the new ichnogenera and ichnospecies that are present.

(%)

he

To compare and contrast the fossil boring assemblage of the Blutt Formation with that

of modern assemblages found in reef environments. .

5. Todecipher the complex sequence of diagenetic events that have affected the rocks of
the Bluft Formation, with the aid of petrographic (light ma)scopy‘
cathodoluminescence and SEM) and geochemical (stable 1sotope) zmulysix.1

6. Toderive a dolomitization model that is compatible with the petrographic and

N )

. . |
geochemical evidence. f

B. METHODS )

Forty seven samples were chosen for thin sccti.on study. Forty one of these were
ground to 30 pum and impregnated v:/ilh blue epoxy to enhance porosity. The remaining 6
were ground to 60 um, impregnated with blue epoxy and finely polish‘cd for
cathodpluminescence study. All thin sections were stained with alizarin red solution and
potassium ferricyanide in dilute HCL (Evamy, 1963; Dickson, 1965), to}istinguish
dolomite and calcite and to determine the presence of any ferroan countdrpants. No ferroan
carbonates were discovered. Thin sections were examined on a Jena polarizing
microscope. Relative abundance of components was determined by visual estimation using
the methods of Terry and Chilingar (1955). Thin sections prepared for
cathodoluminescence study were c;<amjned on a Technosyn Cold Ca't‘"hodc Luminescence
Model 8200 Mark I1.

Fifty seven samples were prepared for Scanning Electron Microscopy (SEM).
Small fractured samples were mounted onto SEM stubs using conductive paint. 'ﬂ]csc)

were then sputter coated with gold and analysed on a Cambridge Stereo Scan 250 SEM.

An attached EDX allowed element analysis in conjunction with morphological study.



Samples chosen for isou);\)ic analysis were first t;xamincd by X-ray powdcr‘
diftraction using either a Phillips or Rigaku Geigerflex X-ray diffractometer, to determine
mincral composition. Samples were manually crushed to a fine powder using a pestle and
mortar. The powder was then smeared onto a glass slide with alcohol. The XRD's were
operated at S0kV 20mA, using CoKa radiati(;n, and the samples were run between 25° and
52° at I°20/min. Quartz was used as an imernal standard. Relative proportions of calcite
and dolomite were estimated using the calcite- dolomite peak d(y 04y ratios calibrated on the
curve determined by Royse et al. (1971) after Tennant and Berger (1957).

Dolomite nonstoichiometry was determined by méasuring the position of the di10a)
spacing (Coldsmith and Graf, 1958). The d(104) spacing of the dolomite lattice is shifted
due to the incorporation of calcium ions in excess of the stoichiometric (Cag s Mgy 5 CO3)
dolomite composition. The stoichiometric composition of dolomite (50% CaCOy) 1s
reflected in a d o4 value of 2.886A. Lumsden (19795 used the equation:

NCaCO, = md +b, /\_,
where NCaCO3 1s the mole % CaCOs in dolomite, m is 333.33, d is the observed d(104
value, and bis -911.99. Other elements may substitute for the cations in the lzﬁticc and
thus influence the peak positions, but only iron may be abundant enough to pose a real
problem (Runnells, 1974). No samptes of Bluff I;“ormation dolostone reacted with
potassium ferricyanide stain and therefore iron is not abundant enough (i.e. less than 1%
FeO) to shift the peaks (Lin_dholhmd Finkelman, 1972; Lumsden and Chimahusky,
1980).

Fifty ene samples were chosen for isotopic analy'sis‘and were powdered (< 44 ym)
either with a dental drill or manually with a pestle and mortar. The proccdurc of Walters er
al. (1972), modified after McCrea (1950) was then followed. The samples were reacted
will;; 100% H3PO, at 25.2°C. In sarhiples containing both dolomite and calcite, the calcite &

CO; was extracted after 1 hour, any subsequent gas produced was pumped away after 3
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hours, and the dolomite CO,was extracted after 10 days. The gases were then analyzed on
a 602D Micromass Mass Spectrometer. To calculate thc»msulls of calcite and dolomite,
values of 1.01025 and 1.01110 respectively were used for the carbonate - phosphoric acid
carbon dioxide fractionation factor at 25°C (tnodified after Sharma and Clayton, 1965).
Accuracy is better than 0.2%o. Results are presented in the 8 (%o) notation relative to the
Belemnitella americana from the Peedee Formation.

Rough percentages of amount of boring were determined by visual estimation of
both hand and field samples‘. More accurate determination was made on a limited number
of slabs (10), which were impregnated with liquid fibreglassing resin before slabbing,
These slab$ were taken from the middle of corals and were assumed to be representative of
the whole coral. Acetate overlays were used to trace and quantify the amount of boring.
Most of the coral molds represent only fragments of the original coral colony. This must
be considered when comparing the da;a obtained with determinations made from slabs from
whole colonies in the recent environment. The borings were analysed using a binocular
microscope, and in some cases thin section and SEM study was implimented.

All samples collected and studied herein are documented in brackets, in the relevant
secuons, by locality abbreviation (refer to Figure 1B) and University of Alberta catalogue
number. Specimens of borings illustrated in this thesis have Uhivcrsity of Alberta Type
Collection numbers, while those not illustrated but described, have the same numbering

sequence as the petrographic samples. , s

C. QOCATION
-y

The three Cayman Islands are located in the western part of the Caribbean Sea,

between Jamaica and Cuba (Fig.1A). Grand Cayman (81°15'W, 19°2()N), the hgest of

£

the islands, is approximately 280 km north northwest of Jamaica and 240 km south

Cuba. Cayman Brac and Little Cayman are approximately 95 km northeast of Grand
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Cayman (Fig.1A). The Cayman Islands are peaks on the Cayman Ridge, which is a
submarine extension of the Sierra Maestra Range of Cuba (Rigby and Roberts, 1976).

Grand Cayman is 35 km long, east to west, and is between 6 and 14 ki wide (Fig.
IB). Itencompasses an area of 197 km2 (Spencer, 1985, p. 60). The maximum elevation
1s 18 m (compared to 40 m of Cayman Brac), but most of the island is less than 3 m above
sea level. The eastern part of the island is generally covered in mangrove swamps, which

prevent access to much of the interior of the island. A coastal road provides good access to

the perimeter of the eastem end.

D. GEOLOGIC SETTING

The first major geological observations of the Cayman Islands were made by
Matley (1926), who described the Bluff and Ironshore formations on all three islands.

On Grand Cayman Island, the Bluff Formation makes up much of the eastern half
of the 1sland, and most of the high gfound. The rest of the island is formed of the )
Ironshore Formation (Fig. 2) which is comprised of five "facies": reef, backreef, lagoonal, v
shoal and beach ridge (Brunt er al., 1973). The Ironshore Formation is a limestone,
whereas the Bluff Formation is a dolqstonc unit (Jones et al., 1984). The Ironshore
Formaton is l;atc Pleistocene in age (‘I‘24 000 B.P.) and rests unconformably on the
Oligocene—Mioceﬁc Bluff Formation (Fig. 3). The contact between the two formations is
vanable (Brunt et al., 1973), but always well defined. 7

The Bluff Formation is a dense, very hard, white to beige, crystalline dolostone
with local patches bf dolomitic limestone. It has vaguely defined bedding at some
localities, but otherwise appears massive, and has three well defined joint systcmg. Corals,

molluscs, foraminifera and red algae are common skeletal constituents. Surface exposures

of the Formation are characterized by a well developed karst topography, consisting of
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sharp pinnacles, ndges, sinkholes and fissures (Matley, 19260; Doran, 1954). Black

phytokarst caused by the boring activity of microendoliths (Folk er al., 1973) is common.
¥ )

E. TECTONIC SETTING

The Cayman Islands form pinnacles on top of the asynunetrical Cayman Ridge.
This ndge c;(lcnds from the Sierra Maestra of Cuba almost to British Hondurast where it
disappears beneath sediment cover in the Yucatan Basin (Perfit and Heezen, 1978). The
northemn side slopes gently into the Yucatan Abyssal Plain while the southern slope drops
precipitously more than 5000 m into the Cayman Trench, (Rosencrantz and Sclater, 1986).

‘The Cayman Trench, formally the Bartlett Tro;Jgh (Taber, 1922), extends from
86°30" W, just north of the Bay Islands, to 77°W, north of Jamaica. Itis between 120-180
km wide, and is bounded to the south by the ﬁpccipilmxs northern slope of the Nicaraguan
Plateau. ‘:

The Cayman Trench marks the present day location of the strike slip plate boundary
of the northern Caribbean Plate (Molnar and Sykes, 1969). The boundary is largely
defined by the Oriente Transform Fault in. the northern and eastern side of the Trench, and
by the Swan Islahd Transform Fault along the southern and western edge (Fig. 4). These
have left lateral strike slip mbtions._ Holcombe et al. (1973) described a north-south
trending valley at 81°40'W, bounded on each side by north-south trending ‘rugged
topography. This was interpreted to represent an actively speading océanic rise, which
comnected }he two transform faults.

. Rosencrantz and Sclater (1986) suggested that the total opening of the‘Trcnch has
been 1100 km, and that this has occurred in two stages: an early phase of fast spreading,
and a later episode of slower spreading (15 + 5 mm yrl). A distinct break between the two
occurred 30 Ma ago. Land (1979) argued that the Trench most probably opened during the

‘Eocene.

@
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W :Mu activity of the rench can be tied 1 with Cartbbean plate motions Pertat and
e ' .

l‘l;.*gyf‘n (1978) presented a dotailed discussion of the tectonie evolution of the Canbbean
dm%c Mesozoie and Cenozote. They prnp-oscd that the Cayman Trench represents the
|1llxs§ig hink between Central Amenica and the Greater Antilles. In pre Cretaceous umes,
Ythe (“;l}::}ﬂd}kldg(‘ and Nicaraguan Plateau were a single unit extending fron just cast ot
the }l()ﬂ(i;lril;(‘();lxl_ In the nuddle o late Mesozoie left lateral strike ship taulting began
along the ancient Motagua-Polochic Fault Zone . In the carly Cretaceous, South America
began to rotate clockwise with respect to North America, and southerly subduction of the
Atantic began under the Caribbean Plate. A volcanic are, represented by Cretaccous rocks
from the Cayman Ridge, Nicgraguan Plateau, Jamaica, south Cuba and Ha, developed
above the Benioff zone.  Subduction stopped in the early Tcrl'\zlry and the Canibbean plate
began to move rcl‘a[_ivcly castwards. The southward movement of South America relative
to North America caused extension, and led to the opening of the Proto Cayman Trench.
Suhpurzillél “leaky” faults developed, unul continued plate divergence caused a q)rcadm;;
centre to form. ‘The rench widened and lateral faults became localised along the rench
walls. The Cayman Ridge and south east Cuba were rifted fromyhe volcanic arc, and since
the Eocene have been increasingly left laterally offset.

'Ihe‘i@:yman Ridge was a shallow carbonate bank ., but began u)w n the
Oligocene (Emery and Milliman, 1980) to Miocene (Perfitand Heezen, 1‘)‘&)_ Subsidence
rates have been cstim;lled'at 6 cm (Perfit and Heezen, 1978) to 10 ¢m 1()()(5yr I (Emery and
Milhnun, 1980). Localised pplift elevated the. Cayman Islands, the Swan Islands, Jamaica
and South Cuba above sea level after the mitddle Miocene, and continued to elevate Central
America, while subsidence continued in the other areas (Perfit and Heezen, 1978). It has
been suggested that the three Cayman islands occur on distinet fault blocks that have been

subject to differential vertica! tectonic movement ‘qtil the last interglacial (Woodroffe e al..

1983). Since then, they have been relatively stable (Emery, 1981; Woodroftfe er al., 1983).
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FoSEA LEVEL

A sealevel tall, instead of, or coupled wath tectome uphitt, could have accounted for
the Island's emergence atter the middle Mux“(‘nc. Hallam (1985 documented a mumimum
global sea level in the nuddle to Tate Miocene, which certainly would have exposed the
rocks of the Bluft Formation.

Evidence from the evolution of land snails of Grand Cayman Island suggests that at
least part of the 1sland has remained subaenal " since well back mto the Tertiary Period.”
(Emery, 1981). A well defined marine terrace at 2 m above sea level and higher ones on
the island attest to pertods of higher sea level in the past. The 2 miterrace can be correlated
with manne terraces throughout the Canbbean region (Emery, 1981), and represents the
Sangamon Interglacial. During this time, the Ironshore Formation was deposited
unconformably on thé Bluff Formation. The higher terraces cannot be correlated but
probably represent glacio-eustatic fluctuations of the late Tertiary and Pleistocene.
Eovidence from Bermuda (Harmon er al., 19_83) indicated a sealevel I m higher than present
at about 200 000 BP (middle Pleistocene), and Vail and Hardogbol (1979) documented a
high of about 100 m above present sea level dunng the Pliocene. The Bluff Formation of
Grand Cayman Island has a maximum elevation of 18 m, and therefore, this Pliocene high
would have submerged the island. However, the details and magnitude of Vail and
Hardenbol's curve have been questioned (M}all,‘l98()). Indeed, Hallam (19K4)
documented a much smallgr rise in sea level at this ime. Thus, it is probable that Grand
Cayman Island has remained largely suba;ﬁal stnce 1ts initial crﬁcrgencc after the muddle

Miocene.

G. AGE OF THE BLUFF FORMATION
Vaughan (1926) suggested an Oligocene age for the Bluff Formation on Cayman

Brac on the basis of Foraminifera, most notably Lepidocyclinids. Vaughan (in Matley,



1926) based on coral and toraminiferal evidence, suggested a Miocene age tor the
formation on Liule (‘uym;m‘und Grand Cayman. Merren (in Richards, 1955) reported both
Oligocene and Miocene foramunifera from the Bluft Formauon of Grand Cayman.
Gradsten and Poag (in Emery and Milliman, 1980) documented the presence of
amphisteginmds in the Blutf Formation on Grand Cayman, and attributed a maximum
Oligocene age for the formaton,

The presence of amphigestnid foraminifera is confirmed by the present study. In
addition, a few specimens of Lepidocyclinids, abundant Stvlophora sp., Diploria sp,
Montastrea sp., Agaricia sp., Agathiphyllia sp., Antillocyathus sp., Dichocoenia sp.,
poriud and favud corals; Diodora sp. and Siliquaria (7) sp., not hitherto documented from
the Blutt Formation of Grand Cayman, have also been found.~ These suggest that the Bluff
Formation has an upper limit of middle Miocene age. This conclusion is supported by the
ideas of Perfit and Heezeh (1978) who suggested that the Cayman Islands were uphfted
after the nuddle Miocene, and by Hallam (1984) who documented a massive eustatic sea

level fall in the middle to early-late Miocene.



I THE BORINGS OF THE BLUFF FORMATION

Atﬂmdunl ancient biogenic sedimentary structures, or trace fossils, are well
sreserved i the Blutf l"(')nnulion_ ‘They are the product of contemporancous boring
activities of marine organisms, many of which had no preservable hard parts. This boring
assemblage is thus an important testimony to the diversity of the marine conununity. The
borings occur as natural casts, which preserve much of the fine detail of the original
borings in negative form. Examples of such excellent preservation are rare. Unless

A
otherwise stated, the terminology used (appendix 1) is consistent with that of Ekdale ef al.
(1984, p. 301-316).

The boring assemblage can be divided into macro- and microborings, based on the
size of the individual borings. Even though microorganisms are usually less than 100 pum
in diameter (Golubic et al., 1975), Schroeder (1972) found calcified filaments up to 300
um. The microborings can therefore be considered as those under 300 pm in diameter.
Macroborings are those ov’cr 300 um in diameter. The significance of this size distinction
stems from the different organisms involved in the two categories. Microborings are
predominantly produced by algae, fungi and bacteria, but some of the common
macroborers such as sponges, bryozoans and annelid worms, may sometimes produce
borings which fall imi the upper size range of the microborings. Thus, it is a convenicent

working boundary rather than a definitive one and is useful for descriptive purposes.

A. PRESERVATION
Preservation of the Macroborings

The casts of the maQ(Kbon'ngs are most common in corals or in coral molds, which
are the most common faunal element in the Bluff Formation. The borings also occur on the
intemal- casts of gastropods and bivalves, and less commonly, in the coralline alga-l crusts

whictyom many of the coral molds. Kleemann (1982) documented a similar type of

9
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differenual preservation in the Miocene Leithakalk of Austria, wherein, trace fossils made
by large boring bivalves are preserved in coral molds.

The casts of the borings have been preserved by dolomite, which is
petrographically similar to that in the host rock. The presence of skeletal allochems in the
dolomite in the casts indicates that the borings were passively filled with sediment. The
sediment that originally filled the borings was significantly different from the aragonitic
skeleton of the host coral. The fact that even the smallest chambers of the borings are
filled, attests to the fine grained nature of the onginal sediment.

The filling of the borings by sediment may have killed the endohiths. This may have
been a result of either high sedimentation rates or burial of the host skeletons. In the case
of the corals this could have occurred after the endoliths had weakened the bases of the
corals and caused them to collapse. At most localities (all except BH) coral fragncms
rather than whole corals are common. Thus, the endoliths may have contributed to their
own demise. ] '

The sediment in the casts was then lithified and later dolomitized along with the
surrounding matrix. Preferential leaching of aragonitic skeletons occurred prior to or
penecontemporaneous with pervasive dolomitization. This formed skeletal molds in which
only the boring casts were left (Fig. 5). The dissolution of the molluscs also left internal
and-cxtfcm‘al molds of the valves and exposed the borings. The originally HMC (high
magnesium calcite) coralline algal crusts have been largely preserved and so, the borings
are only visible in thin spction, where they disrupt the algal laminatons. Minor dolomite
cementation, in some cases followed by calcite cementation, then occurred on the casts of
the borings. This cementation has obscured some of the fine detail of the borings.

Some of the borings are now hollow (Plate 8C, F) suggesting that either some
dissolution of the lithified fill occurred penecontemporaneously with its 'rcplaccmcnt by
dolomite, or dissolution of the dolomite in the.ccntral region of the borings has occurred

after dolomitization.

\()
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Boning in aragonitic skeletal
substrate, with numerous
apertures connected to the
substrate surface.

Marine sediment fills borings,
and 1s lithified, producing
boring casts.

s

Diagenetic fluids preferentially
leach aragonitic host skeleton,
but not the infilled borings.
The borings are subsequently
dolomitized.

Figure 5. Preservational sequence of the macroborings of the Bluff Formation.

N



The sequence of events can thus be ,\llli]”](ll"i/(‘(l (I1g. 5): -
1. Borng of the skeletons,
2. Flling of the borings with sediment,
3. Lithificanon of the sediment fill,
4. Dolomiuzaton and pcnccunIcmpur;mcm;\ ditterential dissolution of aragonite skeletons
to expose natural casts of the borings in the molds,
S, Dolomute and calcite cementation around boring casts and i skeletal molds,
Preservation of the Microborings
There are three types of microbonings and filaments tn the Bluft [-‘m'm;mnpz

1. recent, uncalaified filaments,

s

1o

calcified filaments,
3 dolomitized microborings.

The first two were not part of the original endolithic community, as they are not
dolonutized and are therefore younger than the dolomitized microborings. The dolomitized
microborings are inferred 1o be Oligocene to Miocene in age like the macroborings, because
they are intricately assoctated with the submarine m;xcrobolrings‘

The borings range in diameter from 2 to 300 um; however, their lengths are
generally indeterminable. Their common occurrence in microcavities means that much of
their structure is hidden, thus making taxonomic identification difficult. They are inferred
to be either algal or fungal in origin; Golubic et al. (1975) discussed the problems of
differentiating these. It 1s possible that some of the microborings were formed by sponges,
worms or bryozoans. |

The casts of the microborings are formed of small subhedral to euhedral dolomite
rhombs™ to 4 um long (Plates 11E, F; 7F), which are comparable to the dolomite cement
‘commonly found lining pores in the Bluff Formation. On many microborings, larger (up

to 30 pm long) euhedral dolomite crystals may completely coat the fine dolomite or may

18



occur as 1solated crystals on the microborings (Plate 11E, F). Some of the nucroborings
are hollow (Plate 7G). -

The nucroborings commonly occur in microcavities, that average 200-600 pnt in
diameter. The possibility exists that some of these may not be bonings sensu stricto | but
may be chasmoliths, passively nestling in a pre-existing cavity. It is more p-mbnblc,
however, that the filaments existed as both euendoliths boring through the substrate, until
they reached Cavitics/v.vhcrcupon they became chasmoliths. The euendolithic mode was
again established at the other side of the cavity. This is a common mode of life for marine
endolithic green algae (Kylin, 1936; Schroeder, 1972). Since it is not possible to \\
distinguish between these modes of life in the Bluff Formation, the term ‘'microborings’ is
considered appropnate.

There are three possible alternatives for the preservational sequence of these
microbornings (Fig. 6). .

(I) They have been preserved as natural casts, in a similar manner to thz;t of the
macroborings. The microorganisms bored into skeletons producing cavities. Fine graincd
sediment then setiled into the bosings, was lithificd and later dolomitized. The aragonitic
host substrate was preferentially leached prionto, or simultaneous with dolomitization.
Dolomite cement then grew on the microboring casts. This mechanism may have been
valid for the larger microborings, but it is difficult to envisage even fine grained sediment
settling into the smallest borings.

The hollow microborings may have formed during dolomitization, whereupon only
part of the sediment fill was dolomitized. Alternatively, the dolomite in the cores of the
borings may have been leached later in diagenesis.

(2) The microorganism formed a cavity producing a microenvifonment conducive
to the precipitation of high magnc;ium calcite (Schroeder, 1972) or aragonite (Harris et al ,

FY

1979). Cement was then able to precipitate in the boring. The cause of such cementation is

»

problematic, The boring organism could have been directly or indirectly responsible for it,

”
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or it could have been triggered by bacteria, og by passive mnorganic précipil;uion (Bathurst,
1966 Schroeder, 1972; Kobluk and Risk; 1‘)'77a, 1977b). The cemented boring was then
dolomitized, with pcntcontcmporancous leaching of the aragonitic host substrate.
Subsequently, dolomite cement was precipitated on the dolomitzed boring cast.

The hollow centres may have formed during the niual cementation in the boring,
where cement was precipitated only as a lining or envelope in the boring. Liljedahl (1:)8(»)
documented such incomplete cementation in microborings’in the Silunan of Gotland.
S'uhxcquc_'nt dolomitization thus preserved only this internal envdopc.

(3) A similar mechanism to (\2) can be invoked to explain the preservation of the

-
borings of chasmolithic organigms. During life, or following partial decay of the
organism, HMC or aragonite cement was precipitated around the filament. This first stage
fringing cement thus preserved the outline of the filament. When the organism decayed
completely the internal core was cemented by a second stage cement. Schroeder (1972)
called these cemented filaments, "calcified filaments™. In the Bluff Formation, these
calcified filaments were then dolomitized, and dolomite cement was subsequently
precipitated.  Hollow cores of the borings could have resulted from incomplete
calcification of the filament. The chasmolithic filaments may have unae)\gonc the first stage
ementation, thus preserving the shape of the filament. Theesecond stage of filling was
inhibited or restricted to a l’ining only. Thus, subsequent dolomitization only preserved the
first stage cement. ) .

The possibility exists that some of these microborings may have originated as’
filaments that were primarily cemented by dolomite and these would therefore be termed
"dolomitized filaments". Unfortunately. there is no way to distinguish these in the Bluff

. Formation. Mechanism (1) could account fpr the larger microborings, while (2) and (3)
seem more likely for the smaller ones. It is not possible to distinguish these possible

mechanisms.

The preservational sequenfe can thus be summarizeq:

20



1. PASSIVE FILL
WATER CEERHRGRTR A
J\l CQRAL
— —P
Aragonitic substrate is Vacated boring is filled Yvilﬂ Host substrate is leached,
bored by microorganism sediment, and sediment is and boring cast is
lithified dolomitized
2. CEMENTATION IN EUENDOLITHIC BORING
X
\/ \
: _ . Cements are precipitated Host substrate is leached,
Substrate is bored in vacated? bgr'mgp and cemented boring is
dolomitized
3. CEMENTATION IN CHASMOLITHIC 'BORING'
— SUGSTRATE —
VOID ' U
—P —>
Chasmolithic filament in Filament is calcified both Calcified filament is
void within substrate internally and externally then dolomitized

§
Figure 6. Three possible mechanisms for the preservation of the microborings.
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1. Grain or skeleton bored by endoliths,

2. Ocelusion (total or partial) of borings by aragonite or HMC by cementation or passive
. ¥
f11l,

3 Luhificauon,

4. Dolomitization, and penccontemporancous dissolution of

aragonite, to reveal borings in cavities,

5. Precipitation of dolomite cement around some horings.

B. SYSTEMATIC ICHNOLOGY
Taxonomy in ichnology is frought with difficulties due to the special nature of trace
fossils (Frey and Seilacher, 1985; Frey and Pemberton, 1985), and their uncertain

relationships to biological taxa. Specifically this is because: \

s

Ay »
1. One organism can produce more than one ichnospecies of trace fossil.

2. Many unrelated species of organisms can produce the same trace fossil.

3. The ontogeny of the trace fossil does not always relate to that of the tracemaker.
v b}
4. Anindividual trace fossil can represent more than one behavioural trait.

5. Full taxonomic ranks cannot be applied to trace fossils. Taxa are presently restricted to
ichnogenera and icﬁnospccics.
Like trace fossils in general, borings must be kept taxonomically distinct from
~biological taxa. Borings, however, tend to relate to their tracemakers to a greater degree

*than is the case with soft substrate trace fossils. This close relationship has served to -

confuse their taxonomy. This confusion is most apparent in the taxonomy of algae, fungi

and bryozoa, and their corresponding borings. The problem_arisés from the recognition of

borers in their borings in recent environments. In some cases, these organisms may not

4
have even bored their dwellings, but Fave settled in pre-existing cavities excavated by other

’

organisms. In other cases, the organism may have subsequently modifigg a pre-existing
%

boring, thereby producing a xenomorphic boring. Some authors have attempted to name ,



recent borings after the apparent borer (Pohowsky, 1974), thus confusing maters

considerably when similar borings have been, or are consequently found in ancient

setings.
In recent years, there has been a concerted effortto re-cvaluate the taxonomy of
borings, in order to provide a consistent and useful working classification (e.g. Vougt,

1975; Bromley and D'Alessandro, 1984; Kelly and Bromley, 1984).

Ichnogenus Entobia Bronn, 1837

-

(Plates 1A-G; 2A-G; 3A-G)

Selected Synonymy

1808 Bodics Parkinson.

1814 Cavitics Conybcare.

1822 Parasitical bodics Mantcll.

1837 Entobia Bronn. '

1838 Entobia - Bronn.

1843 Entobia - Portlock.

1850 Clionites Morris (in Manicll).

1868 Cliona - Fischer.

1962 Entobia - Hintzschel.

1970 Entobia - Bromley.

1975 Entobia - Hintzschel. -
1984 Entobia - Brpmley and D’'Alessandro. £ =

) ' \

Type ichnospecies: Entobia cretacea Portlock, 1843
IchnospecYes: The taxonomy of Entobia was recently reviewed and emended by Bromley
and D'Alessandro (1984). Out of 23 existing ichnospecies of supposed ‘spdngc borings,
they validated only 6: cretacea , glomerata, megastoma, parado;a,; pa?isic;nsis and
retiformis. To these they added 6 new ichnospecies: cateniformis, geometrica, laquea,
mMillata, ovula and volzi.

Stratifgraphic Range: Triassic to Recent. )
Remarks: Entobia Bronn has been referred to the work of Cenozoic and Megozoic bon’ﬁ g
sponges, generally of the family Clionidae (Morris, 1851; Fischer, 1868; Stephenson,
1952; Bromley, 1970). l:jntobia borings can also be produced by some species of

—
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spirastrellids, as well as clionids. For example, Anthosigmella varians can produce borlngs
that are indistinguishable from those of Clinna aprica (Pang, 1973). Paleozoic borings that
resemble those of recent boring sponges are not included in Entobia, as they need re-
¢xamination (Bromley and D'Alessandro, 1984). They therefore, retain their old names
ofClionolithes, Clionoides, Filuroda andTopsentopsis (see de Laubenfels, 1955).

The diaghosis of Entobia (Bromley and D’Alessandro, 1984) includes those
borings with single chambers and those with networks or boxworks of chambers. These
are all considered to be the products of boring sponges. E. glomerata Morris is the only
ichnospecies of Entobia that has single chambered b;)rings. In the corals of the Bluff
Formation there are numerous well preserved specimens of single champercd bortngs (of
boring sponges), generally much larger and more-distinctthan the poorly d)cscribed and
"dubious” (Bromley, written comm., 1986) £. glomerata. Significantly, lhese single
chambered borings occur in the san;c coral molds as entobians that form networks of
chambers. They therefore represent a distinct behavioural trait of the trace maker, and as
such, should be differentiated at the ichnogeneric level. This would avoid overcrowding
Entobia and would allow for species distinction of this new single chambered form.
’ An allusion to the fate of clavate borings highlighté the problem of using one
ichnogenus to cover a wide ran ge of boring morphologies. Problems of overcrowding and
excesstve lumping occurred when Bromley (1972) included a wide range of single entrance
borings into the ichnogenus Trypanites Migdefrau. This was not generally accepted, and
led Kelly and Bromley (1984) to remove the clavate borings from Trypanites, and to
rcassxgn the names Gasrroclzaenohtes and Teredolites to cover these clavatc borings in lithic
and lignic substrates respecuvely b

The establishment of a new ichnogenus for single chambered borings requires a

modification of the Entobia diagnosis of Bromley and D'Alessandro (1984). E. glomerata

can then be removed from Entobia and transferred to anew lchnogcnus

\



Emended diagnosis: Borings in carbonate substrates comprising networks or
boxworks of galleries connected 10 the surface by several or numerous apertures.
“"Morphology changes markedly with ontogeny. The galleries show progressive increase
in diameter during growth: in some forms, inflation at more or less regular distances
produces a system of closely interconnected chambers; in other forms, chamber

>

development is restricted to only a brief ontogenetic stage; in still other forms, no

.

Cameration is developed. The surface of the boring bears a cuspate microsculpture that may
be lost in gerontic specimens. Fine apophyses arise from all or most surfaces of the

system.” (Bromley and D'Alessandro, 1984).

Entobia new ichnospecies A

(Plate 1, Fig\s. A-CO)

Material: ' UA 7793, UA 7794, UA 7795.

Occurrence: Not abundant in the Bluff Formation. Occurs in stylophorid molds at CK
and HRQ.

Diagnosis: Vaguely camerate network of branching galleries. Main axes of branches
parallel substrate surface. Galleries maintain constant dxamctcr except at branch junctions,
whcrc they thicken slightly to accommodate new branchcs Branching is less than 90° from
main axis; network has a dendritic pattern. Lumps or buds are common on galleries. In
areas svhere cameration is developed, chambers are rectangular to equidimensional.
Description: No_growth stages are visible, but densest areas of the boring may represent
oldest part. Network can consist of up to six tiérs, and where densely packed may
“coalesce. The densely packed structure together with the complexly branching galleries,
make it difficult to determine whether these Structures represent one or many borings.

Maximum boring depth of the best specimen is 11 mm. Galleries are l-1.2mmin



-
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dzunclm_ Atbranch juncuons diameter isup to 1 7 mm. A coating of cement (0. 1mm)

may account for the lack of apophyses expected on a sponge boring,
Remarks: The buds may represent new arcas of growth e preliminary brancHes. This
his not been seenan Entobia betore and muight suggest that this new 1chnospecies s not a

Ae!

.\ﬁ;mgc boring. Phoromids can produce dense pscudocolonies, with a l)r;mf‘hing form
resulting from asexual budding. The galleries of these are however, much finer than the
new ichnospecies (about 150 pm in diameter) and are non camerate (Marcus, 1949 Enug,
1979). Henderson and McNamara (1985) described Gnathichnis OCCUrTIing as semi-

postuve reliets on steinkern surfaces from the Maastrichtian of Western Australia. These
I'4

consisted of ridges (30 10 250 pum in diameter) which branched and exhibited a faindy
oY

beaded Yexture. They interpreted these as imprints of phoronids, which had etched

v

themselfes into the shell, New ichnospecies A occurs well within the substrate and is thus
a borer. Italso has a characteristic dense, robust network of gallenes, unlike the slender
nidges with just two or three branches. Thc new ichnospecies is most similar to £
-megastorna which is a non-camerate entobian. However, 1t differs by virtue of its dendntic
branching habit, vaguely camerate nature of parts of the galleries and its common

development of buds. It differs from Talpina sp. by the development of cameration and its

-
-

large and robust character. )
. - If

)
Entobia cateniformis Bromley and D'Alessandro, 1984
(Plates 1F, G; 4G)

1984 Entobia cateniformis - Bromley and D'Alessandro, p. 238, pl. 16, figs. 1,3, S; pl. 17, fig. 3; pl. 27,
fig. 3. )

Material: UA 7796, UA 7797, UA 7810, also many other well preserved specimens.

Occurrence: Occurs commonly in both coral molds and bivalve molds, at all localings.

f
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Diagnosis: Entobian developed as an open camerate system, comprising long tows of

cyhndrical chambers forming an iregular maze through branching and anastomosis M;m;'
chambers clongated, com;n(mly T Lo or cross shaped where rows intersect Flsewhere,
no tusion of chambers. Intercameral canals reduced o constrictions Apcrtures small,
regularly distributed; apertural canals well developed. Ontogenetic phases A, B and
well developed, D reauced. |

R(’rrx(zrk.v: The highly distincuve T, 1. and cross shapes of the chambers of this
ichnospecies are well developed. At least one spectmen is xenomorphic after a Trypanires
type boring (Plate 1G). Chambers are commonly 4 x 2 mm in growth phase C# Phase D

has not been observed.

Entobia geometrica Bromley and D'Alessandro, 1984
(Plate 1D, E)

)

v

1984 Entobia geometrica - Bromley and D' Alessandro, p- 241, 9L 18 fig 1, pl 19, fags 1, 3 pl 20, fig
Lopl 21, figs. 1,4, 5; pl. 22, figs. 1, 2. 5.

Material: UA 7805, also numerous other specimens.

Occurrence: Co‘mmon in branching coral molds and Agaricia fragments, at all localities.
Diagnosis: Camerate entobian. Apertures of two markedly different sizes: the larger
generglly unfused, vanable in diameter; the smaller spread among the larger ones.
Apertural canals very short. Charnbcfs wide, generally polygonal in section in mature
growth-phases, separated by thin walls perforated by numerous short intercameral canals
that may be fused together. In more juvenile phases the chambers are oval or subspherical,
always joined by a distinct intercameral szai. Chambers disposed in weakly developed

raws, tending to form a subrectangular network. The dominant growth phase 1s D; B and



Care usually much reduced. The system is developed parallel to the external substrate
sutface, n usually only one or two tiers.
{
. o _ N
Remarks: I geometrica is characterized by polygonal-shaped chambers and the very
short o absent intercameral canals connecting these. These chambers are up to 1 em in

drumeter in some large specimens, but thickness and depth rarely exceeds 5 mm. Only one

uer s commonly developed.

.

Entobia laquea Bromley and D'Alessandro, 1984
(Plates 2A, D, G; 3E; 4G)

1984 Entobia laquea - Bromlcy and D'Alessandro, p. 244, pl 17, tig. 2; pLI9. fig 2, pl 23, fig. 1

~
Material: UA 7810, UA 7805 also many other specimens,
Occurrence: Very abundant in coral molds at all locahties.
Diagnosis: A camerate entobian composed in mature stages of networks of small
chambers arranged in several tiers subparallel to the substrate surface. The chambers,
vanable 1n shape, taper abruptly near the constrictions that separate them from neighbours.

'

‘They are organized in short, more or less arcuate chains that encircle small spaces in a way
that resembles lace. The apentures, circular in shape, rarely fused, are small, numerous and
distributed irregularly. Phase A well represented by branched exploratory threads that
anastomose early to produce a slender network . Furthermore, phase A is usually present a:
the periphery, even in mature specimens. Phase B is greatly reduced or absent, the
enclosed meshes paising almost directly into phase C. The most characteristic growth
phase of the ichnosp}cies 1s C.
Remarks: E. laquea is commonly associated with other entobians. Chambers are small

1 .
\ and irregularly 8haped (Plate 2A). The characteristic lacework development is common.

R
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When restricted by the size of the substrate, the meshworks become dense and
K}
stenomorphie (Plate 4G), but may be tentatvely assigned o £ laquea

Entobia mammillata Bromley and D'Alessandro, 1984
(Plate 2B, C )

1984 Entobia mammulttia Bromley and D'Alessandro, p. 246, pl 20, hg 3 pl 24, fg Topl 29 higs 1,
2.4 pl 206, fig, 2, pl 27, fig. 3.

Material: UA 7798, UA 7799, UA 7800, also several other specimens,

Occurrence: Commonly associated with £ megastorna. Not abundant, occurs in
branching coral molds at all localities.

Diagnosis: Camerate entobian in Juvenile phases, non camerate in mature phases.
Network of sublinear cylindrical chambers, later fusing to galleries, organized in an
uregular maze of a single tier, anastomosed and branched at wide angles to a right angle.
Surface ornamented with hemispherical tubercles, each bearing a long terminal apophysis,
or by a cluster of partially fused tubercles. Phase C, well developed, phase D absent.
Phase E represented by wide, shallow, surface grooves, the ornamentation locally lost.
Apertures extremely variable, in two sizes: a few relatively large and wide, sparsely
distributed; among these, minute apertures of much smaller size.

Remarks: This ichnospecies is characterized by the dcvclopment of laréc cylindrical
chambers covered with a tuberculate ornament (Plate 2C). More flattenend, nibbon-like
examples of this are common (Plate 2E). Each hemispherical tubercle bears a distinct

apophysis. These latter forms are found in small molds, having an average diameter of 1-2

cm, while the diameter of the boring is from 0.5-1 cm, and the thickness being 3-S mm.
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Entobia megastoma (Fischer, 1868)
(Plate 2C)
- 1866  Cliona megastoma Fischer, p. 198 (nomen nudum?)
1868 Cliona megastoma Fischer, p. 165, pl. 24, fig. 2, 2a.
?1932b Cliona cretacica Fenton and Fenton, p.-55.pl. 7, fig. 8,9,
71941 Cliona microjuberum Stephenson, p-54.pl 3, 0ig. 1,24 pl. s, fig. 1, 2.

1984 Entobia megastoma - Bromley and D'Alessandro, p. 250, pl. 23, fig. 3 pl. 24 figs. 2, 3; pl. 20,
fg. 1;pl. 27, fig. 2.

Material: UA 7799, UA 7805.

Occurrence: Rare in Bluff Formation. Occurs in branching coral molds at HRQ.
Diagnosis: Non-camerate entobian, organized in an irregular boxwork system becoming
more or less complexly intermeshed in the mature stages. The galleries are subcylindrical,
frequently bifurcated, swollen at nodal points where, usually, several galleries conjoin.
Apertures large and numerous, circular or oval in shape, rarely fused, disposed trregularly.
Phase A reduced; phases B-D well developed.

Remarks: E. megastoma is a non-camerate boring that in the Bluff Formation reaches 1.5

¢m in diameter. It branches regularly to form a dense network (Plate 2C).

Entobia ovula Bromley and D'Alessandro, 1984

(Plates 2B, F, G; 3A-E; 8A, B, D)

1984 Entobia ovula - Bromley and D'Alessandro, p. 254, pl. 17, figs. 1, 4; pl. 18, fig. 2; bl. 21, fig. 3;
pl. 23, fig. 2; pl. 26, fig. 3; pl. 27, fig. I; pl. 28, fig. 4; pl. 29, fig. 3.

Material: UA 7798, UA 7801, UA 7802, UA 7803, UA 7804, UA 7805, also many
other well preserved specimens.

Occurrence: Very common in branchin g coral molds at all localities. Also occurs in
Montastrea and Diploria, and in gastropod molds. Phases C and D never found together in

!

same specimen. |
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Diagnosis: A camerate entobian composed in the mature stage of small chambers of
globose to ovoid shape, greatly crowded, arranged in a boxwork. The chambers are
separated from neighbours by a very short intercameral canal, usually reduced 1o a
constriction. In phase C, the chambers are arranged in straight strings, forked at variable
angles and anastomosed, giving rise to a network in one or two, poorly distinguishable
ters. A and B p}{ascs are reduced. Apertural canals distinct, tapering distally, or slightly
inflated as a barrel. The openings are relatively small, numerous, rather regularly
disposed, rarely fused.

Remarks: This ichnospecies is characterized by (1) boxworks of small spherical
chambers, average diameter of 1-1.5 mm, and (2) open branching networks of spherical to
cylindrical chambers, average diameter of lmm.

The boxwork is up to lem in depth and commonly fills the coral mold (Plates 2F;
3E). This is the mature phase D of the boring (see discussion in Bromley and
D’Alessandro, 1984). Th‘c chambers are closely packed, separated by short intercameral
canals or constrictions. Each chamber may be connected to six or seven others, all
maintaining distinct boundaries. According to Bromley and D'Alessandro (1984) phase D
1s rarely prcsem‘ in the same sample as phases A, B and C. Phase D has never been found
in the same sample as phase C in the molds of the Bluff Formation.

E. ovula phase C consists of rows of chambcré, which commonly branch and
anastomise (Plate. 3C, D). The chambers are separated from each other by (‘:onstriclions
rather than intercameral canals, and are more commonly cylindrical in shape rather than
spherical. Both these features are inconsistent with the description of phase C given by
Bromley and D'Alessandro (1984). They observed mostly spherical to subcylindrical
chambers commonly separated by short inL:rcafnera] canals. In addition, a more mature
phase C has been observed in the Caymanian examples. Following the development of
openly branching 'strings’ of chambers, a more dense meshwork can develop (Plate 3D).

The branching rows of chambers become increasingly dense with chambers filling in the
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spaces between the rows to produce a lacy meshwork pattern. The development into a
boxwork (phase D) has not been observed. This tends to suggest that phase C and D may
be different forms or even different ichnospecies, with their own individual ontogenetic
developments. However, Bromley and D' Alessandro indicated that phase C may rarely
develop into phase D. Thus, both are kept in this ichnospecies.

E. ovula can be xenomorphic, following older Trypanites borings (Plate 2G),
stenomorphic following the coral structure (Plate 8D), or have a xenoglyphic texture (Plate
3A). The cuspate microsculpture typical of sponge borings 1s well preserved on this

ichnospecies (Plate 3B).

Entobia paradoxa (Fischer, 1868)
(Plates 2B; 3E, G)

1868 Cliona paradoxa Fischer, p. 169, pl. 25, fig. 8.
1984 Entobia paradoxa - Bromley and D'Alessandro, p.259, pl. 20, fig. 2; pl. 26, fig. 4; pl. 29, figs. 1, 4.

Material: UA 7798, UA 7804, UA 7806, also several other specimens.

Occurrence: Relatively common in branching coral molds, especially at HRQ and CK.

It 1s commonly associated with other cntobians: Trypanites and small new ichnogenus A.
Didgnosis: A camerate entobian composed, in mature stages, of a network of very
irrcgular chambcrs, somc;vhat amoeboid in shape, usually arranged in two tiers parallel to
the substrate surface. Each chamber is connected to several others; the shape becomes
extremely irregular owing to tapering as necks of varying lengths, before the constrictions
that separate each chamber from its neighbours. In gerontic forms, a partial fusion among’
the chambers leads to the development of non-camerate galleries, usually variable in
diameter and lacking diagnostic character. Apestures circular in shape, usually relatively

small, uncrowded.

€@
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Remarks: This ichnospecies commonly has large well developed chambers (up to 1 emin

diameter) which are irregularly shaped (Plate 3E).

Entobia volzi Bromley and D'Alessandro, 1984

(Plate 3F)

1984 Lntobta volz - Bromley and I'Alessandro, p. 261, pl. 22, figs. 3, 4; pl. 25, ig. 3; pl. 28, figs 1,2,

Material. UA 7805, also several other well preserved specimens.

Occurrence: Commonly fills small branching coral molds, especially abundant at HR().
Diagnosis: Diminutively camerate entobian consisting, in phase D, of chambers
connected by wide intercameral canals or partially fused, taking a form resembling an
irregular, close framework. This system is crossed in all directions by relatively wide,
subcylindrical canals that connect with the substrate surface through large apertures.
Growth front compact. Phases B and C are considerably reduced, characterized by
appearance of irregular chambers or clusters of chambers as small swellings on the walls of
the wide canals. Phase A comprises long, slender canals arranged irregularly and branched
as a boxwork, having palmate expansions at nodal points. Apertures bf two sizes, circulz;r
to oval, very trregularly distributed.

Remarks: The cylindnical boxwork of small spherical chambers develops from a non-

camerate axial branch (Plate 3F). When this brancﬁ, or several branches are obscured by

the chambers surrounding them, it can be confused with E. ovula.



New Ichnogenus A

(Plate 4A-G; Fig. 7)

1851 Clionites Morris.
1984 Entobia - Bromley and D'Alessandro.

Ichnospecies: New Ichnogenus A glomerata.

Material: UA 7807, UA 7808, WA 7809, UA 7810, also numerous other specimens.
Occurrence: Common in massive and branching coral molds of the Bluff Formation,
especially at HRQ, CK, and less common at EEQ, BR, PCQ and QR.

Stratigraphic range: Cretaceous to Recent.

Diagnosis: Borings in carbonate substrates, comprising a single chamber, connectéd to
substrate surface by an aperture, or one or more apertural canals. Progressive incrcagc in

size of chamber, and fusion of apertural canals may occur during ontogeny.

Figure 7. Terminology of New Jchnogenus A.



/ﬂ{l{l(l!‘k&‘: New ichnogenus A may be comparable to the Palacozoic ichnogenus
Topsentopsis de Laubenfels, which is common in many Devonian stromatoporoids.
Topsentopsis has a central cavity, about 10 mm in diameter, with numerous simple or
branching tubes radia[?ng from thts. The aperntural canals of new ichnogenus A are
unlzranchcd and extend from the chamber only"in areas closest to the substrate surface. In
accord with the arguments referring to Palacozoic sponge-type borings, made by Bromley
and D'Alessandro (1984), '1'()[)56/110[);[.\‘ will not be related to the new ichnogenus. It must
await detailed rc—exam‘i’na[ion of the type specimen. At present, Topsentopsis has a
confused nomenclature and synonomy, and cvan its affinity to boring sponges is doubted
(see Teichert, 1945, p. 200; Cameron, 1969b, p. 189; Hintzschel, 1975, p. Wi135).

AN

Ichnogenus A differs from Entobia in being single chambered. It differs from
Gastrochaenolites by the common development of more than one apertu¥al canal. Those
samples of ichnogenus A having only one apertural canal can be distinguished from
Gastrochaenolites by the elon gation of the chamber parallel to the substrate, rather than
perpendicular to it (Table 1). Those samples of ichnogenus A, having only one apertural
canal and a spherical chamber can be confused with G. ornatus: however, the latter has a
neck that tapers from the main body chamber towards the substrate surface, whereas the
apertural canal of ichnogenus A is generally cylindrical and distinct from the chamber. lnﬂ
addition, G. ornatus bears/qi/stinct bioglyphic structures on its base (Kelly and Bromley,
1984). Ichnogenus A is similar to recent borings of an Adociid sponge, Siphonodictyon
and a clionid sponge,rC liona amplicavata (Table 2).

All boring sponges bore in a similar manner, producing a pitted microsculpture oﬁ
the boring wall (Bergquist, 1978; Simpson, 1984). The negative form of this A
microsculpture has not been observed on the borings of the new ichnogenus because of the

’ L J

presence of either a calcite cement coating or xenoglyphic structures.

An ontogenetic sequence of the borings in the Bluff Formation is comparable with

the sequence described for Siphonodictyon coralliphagum by Riitzler (1971, fig. 9, p. 10).

-

3



\\
) Chamber Canal |Canal Depth offNumber | Chamber
Specimen|  Dimensions Length |Diameten Boring |of Canald Shape
mm mmi mm mm
. flattened
UA7807 40 x 34 x 24 10- 15 5-10 45 / :
. : ovoid
spherical -
UAT808 1I8x12x15. 10 - 13 2-3 36 4 irregular
UAT7809 29x 17 x 16 <11 15-3 27 4+ ovoid
UAT810 | 14x11x6 2 1.5 8 3+ Hlauened
: ovoid
1213a Bxdzxle | <X 2.5 19 4+ | very flattened
Foa ovoid
M; o ; . . * :
1213b 18 x 18 x 20 "5 15-2 25 2 spherical
at least .
1213¢ 44 x 28 x 24 7 25 29 ovoid
(fused mass) 5 fused
1213d 1I9x18x 16 2-3 2 21 2-3 spherical
1213 16 x 14 x 11 I 2 12 2 flatiened
spheroid
’
Table 1. Dimensions of New Ichnogenus A from the Bluff Formation.
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He desceribed four forms of §. C()réqy)[zagurrx that may represent growth phases. A single
small chamber, commonly with m\lo loxng apertural canals (tubes) increases in size,
enveloping the apertural ca}-];ls\ds it grows 1in all direcuons  The apertural canals are thus
shortened with increasing size of the chamber, reaching the final form of a single large
chamber with one large indistinct aperture at the substrate surface. In the fossil molds of”
the Bluft Formation, new, ichnogenus A with chambers that are about 1.5 cm in diameter,

generally have the longest ap}'\ural canals, whereas larger chambers have relatively short

canals or are indistincet blobs'(Table 1). In contradiction to this sequence are some small

Y

ichnogenus A with 2 to 4 relatively short apertural canals compared to their chamber size of

5 to 10 mm (Table 1). These are also found in associagion with entobians in the branching
\

coral molds (Plate 4F, G), while the larger ichnogenus A are commanly found in the

bmassivc coral molds associated with Gastrochaenolites. Entobia glomerata fits into this

category of small chambered forms. These are analogous to the borings of Cliona

amplicavata (Riitzler, 1974), which are similar to those of Siphonodictyon éxcept their

chambers are smaller and their canals shorter (Table 2). ‘ "'\\

New ‘Ichnogenus A glomerata

(Plate 4A-G)

1851 Clionites glomerata Morris, p. 89, pl. 4, figs. 11
1984 Entobia glomerata - Bromley and D'Alessandro, p. 234.

Material: As for ichnogenus.

Occurrence: As for ichnogenus. : R

-t

Diagnosis: Single chamber may be spherical to irregularly elongate, with elongation
parallel to substrate surface. One to seven apertural canals radiate out from chamber to

conpect to substrate surface. Chamber up to 5 cm maximum dimension.

/ . ~
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Description: Chambers typically from 15 mm to 40 mm indiameter, with the apertural
canals, up to 15 mm long and 3 mm to 5 rﬁgp i diameter (Tublc 1).  Elongation ratios
(length : thickness/width) of chambers les%!lhan 4 : 1. Smallest specimens have spherical
forms; in many cases, devjations from lhi§ shape become increasingly pronounced during
growth (Table 1). Xenoglyphic ornament representing the internal structure of the host
coral common. Rarely two chambers may fuse.

The best specimen from the Caymanian examples (Plate 4A) is a slightly flattened
ovoid with the dimensions 4 x 3.4 x 2.4 ¢m, with flattening and elongation normal to
substrate. It has 7 pronounced apertural canals, 1-1.5 cm in length and 0.5-1 cm in
diameter, radiating out from chamber in areas closest to substrate surface (Plate 4A). A

. number of small apophyses, averaging 2 mm in diameter and 5 mm in length, are present
on chamber. A xenoglyphic sculpture covers the boring.
Remarks: New ichnogenus A glomerata differs from all ichnospecies of Entobia in being
single chambered. Siphonodictyon and Cliona amplicavata produce similar borings in the
“Recent.

Ichnogenus Gastrochaenolites Leymerie, 1842

(Plate SA-E)

1842 Gastrochaenolites Leymerie.

1972 Trypanites - Bromley.

1976 Paleolithophaga Chiplonkar and Ghare,
1980 Teredolites - Bradshaw.

1980 Gastrochaenolites - Kelly.

1980 Teredolites - Kelly (in Balson, 1980).
1984 Gastrochaenolites - Kelly and Bromley.

-

N
Type ichnospecies: Gastrochaenolites lapidicus Kelly and Bromley, 1984
Ichnospecies : Gastrochaenolites includes the ichnospecies ampullatus, cluniformis,
dijugus, lapidicus , orbicularis, ornatus, torpedo, turbinatus and longissimus (Kelly and

| Bromley, 1984).



Stratigraphic range: Jutassic o Recent
Diagnoses. Clavate bonngs i hihie subsurates “Fhe apefural tegon of the bonng o
-

natrowen than the mam chamber and may be carcular, oval, or dumb bell shaped. The
aperture may be separated from the main chamber by aneck regron which i some cases
may be wadely flared The mam chamber may vary trom subsphencal 1o clongate, having a
paraBolic to rounded runcated base and a aircular to oval cross secuon, thodified i some
torms by a longitudimal ridge or grooves to produce an almond- or heart-shaped section
Remarhks: These aie clavate borings i lithie substrates, and may be formed by bivalves,

: .

gastropods or worms,

Gastrochaenolites torpedo Kelly and Bromley, 1984

(Plate SB 1)
LIRS Gastrochaenolues torpedo -Kelly and Bromley, p 802 figs 3t Ba b,

Material: UA 7812, UA 7813,

Occurrence: Occurs in Complelcly- leached molds of massive corals. Locally abundant at
HRQ and QR. Less common at other localities. '

Diagnosis: Elongate smooth boring, widest point close to mid-line with the base acutely
parabolic. The neck region is markedly compressed but the aperture itself 1s oval or
approaches a ﬁgurefof-cight shape.

Remarks: This is an elongate clavate boring, with the widest point in the middle of the
boring (Plate 5B-D). The neck i1s compressed in length and thickness, and the aperture is *

oval. G. rorpedo 1s commonly produced by Gastrochaena and Lithophaga in the Recent.
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Gastrochaenolites turbinatus Kelly and Bromley, 1984

(Plate S

VONT Ganerochaenofies e benaie Kellv and Bromley p 8O3 fips 3 N

—e

Material: UA TSI

Occurrence: Not abundant and occurs i both branchinge and massve cotal molds
HRQ and EERQ.

Diagnosis: Smooth Gasirochaenolires acately comeal having exenly tapered body and
neck, the wadest pomnt elose to the short rounded base, rounded cross section throughout
length

Remarks: This is a smooth, comcal, evenly tapered bormg, with the wadest point close to
the rounded base. Tomamtans a rounded cross secuon throughout s length, although-the
aperture may be shghtly ovate. A typical specimen is 45 mmn fength and 3.5 mm S mm
in diameter. The body s commonly curved along ats length Evans (1970) descnibed

borings of Penirella that resemble this ichnospecices.

New Ichnogenus B
(Plate SE H; Fig. 8)
Ichnospecies: New Ichnogenus B new ichnospecies A.
Material: UA 7814, UA 7815, UA 7816, also several other specimens.
Occurrence: This ichnospecies is common in completely leached massive coral molds at
all localities except BH, and is associated with new ichnogenus A, Gastrochaenolites and

Trypanites. The larger borings of this ichnospecies are the most common, 1.e. those with

an aperture diameter of 1.5 to 2 cm and a lengthof 610 7 cm.



APERTURE v

LENGTH

L

Figure 8. Terminology of New Ichnogenus B

]
Stratigraphic Range: Teruary to Recent.

Diagnosis: Single entrance boring in lithic substates, with apertural region wider than
nuddle and distal portions. Boring may be straight or curved llh(;lll long axis. Apertures
are shghtly ovate to circular.

Remarks: New ichnogenus B tapers from its aperture o its distal end, and this serves to
differentiate it from clavate Gastrochaenolites and the cylindnical Trypanites. The affinities
of the new ichnogenus are unknown. The borings resemble Lithotrya 'borings’ illustrated
by James (1970). This barnacle does not bore, but allows the coral to envelope it with hard
matenal. It 1s thus an émbedmem structure. Bromley (1978), however, noted that James
had incorrectly identified this embedder, ;u ggesting that it was in fact Ceratoconcha
dmru'ngerwis: These taper distally and commonly have longitudinal ribs on the 'boring
wall'. In view of the fact that many embedders c;n also enlarge their crypts, they are

treated as borings for taxonomic purposes (Ekdale er al., 1984). Lithotrya physically borés

into hard substrates producing cylindrical borings, with oval apertures up to 8 mm in

4?2
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diameter and lengths up to 7 con (Ahr and Stanton, 1972y These may also have produced

some new ichnogenus B

New Ichnogenus B new ichnospecies A

. (Plate SE H)

Material:  As for ichnogenus.
Occurrence: As for ichnogenus.
L4
Diagnosis:  Single entrance boring which tapers evenly and gradually from apertuie 1o
’
base. Boring is straight or only shghtly curved along length.
Desgription: Axis of boring straight or only slightly curved, with apertural diameter of 4

to 21 mm. Length ranges from 7 to 78 mum (Table 3). Surface of boring smooth or with

xenoglyphic sculpture. Ichnogenus B generally occurs perpendicular to the substrate

surface. The largest specimen found 1s 12 mm in diameter and 78 muman length (Plate 5G).

Aperuure 1s shightly ovate. Boring is straight and covered with xenoglyphic ornament.
Remarks: Distinguished from C‘Iastmchacnolitcs torpedo by its even tapering from the
widest point, the aperture, to the base, and by its slightly ovate to round apeniure. G5
torpedo is a clavate boring with and oval or figure-of-eight aperture.

L

Ichnogenus Trypanites Magdefrau, 1932

(Plates 1B; 2D, G; 5A; 6A-C, E; F-H)

1840 Talpina von Hagenow.

1932 Trypanites Migdefrau.

1937 Nygmites - Migdefrau.

1952 Specus Stephenson.

1967 Vermiforichnus Cameron.

1968 Conchifora - Miiller.

1972 Trypanites - Bromley. -

1977 Trypanites - Kobluk et al.

1977 Spiracavities Chiplonkar and Ghare.

R



) Diameter of{ .
Specimen|  Length  lAperture Shape of |Diameter off Remarks
mm mm Aperture |[Base mm
. slightly curved
UA7814 55 15x 15 circular 4x3 along length
UA7EIS 1¥ 10 x 10 crrculam 3x3 short, stout
- T . straight,
UAT&16 |78 12x 16 shghtly ovate 3x3 evenly tpered
. shghtly
11964 32 13x12 o_vatc 1o 4x3 tnangular
triangular : in cross sectior
maintains
1196b 41 12x 14 sub-rectangular 5x3 rectangular x-
section 1o basc
. sligh
1196¢ 20 8Ex8 circular 4 x4 shightly curved
along length
. . tapering ve
1196d 18 11 x12 circular 3x3 pering very
N pronounced
1196¢ 7 4x4 circular 2x2 tapers gently
1196f 12 7x5 ovate 3x3 short, stout

)

Table 3. Dimensions of New Ichnogenus B from the Bluff Formation.
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1980 Trypanites - Pemberton er al
1982 Cvlindrocavinies Ghare.
1987 Trypanites - Pembettion et al

Type ichnospecies: Trypanites weisei Midgdefrau, 1932

Ichnospecies: Trypanites Mijgdefrau consists of three ichnospecies, frimbiarus, solitar iy

and wetser

Stratigraphic Range: Cambrian to Recent.

Diagnosis: Simple unbranched vertical to sinuous borings with a single opening 1o the
surface; with or without a flared entrance. Circular in cross-section: generally isodiametric
throughout the entire length but may terminate in a small cupulate chamber.

Remarks: The bonings are generally 1sodiametric, have a circular cross section and are
single entranced (see¢ Pemberton er al., in press). They are slender and elongate and
commonly less than 2 mm in diameter. The borings may be produced by spionid _
polychaetes, sipunculids, phoronids and thoraciacan cirripedes (Cameron, 1969a: Bromley,
1970; Pemberton et al., 1980).

Kelly and Bromley (1984) removed Gastrochaenolites and Teredolites from
Trypanites, restricting these to clavate or club shaped borings in lithic and li\gnic substrates
respectively. These are generally produced by bivalves and are thus larger than Trypanites.
Kelly and Bromley (1984) gcknowlcdgcd that slender forms similar in shape to G. torpedo
and G. turbinatus existed. These slender forms resemble borings produced by sipunculids
and polychaetes in recent environments. Kelly and Bromley (1984) did not make it clear if
these slender forms should be assigned to Gastrochaenolites. These slender forms are
obviously gradational between Trypanites and Gasirochaenolites, being similar in size and

"dimensions to the former, but similar in shape to the latter.
These slender forms, similar to G. torpedo and G. turbinatus, are present in the

Bluff Formation. Additionally, there are slender borings which taper distally (comparable

to the knitting needle borings of Palmer and Palmer, 1977), which are comparable in shape



to new ichnogenus B, but in size to Trypanites. Pemberton ef al. (in press) recognised that
some Trypanites may taper shghtly towards the base, may have a cupulate chamber at the
base (T frimbiatus), or may flare at the aperture. Thus, Trypanites is not strictly
1sodiametnc. In view of the apparently transitional bonings between Trypanites and
Gastrochaenolites, and between Trypanites and new ichnogenus B, a boundary must be
drawn.

The most practical division is to place all the slender borings, less than about 2 mm in
diameter, into Trypanites. The slender borings are generally cylindrical and do not have
pronounced morphologies (Fig. 9). This also overcomes any problems encountered when
viewing these slender borings in thin section. Commonly, due to the onentation of the thin
section, the borings appear to taper, even though they are really 1sodiametric. Those
borings larger than 2 mm and having morphologies consistent with Gastrochaenolites or
new ichnogenus B, are assigned to these ichnogenera. This distinction is consistent with
the phyletic relationships of the ichnogenera. Gastrochaenolites and new ichnogenus B are
probably produced mainly by bivalves (gastropods and ?barnacles), whereas Trypanites is
produced mainly by worms. This scheme is employed in classifying the Caymanian

borings. '

Trypanites solitarius (von Hagenow, 1840)
(Plates 5A; 6A, C, E)

1840 Talpina solitaria von Hagenow, p. 671.

1849 Talpina solitaria - Quendstedt, p. 470, pl. 30, fig. 37.

1937 Nygmites solitarius Migdefrau, p. 56.
1972 Trypanites solitarius-Bromley, p. 96, fig. 1h.

Material: UA 7805, UA 7811, UA 7817, also many other specimens.

Occurrence: These are common in both the massive and branching corals at all localities.
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TRYPANITES

NEW ICHNOGENUS B

GASTROCMAENOLITES

Trypanites

- frimbiatus
- welsel

- welsel
- 8p.

'
b

c - solitarius
d

.

f - p.

New ichnogenus 8

g - now ichnosp. A

b - new Ichpnosp. A

Gastrochaenolites

| - turbinatus
] - torpedo

Figure 9. A comparison of Trypanites,Gastrochaenglites and

new ichnogenus B morphologies.
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Diagnosis: Simple, more or less cylindrical Trypanites wilh,glruighl or gently curving
course generally following close bencath the substrate surface. Diameter ca. 1 mm, length
up to ca. 3 cm.

Remarks: The isodiametric (average 2 mm diameter) borings are sinuous, commonly

meandering from wall to wall of the skeletal cavities.

Trypanites weisei Magdefrau, 1932
(I’l_atcs 2D, G; 6C, E)

b

1932 Trypanites weisei Migdefrau, p. 152.
1987 Trypanites weisei - Pemberton er al. 1 press.

Material: UA 7805, UA 7810, also many other specimens.

Occurrence: This ichnospecies is less common than T. solitarius, although 1t is
commonly associated with it and also occurs at all localities. (

Diagnosis: Simple, vertical, more or less straight borings with a single opening to the

surface; c'\rcular in cross-section and isodiametric throughout their length.

Remarks: This boring is cylindrical and straight, and ranges in diameter from 1 to 2 mm.

Trypanites sp.

{ (Plate 6B)

Material: UA 7818, also several other specimens. ‘ t
Occurrence: Occurs in branching and ma§sivc corals, associated with other Trypanites
ichnospecies at HRQ.

Remarks: Slender borings that are torpedo shaped, comparable to recent sipunculid

borings. These taper towards the aperture, and towards the base. On the basis of their



slender morphologies (less than 2 mm in diameter) they are included in Trypanites (Plgte
/
6B). Also many other Trypanites thatCziﬁPot be assigned to an ichnospecies due to their

incomplete borings or slightly variable shapes.

Ichnogenus Maeandropolydora Voigt, 1965
H
(Plate 6D, F, H)

1965 Macandropolydora Voigt.
1983 Maeandropolydora - Bromley and 1)'Alessandro,

Type ichnospecies: Maeandropolydora decipiens.
Ichnospecies: Maeandropolydora has three ichnospecies: decipiens | elegans and
sulcans.
Stratigraphic Range: Cretaceous to Recent.
Diagnosis: Long cylindrical galleries having two or more apertures, running through the
substrate sinuously or in irregular coﬁlonions. Galleries may run parallel in contact with
each other in pairs, with or wothout fusion. Loose or tight loops may occur; the limbs of
these may be connected by a vane or form a pouch.
| Remarks: These are long cylindrical galleries, with two or more apertures. They are
intermediate forms between Trypanites and Caulostrepsis (Bromley and I)'Alcsszn14>,
1983) and thus prcsumably also formed by worms.
Maeandropolydora , cf. sulcans Voigt, 1965
(Plate 6D, F, H)

1901 Dodekaceria (?) sp. Rovereto, p. 228, pl. 28, fig. 1, 4c.
1965 Maeandropolydora sulcans Voigt, p. 204, pl. 26, fig. 5, 6; pl. 27, fig. 3, 5 (7).

i

. Material: UA 7819, UA 7821, also several other specimens.
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Occurrence: Common in branching coral molds, especially at HRQ.

Diagnosis: Cylindncal gallery having at least two apertures, irregularly contoted,
commo{lly bent in loops, never showing fusion where walls are in mutual contact; vane
absent.

Remarks: In the Bluff Formation, U-shaped borings are present. The borings have a
constant diameter of 1-2 mm, but they are broken or obscured by other borings. Loops,
however, are well developed, sometimes running in pairs and then diverging in opposite

directions. These are therefore incomplete borings of Maeandropolydara, and can be

tentatively assigned to M. sulcans, as no vanes are present, and the galleries do not fuse.

Ichnogenus Talpina von Hagenow, 1840

(Plate 6G)

Selected Synonymy:

1840 Talpina von Hagenow.

1922 Bascomella Momingstar.
1944 Heteronema Condra and Elias
1945 Conchotrema Teichert.

1952 Graysonia Stephenson.

1961 Graysonia - Casey

Type Ichnospecies: Talpina ramosa.
Ichnospecies: Talpina now has five ichnospecies: annulata, eduliformis, gruberi,
hirsuta and ramosa (Voigt, 1975).

Stratigraphic Range: Devonian to Recent.

Remarks: Talpina has been attributed to the work of annelids, sponges and bryozoa (e. g.

M\orris, 1851; Bromley, 1970), but Voigt (1972; 1975) referred it to the phylum
Phoronidea. Phoronids are lophophorate worms that commonly bore, producing

pseudocolonies (Voigt, 1972).
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In the Bluff Formation, delicately branching networks of galleries are present (Plate
- 6G, UA 782()). These have numerous apertures connecting to the substrate surface. The

_galleries are on average 200 um in diameter and are comparable to 1. edidiformis.

Ichnogenus Caulostrepsis Clarke, 1908

(Plate 7A, C)

Selected Synonymy:

1908 Polydorites Douvill¢.

1908 Caulostrepsis Clarke.

1971 Dodecaceria Voigt.

1973 Ramosulcichnus Hillmer and Schulz.

1983 Cawlostrepsis - Bromley and D' Alessandro.
Also numerous Polydora borings. ’

Type Ichnospecies: Caulostrepsis taeniola Clarke, 1908.

Ichnospecies: Caulostrepsis has six ichnospecies: avipes, biforans, contorta, cretacea,
taeniola and 1chnospecies.1 (Bromley and D'Alcssandro; 1983).

Stratigraphic Range: Devonian to Recent.

Diagnosis: Single-entrance borings or embedment structures having a pouch shape or ear
shape produced by a gallery bent in a U. More complex structures can be produced by
dcvclopmc.nt 6f mult'iplc lobes on the same basic U-plan. The limbs nray be clearly visible
throughout their length and connected by a vane, or they may be fused to produce an oval
or flattened pouch lacking a vane. All intermediate states, involving an axial depression,
occur. At the distal end the width is at least double the thickness; the cross sectional area
shape here;(arics from ﬂat—bval, elliptical or constricted to dumbbell-shabed. At the
/apéxfﬁié&f{gnd the width is normally noticeably less than at the distal end, but the shape of
thci‘scction may be more or less the same, or subcircular. In some cases symmetrical rows

of deep pits may be developed towards the apertural end. The aperture itself may have the |
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same form as the proximal cross section, or it may be modified by the development of
superficial branches or apertural grooves, normally 2 to 4 in number, radiating out from it.
Remarks: These are single entrance borings, with a pouch formcd by a modified U-
shaped gallery. They are distinguished from Trypanites by their flattened cross sections.
v 4
_ Caulostrepsis cf. cretacea Voigt, 1971

(Plate 7A, C)

1970 Dodecaceria (?) sp. Voigt, p. 375, pl. 6, fig. 2-5.

1971 Dodecaceria cretacea Voigt, p. 150, pl. 15, fig. 12; pl. 16, fig. 1-9.-

1972 Trypanites cretacea - Bromley, p. 96, fig. 1i.

1983 Caulosirepsis cretacea - Bromley and D'Alessandro, p. 291, pl. 21, figs. 1, 3; pl. 22.

Material: None.

Occurrence: Rare And occurs at QR and HRQ in massive coral molds.

Diagnosis: Galleries bent in a long, narrow U-form with the inward-facing walls of the
limbs fused by complete removal; the original position of the median wall is sometimes
indicated by a vcry shallow axial depression along the structure. Vane absent. Transverse
section alwaysflattened-elliptical but showing gradual decrease in width toward the
aperture. Shape of aperture flattened-oval.

Remarks: Average dimensions are 6 mm in w1dth and 8 cm in length, but are ﬂattcned
being only about 2mm in thlcléncss A shallow axlal dcpressnon 1§ just visible. The

bonngs es along their axis, but there is no axial tortion. These are comparable to C

Cretacea although somewhat longer than typlcal specimens. - .
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Problematic Ichnotaxa
/ (Plate 7B, D, E)
Material: UA 7822, UA 7823.

Occurrence: Common in massive coral molds cspcciull“y, but can occur in larger
branching coralmelds. Present at HRQ, QR, EEQ, PCQ.
Remarks: Large tunnel-like borings are common in the coral molds. These generally run
parallel to the substrate surface, and branch at right angles to connect with the surface. 'l;llc
diameter of the main tunnel in the best specimen is 1-1.5 cm, and the length is over 7 cm.
The boring is incomplete as the tunnel is broken off at this length. The 'apertural canals’
that run pcrpcndicular to the main tunnel are 4 mm in diameter. The tunnels are cylindrical
except where two run along side and partially fuse. Only segments of this boring have
been found, and these are commonly associated with new ichnogenus B.

These are comparable to borings of the Spirastrellid sponge, Spheciospongia. This
produces a very large non-camerate network composed of tunnels commonly running
parallel to, and just bclow,;thc substrate surface. It can penetrate up to 12-15 cm into the

substrate and commonly branches (MacGeachy and Stearn, 1976; Bromley, 1978).

Microborings
(Plates 11E, F; 7F, G)
S

Microorganisms, like macroorganisms, cannot readily be identified on the basis of
their borings. Many microprganisms broducc borings that are too simple or too variable to
allow precise identification _of the trace maker (Golubic et al., 1975). In addition, unrelated
species may produce morphologically similar borings. Howcvcr; there are some species:
that produce highly characteristic boringé, and it is on this basis that present studies
concentrate on comparing! foSsil with recent borings, in the hope that the latter are

diagnosti}:'of biological taxa (Ekdale¢ et al., 1984). On account of this, no good ichnothxa
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have been crected. More promising advances have been made i the recogmuion of distinet
boring patterns that change with depth, climate and/or geographic location (e.g. Rooney
and Perkins, 1972, Edwards and Perkins, 1974, Golubic eral., 1975; Budd and Perkins,
1980). The erection of ichnotaxa based on these botng patterns, without trying to relate
them to botaxa, would provide a useful ichnological nomenclature, and would be
consistent with nomal ichnological taxonomy pocedures. This would also provide a
meaningtul palacoccological tramework.

Even attempts att{ferenuating between bortngs of fungi and those of algae arce

cquivocal (Bromley, 1970; Kappa, 1979, Table 1, p. 958). Algae are not restricted to the

" photic zone as commonly behieved. Like fungi, some algae are heterotrophic, deriving

carbon and energy by degrading organic com S, not by photosynthesis. Algac have
been found in"dark caves (Hpeg, 1946; Palik,mhmes, 1965, Nagy, 1965, Mason-
Wilhams, 1967, Dragonov, 1977, Jones and Motyka, in press) and in deep waters (Riding,
1975). Even photosynthesizing algae can occur in deep waters, as the ph.otic zone may
vary constderably in thickness depending on the Claﬁty of the water etc. (Ekdale er al,,
1984). Both fungi and algae can occur in subaenal, freshwater and marine environments,
from temperate regions to the tropics (Schroeder, 1972).

The microborings of the Bluff Formation may be both algae and fungi, and

probably bactenia. The diameter of the borings are from 2 um to 300 um. Some of these |
larger ones may even be bryozoan, worm or sponge borings. Their branching
characteristics are inconsistent and commonly vary over the length of the boring. Therefore
the criteria of Bromley (1970) cannot be applied to these with any certainty.
Although earlier comparisor; was made to the green alga, Ostreobium, (average dianieter of
2-5 um), other algae can produce similar boring patterns e.g. the red alga, Porphyra ¥

(Golubic et al., 1975). Therefore, the microborings will be assigned no biological

affimues. g
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C. SIGNIFICANCE OF THE BLUFF FORMATION BORINGS
Amount of Boring ¢

Pereentage total volume bored ot the corals of the Blutt Formation tanges trom 0 1o
715% (VlSU&.ll estunavnon). On the basts of counts made on 10 uxl\ slabsCan average of 384
bored 1s obtained (Table 4). Thisis in reasonable agreement with visual observations The
range of pereentage coral bored 1s apparent m adjacent molds and 10 any one mold  This 1s
espectally apparent in the branching coral molds. where one end of the b anch, or one
branch of a colony, contains no borings, and the other areas ot the same mold are heavily
bored. . N
Entobian borings are responsible for about 75% of the total bored arcas, Trvpaniees about
1%, Gastrochaenolites 1%, ichnogenus A 8%, ichnogenus B 49 Macandr. polvdora
<1%, Talpina <1% and Caulostrepsis <1% (Table S). The large tunnel-hike borings
represent about 3%, and it is indeterminable how stgnificant the microborings are.

The boring assemblage (Table 5) is dominated by the ickinogenus Entobia, which 1s
represented by 9 ichnospecies. Trypanites sp. and new ichnogenus A are locally abundant.
The most abundant ichnospecies incude E. ovida phases Cand D E laquea, and T
solitarius.

The branching Stylophorid coral molds (average 2 x 8 ¢m) are the most common
and most extensively bored skeletons and contain all the ichitbspecies of Entobia,
Trypanites, Maeandropolydora, new ichnogenus A and Talpina that occur in the Bluff
Formation (Table 6). In any one mold, there may be from one to five other ichnospecies.
Where the borings are crowded in a small space, they commonly becomeé stenomorphic.

The massive coigls range in preservation from completely hollow, structureless
molds, to molds with ahigh degree of structure preservation dug o 'inverse porosity’.

Ichnogenus A, ichnogenus B, Gastrochaenolites, Trypanites and Caulostrepsis are found

in the hollow molds (average size 20 x'2()cm). Unlike the molds of Stylophora, these do



CORAL % CORAL

SEAB - HAREA em? | BORED

1 14 31

YV, ]
3 14 25
4 6 21

B S 4 61 N
6 S 3 49
7 3 25
1 3.5 64

9 25 21 \
/ 10 I : 14

777
weie 7778

A

S
Table 4. Percentage boring in 10 corals from the Bluff Formation. Rocks were
impregnated with fibreglassing resin and slabbed at W5 cm intervals. Slabs
cutting through the middle of coral molds were chosen for quantification.



% OF
ICHNOGENERA [ ICHNOSPECIES AFFINITIES TOTAL
BORING S
cateniformis o
Entobia weometrica (‘ hA()m.ds and 75
Spirastrellid sponges
laquea
marnrmillar ]
megastoma \
ovula "
/
\\ paradoxa
volzl
new ichnosp. A
New ichnogenus A new ichnosp. A Adociid & Clionid sponges X
G(Ls‘tr()(,‘/ulenolites [U'T)CdO BiVﬁlVCS, Gas[r()p()ds 1
turbinatus
New ichnogenus B new ichnosp. A | Molluscs?, Barnacles? 4
Tf)’[)(ll‘ll-[(iﬁ’ solitarius Annclids, CiITCpCdCS,
: weisel Phoronids 7
Sp. Sipunculids
Maeandropolydora cf. sulcans Polychaetes <]
Talpina sy Phoronids, bryozoa? <1
Caulostrepsis cf. creacea Polychaetes <l
Problematica | . Spirastrellid sponges 3

\1”3 ble 5. Ichnogenera and ichnospecies present in the Bluff Formation and their relative

importance as indicated b

are not included on the table.

Yy percentagevof the tot

al borings. The microborings
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CORAL

TYPE ICHNOTAXA PRESENT

Stylophora sp.

E . cateniformis, E. geometrica,
E laquea, E_mammillata, E.
megastoma, E. ovula, E. paradoxa,
E.volzi, E.new ichnospecies A,
T solitarius, T. weisei, 1. sp.
G. turbinatus,
M. cf sulcans, (

* Talpina sp.
New ichnogenus A

Completely leached New ichnogenus A .
massive coral molds

New ichnogenus B,

T solitarius, T. weisei, T. sp.
G. wrpedo,

Caulostrepsis cf tretacea

Aganicia sp.

Montastrea sp. E ovula,
Talpina sp.

Dipioria sp. . E. ovula

Dichocoenia sp. E. ovula
S

E. geometrica, E.laquea

Solitary corals

none

Table 6. Ichnotax

a present in the most common coral types of the Bluff Formation.
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not preserve the negative impressions of the corallites and the xenoglyphic sculptures on
the borings are not distinct enough to aid in the recognition of the coral. Clusters of
ichnogenus A and ichnogenus B, and the tunncel-hke borings, are common in .(:hc.\‘c molds
(Plates 4C; SE; 7E). Entobian borings are absent, possibly as a result of destruction by
subsequent generations of borings. *

Entobian borings and Talpina sp. are present in the massive corals that exhibit
preservation as a result of 'inverse porosity'. E. geometrica and E. laquea are commonly
the only macroboring found in Agaricia Sp E.ovula phase C 1s,common in Diploria sp.,
Talpina and E.ovula phase C are presentin Montastrea sp. and E. ovula phase Cin
Dichocoenia sp. These corals are characterized by an absence of ichnogenus A,
ichnogenus B, Caulostrepsis and Gastrochaenolites (Table 6).

No borings havc“bccn observed in the solitary corals (which have a high degree of
‘Inverse' preservation ).

E.ovula and E. cateniformis occur on the bivalve casts, while only the former has
been found in the gastropods (Plate 8A, B). Entobia sp. and possibly Trypanites sp?
occur in the coralline algal crusts.

Microborings are common in the branching and massive corals, and the coralline
algal crusts, but due to the difficulty of preserving these during thin section preparation and
the consequent restriction of their study to the SEM, their abundance cannot be related to

r
that of the macrobbn'ngs.

The borings are not distributed evenly in geographic terms. Borings of all types arc
common and abundant at localities HRQ, EEQ, BR (Fig. 1B). All the boring types have )
been observed at localities QR and PCQ, but they are less abundant than ] the forrper three
localities. Entobians, small chambered forms of new ichnogenus A, Trypanites and
Maeandropolydora are prc?ént at CK, the former (entobians) being especially abundant.

The §obians found at CK are also generally larger and more robust forms than at the other

localilies. Only entobians were found at PBQ, but this is most probably a result of very
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limited outcrop exposure. Entobians, Gastrochaenolites, Trypanites have been found at
BH , however, these are not common. The latter locality exhibits the least amount of
borings of the localities studied. This locality is also significantly different from the other
ones, in that it comprises a linear trending series of large coral heads. This may represent a
series of patchreefs, and the reduced amount of boring may be due to the lack of dead
corals or dead arcas on the corals. Corals are generally fragmented at the other localities,
and may therefore have been bored after death. Siphonodictypn is able to penetrate live
corals, and so new ichnogenus A would be expected at BH. It has not however, been
found at BH. Siphonodictyon has not been found to bore in waters less than 1.5 m deep
(Riitzler, 1971). The lack of new ichnogenus A at BH may thus indicate very shallow
waters.
1

Coral Preservation versns Amount of Boring

The corals are preserved to varying degrees, generally as molds with the negative
impression of the original structure preserved. This type of preservation has been termed
‘inverse porosity’ (Buchbinder, 1975) or reversal’ phenomenon (Supko, 1977) whereby
the corals are represented in negative form because of dissolutioh of the original skeleton.
The vaniation in extent of sediment fill in the original interseptal spaces of the corals
produces the variable amounts of ‘apparent’ preservation. The branching corals are the
least well preserved and the most extensively bored of the coral types. The solitary corals
on the othes hand, exhibit the best preservation and the least amount of boring. With
respect to the massive corals, the hollow structureless molds are more extensively. bored
than the molds preserving the negative impressions and casts of the corallites. There is

thus a sgong correlation between the amount of boring and the degree of coral : ;

~ |

preservation.
Colonies of branching stylophorids are completely leached in the Miocene Ziqlag
Formation of Israel (Buchbinder, 1977), while massive faviids and poritids are preserved

to varying degrees. It was tentatively suggested that the branching stylophorids may have
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been dissolved due to the destruction of the corals’ internal structure by intense
microboring activity. The oth\cr types of corals may have been less susceptible to such
bioerosion. (Buchbinder, 1977). However, no evidence of boring was found in any of the
corals.

‘The differential preservation of the corals may also be due to the differences in the
structure of their internal elements. The branching stylophorids of the Bluff Formation
have small, widely spaced corallites, while the corallites of the massive corals are much
more closely packed and generally larger. The solitary corals and Diploria sp. have large
interseptal areas open to the surface. The larger size of the corallites, and interseptal
spaces, may have allowed more sediment to infill the coral. This sediment was lithified
preserving the coral structure in negative form, so that when differential dissolution
réoved the aragonitic coral skeleton, the lithified internal sediment was left preserving the
negative form of the coral. :

Macintyre (1977) suggested that the presence of submarine crusts around corals
nfluences the degree of cementation of the coral and hence its preservational potential.
Submarine algal crusts are best developed around the bmnch{ng corals of the Bluff
Formation. These crusts may have pncvcntcd sediment fill of the corals, and therefore
when the aragonite skeleton was preferentially leached, there was no internal sediment to
preserve the coral structure.

Factors Influencing Amount of Boring '

The size (§Bd shape) of the coral and the density of the coral skelcton are th[lwo
major factors influencing the degree of boring in any particular coral, assuming the
environmental settings are the same for the host corals. These factors can explain why the
branching corals are more extensively bored than tl;c other coral types.

The branching corals have a greater surface area per volume than the more
equidimensional massive corals and thus have a rclamly greater area exposed to boring

actuivity. Entobia, the dominant boring in the corals of the Bluff Formation, 1s not feund at

{
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a depth greater than 1.5 ¢cmvin the substrate. In recent environments, Cliona does not bore
to a depth greater than 2 cm as 1t must maintain good water circulation thr()ugh its gallery
system (Highsmith, 19814). As sponge borings commonly dominate modern biocrosion,
maost boring 1s concentrated around 2 em of the coral perimeter (Neumann, 1966,
Highsmith, 1981a). The small branching corals of the Bluff Fonmation are therefore, more
extensively bored than the massive corals, winch are larger than the branching ¢drals and
coral fragments. As Highsnlith (1981a, p. 335) noted "Massive corals have a potential
escape n size from catastrophice bioerosion” N\

It has also bec:n suggested that boring activity 1s increased in corals with denser
skeletons (Highsmith, 1981b) since they offer greater protection to the borers against
predatory organisms and are less adept at recolonising dead areas (gighsmilh, 1981b).
Most boring organisms will only settle onto, and bore into dead areas of the skeleton,
because they are unable to protect themselves against the live polyps. It is not known
which are the densest corals in the Bluff Formation.
Boring Styles .

Slender borings in Diploria sp. tend to meander in between the coral septa casts
(Plate 8C, D). They are therefore present in what was originally the aragonitic skeleton.
The borings have thus avoided the original voids. '

Similarly, in the Montastrea corals, the borings tend to encircle the corallite
structures, again avoiding the original voids which would have been in the middle of the
corallites (Plate 8E). }Nard and Risk (1977) found that Cliona vermifera colonies in
Montastrea annularis took on a string-bf—bcads appearance due'to the concentration of
chambers in the corallites. The borings had followed the zones of least resistance,
expanding their chambers in the voids of the corallites. This pattern of boring is not

v :

observed in the corals of the Bluff Formation, where the borings have tended to avoid the

corallites.
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In contrast, the borings in the branching corals may cither branch around the
corallites 10 avoid them, or penetrate straight through the middle (Plate 8F). Where they

penetrate through, a xenoglyphic sculpture is preserved on the borings (Plate 3A).

D. MODERN REEF BIOEROSION
Introduction

‘The term bioerosion was introduced by Newmann (1966, p. 92) o corer the
process of ".._removal of consolidated mineral or lithic substrate by the direct action of
organisms...". To this must be added the removal of organic and man-made substrates,
The end product of bioerosion is a 'bioerosion fabric’ (Ekdale et al., 1984), that may be
recognised in the fossil record. This fabric results from a combination of boring, scraping,

iting, gnawing, drilling and crushing by bioeroding organisms, and may be modified by
diagenesis. '

In carbonate environments, bioerosion is ubiquitous on the seafloor (Warme, 1977)
and is‘cspccially common in rocky shore environments, hardgrounds and reefs.
Bioerosion in reefs is well documented (e.g. Goreau and Hartman, 1963; James, 1970,
MacGeachy and Steamn, 1976; Warme, 1977, Bromley, 1978; Risk and MacGeachy, 1978;
Highsmith, 1981a; Highsmith er al.,1983). The rate of growth of reefs is dependent at
least in part on the rate of both physical and biological destruction (MacGeachy and Stearn,

~1976). Biological destruction may facilitate extensive physical destruction, by weakening
the substrate; whereas physical breakdown in turn produces more substrate surfaces for
biological degradation.

In order for a comparison to be made between ghe borings observed in the fossils of

__the Bluff Formation and modern coral seef bioerosion, a brief review of the most important
recent borers and those thought to be represented in the Bluff Fpnnation 1s nccc’vlry: s

sponges, bivalves, polychaete annelids, sipunculids, barnacles, phoronids and

thallophytﬁ



64

Sponges

There are 34 species of boring sponges belonging to 5 families that are described in
the literature: Adociidae, Clathriidae, Clionidae, Spirastrellidae and family uncertain (Pang,
1973; Hartman, 1957, 1958: Bergquist, 1968; Riitzler, 1971, 1974: Pomponi, 1976;
Riitzler and Bromley, 1981). Of these, the clionids and adociids are the most significant in
terms of biocrosion.

All sponges bore in a similar manner, producing characteristic sill~:si7.cd chips of
substrate by mainly chemical means, and leaving a pitted microsculptyre on all surfaces
bored (Nassonov, 1883; Wa’rbu;ton, 1958; Cobb, 1969: Riitzler and Rieger, 1973; Hatch,
1980; Pomponi, 1980). Only 2 t0 3% of the total material removed is in solution (Riitzler

~ and Rieger, 1973). The other 97 t0 98% is removed in the form of chips. In all species of
sponges, the chips produced are of about the same size, from 16 to 85 pm (Riitzler and
Rieger, 1973), even though the size of the excavated tunnels and cavities may vaty
considerably. -

i
These chips can be distinguished in the adjacent sediment (Fiitterer, 1974: Halley er

4

-al, 1977; Acker and Risk, 1985)). Fiitterer (1974) recognised that sponge chips comprised
2-3% of the sediment from the Persian Gulf and northern Adriatic Sea, and 30% of the
sedimic“nt of Fanning Island lagoon. 40% of silt sized sediment in patch reefs of Belize can
also be attributed to sponge chips (Halley er al., 1977).

The amount of material removed by boring sponges is high. Estimates range from
0.9% to 60% of skeletal mat‘en'al removed from coral heads (Table 7). Neumann (1966)
estimated that Cliona lampa in Bermuda reefs was capable of removir{g 22-25kg CaCO; mr
2yr-! (Table 7). However, Riitzler (1975) confirmed Neumann's fears that short term
experiments (those under 6 months) resulted in unusually high "nitial pénetmtion rates.

" After 6 months, initial stimulation of the substrate is surpassed by competition for food and
space, which slows down the boring aciivity. Using experiments of up to 12 months in

Bermuda, Riitzler (1975) showed that the boring rate curve flattened after 6 months, and



e . \avc(:ymgc % Excav. | Sponge
Location Substrate Exca(i/atcd by Sponges g:l)sr:)smn 1= References
Bermuda several | - | - 22 -25 Neumann, 1966
Benmuda several . | - 0.26 Riitzler, 1975
Florida coral heads (8) 28 12.3 2340%* *1*(;?7"; & Risk,
\
Curagao coral heads 1.5 1.4 2.5 -33 | Bak, 1976
|
arhadac sl 125 1 110 | L MacGeachy &
{Zarbddos M. annularis (36) 12.5 11.2 Stearn. 1976
M. annularis (45) - 8.4 (
Barbados |S. siderea 35 | - 45 | .. T]\'(l)z;%(]cachy,
P_astreoides(39) 4.7
St. Croix core | - 35.6 0.2 - 3.3 | Moore & Shedd,
1977
Barbados | -~ | e | 0.1-0.5 |Steam &
Bﬁ ades Scoffin, 1977
) G. retiformis (18)] 7.9 6.0
Enewetak P.lutea (54) - 2.5 2r Highsmith, |
. F.pallida (13) 1.2 0.9 1981a
.| coral rubble (11) 5.5 3.8
M.annularis (19)] 7.9 7.4
Belize M. cavernosad23X 5.3 46 | - Highsmith eral,
: 198
P.astreoides (23)] 4.8 4.1, 983 )
Grand B Acker & R'rsl;,
Cayman _. coral heads |- ----- 20 8 1985

Table 7. Table showing the importance of borin
* is equal to kg CaCOy m2yr-1 .

** indicates mm3yr-1:

g spgpees in modemn reef bioerosion.

y
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that boring potential is only about 0.26 kg CaCO5 m-2yr !, somewhat lower and
more realistic than lh'c figure of Neumann (Table 7). Bak (1976) calculated a rate of 2.5-
3.3 kg CaCOy m2yr! for Cliona peponaca in Curagao, Moore and Shedd (1977), a rate of
0.19-3.29 kg Caé()3 m-2Zyr-! from core from St. Croix, Stearn and Scoffin (1977), a rate
of 0.08-0.38 kg CaCO3 m2yr-l in Barbados and Acker and Risk (1985) calculated a
vilue of 8 kg CaCOy m2yr! for Cliona caribbaea in Grand Cayman Island (Table 7). The
actual long term rates of sponge boring on coral reefs will depend on the rate new substrate
surfaces become available (Highsrr-ith, 1981a), the type of substrate, the environmental
conditions and the particular species of sponge (Hutchings, 1986). |

No bioerosion rates are known for Siphonodicryog, however, it is apparent that
" they are locally abundant and can produce large cavities (Riitzler, 1971 MaéGcaChy and
Stearn, 1976; MacGeachy, 1977; Bromley, 1978; Risk and MacGeachy, 1978). Unlike
most clionids they can attack live corals (Riitzler, 1971). ’

Spirastrellids can also produce large cxcavafions’t with wide tunnels extending up to
15 cminto the sustrate (Bromley, 1978). MacGeachy and Stearn (1976) reported that
spirastrc‘llids were rcqunsiblc for 0.8 to 13.2% of the total bored volume of corals from
Barbados.
Bivalves

Boring bivalves play a fundamental role in the bi sion of coral reefs. Members
of the superfamilies Myacea, Adesmacea, Vencracea, Sz:cr:vacca, Gastrochaenacea,
. Cardiacea and Mytilacea have developed the bormg habit (Yonge, 1963).

bivalves are gencm*' less important in coral reef bioerosion than sponges

or worms. Féw quantitativc esfimates on the amount.or rates of bioerosion are available.
Hamner and Jones (1976) calculated that bioerosion by Tridacna crocea on the Great )
Barrier Reef amquntcd t0 0.14 kg CaCO4 m2yr-1, In addition’ the bivalve produces about \
0.06 kg CaCO; m- 2yrlby mcrcasmg its shell size, thus, giving a sednmcnt production rate

of 0.2 kg CaCO; m-2yrl. Locally this value may rise to 4.5 kg CaCO; m2yr1,
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MacGeachy and S(can.1 _(1976) do®Mented boring bivalves from Barbados, where they
were responsible for 0.2 to 1.9% of the total bored volume of coral heads.
Polychaete Annelids
Polychaetes may be the most abundant and diverse infauna on coral reefs,
comprising over 70 families (Highsmith, 1981‘3). ‘They were found to be the principle
bonnS(anorHeshueatﬂocksduﬁngzxoncund11hdfycarcquﬁnumtat[jzmdiﬂund,
Great Barrier Reef (Davies and Hutchings, 1983). During this time, boring sponges were
insignificant. Three families are important in biberosion: the Eunicidae, Spionidm; and
Sabellidae. The bonngs range in morphology from single tubes to U- shaped borings, 10
uregular, branching networks. )
Highsmith (1981a) found that the polychactcs accounted for over 80% of the
' cndohthl(, organisms in the coral heads studied at Enewetak, thodgh hc could not be certain .
how many of these were euendoliths as opposed to cryptoendoliths. In reef limestones of
the East Indian Ocean, polychaete densities are as high as 49000 m2 (Kohn and Lloyd,
1973). Davies and Hutchings (1983) calculatcd that annual crog‘\on rates by boring
polychaetes, at Lizard island, Great Bamcr Reef, were 0.7 kg CaCO; m-2yr-! (on the reg\
front), 0.8 kg CaCO; m-2yr! (on lhc reef flat), and 1.8 kg CaCO, m‘&*‘ (on patch
reefs), giving an average value of 1 1 kg CaCO; m2yr! (my calculatxon) Hutchings and
Bamber (1985) found that the ratcs overa greatcr variety-of reef environments at the same
locality ranged from 0. 33- 4 82 kg CaCO; m- 2yr1 This shows that the blOCfOSlOﬂ rates
vary accordmg to-substraie and envuonmcm similar to the variations in the densities and
species composmon of the polychaetes themselves (Hutchings, 1986). . ‘ ]
Sipq'l}culids '

Sipunculids may bore into calcareous or non-calcareous substrates. These worms

ey

-

can produce borings up to lcm in dlametcr which are smglc entranced, straight or sinuous,
and which commonly taper both towards the base and cntrance ((MacGeachy and Stearn

1976).
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Bonny sipunculid densities i reet imestones have been estimated at SO0 m 2 1o
R00 m ¢ (Kohn, 1970; Rice, 1976). ‘They are less abundant thai polychactes at Encwetak,
being m'nsl abundant in l!)(‘ rubble (Highsmith, 1981a) At lerhadm", they are responsible
for 0.2 1o 2.0% of the total bored volume of corals (MacGeachy and Stearn, 1976).
Although they may be locally numerous in certain coral heads (Warme, 1977), they are of

only minor importance in reef biocrosion compared to other endolithic organisms,

-~

. “ Barnacles :

Bamacles mu’y be borers (¢.g. I,i‘urr\u dorsalisy or embedders (Ceratoconcha
(1:)171[!1;';‘(".\‘[.&‘). They are responsible for 3.7 10 11.3% of the total bored volume of corals at
Barbados (MacGeachy and Stearn, 1976). Trudgill (1976) reported Va brocrosion f;uc ofn
0844 cmy !at Ald.lbru; Indian Ocean.
Phoronid Worms v ' Q‘

Phoronids are fophophorutc worms, and probably bore by chemical means
(Bromley, 1970). Marcus (1949) observed over 15()>borirv1g-s cmZ'in one shell fragment.
&he borings are generally parallel to the surfa\cc and are‘typically 0.2;(}.3 mm in diameter,
titting the animal closely. The worm can be up to 6 mn['; in leggth and can form
pseudocolonies by budding (Marcus, 1949; Bromley, 1970)
Microboring ()rgamsms °

Algae, fungi and bacteria are pervasive in coral reefs. Kobluk and Risk (1977a) .
observed 100% infestation of iceland spar wrfaces by boring algae, and removal of the

oulu 30 umof carbonatc in about 213 days, in Jamalca Bathurst (1966) dcslcnbed how

microborers could breakdown skeletal grains by centripetal boring to form a micrite -

. envelope. Micrite cemént is also precipitated in vacated borings (Bat!m[st. 1966; Kobluk

and Risk, 1977bs Tudhope and Risk, 1985), though the latter authors did not feel that this
completely offsers the dissolution of carbonate by the boring activity. Tudhope and Risk

(1985) calculated a bioérosion rate of 0.35 kg CaCO;t2yr! by algae on the lagoon floor

of Davies reef, Great Barrier Reef. During the boring process, the endolithic filaments may

v ) » .
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project out into the porespace betwwen grans and become calatied (Kobluk and Risk,
1977b). These caleified filaments may break off due to agitation of the waters and thus
would become part of the fine gramed sediment.
Bactena may also be impm%;ml i skeletal breakdown by preconditoning the
substrate for other borers (Risk and MacGeachy, 1978). IniSalvo (1969) found that
weakened areas of the corallum of Porites contained from 104 1o 10° bactena gin bdry
weight. They also found that the bacteria were capable of digestng chitin, which would
weaken the substrate for other borers.
Discussion of Modern Bioerosion
? Boring sponges are the most important brocroders in most arcas in teris of relative
skeletal damage (Table 8). In Florida, sponges and polychactes we the most unportant
(43% and 47% respectively), while bivalves are less signifrcant (Hein and Risk, 1975). At
Enewetak sponécs account for 75-83% of skeletal damage (Highsmith, l()Xlu): n
Barbados they are responsible for over %)% (MacGeachy and Stearn, 1976 MacGeachy,
1977); inCuragao, 97% (Bak, 1976) and in Belize, 85-94% {thighsmuth er al., 1983).
Total ekeletal damage is estimated at 28%, 13%, 6%, 4% and 1.5% in Florida, Barbados,
Belize, Enewetak and Curagao respectively (Hein and Risk, 1975: Bak, 1976: Iaac(}cachy
and Stcém, 1976; Highsmith, 1981a; Highsmith er al., 1983). Polychaetes are generally .
more important than bivalves at these localities, althoughdboth are much less important than *
sponges (with the excéptlon of Florida). Polychaetes are abundant but do ~ot rcmovc. large
amoﬁnts of hard material. The importance of sponges stems from the morphollogy of their
borings, as one sponge can cxca;/atc a ramifying network of tunnels, compared to the
discrete single borings of bivalves. ‘
A comparison of the rates of bioerosion have important inlmplica‘tions for corat reef
budgets (Table 9). Sponges may remove frgm 0.26-25 kg CaCQy m-2yr!, polychaetes
0.3-4.8 kg CaCOy m2yr1, bivalves from 0.14-4.5 kg CaCO, m2yr 1 and algac 0.35 kg |

‘ CaCO; m2yrT. Rates of reef calcification range from 0.3 to about 12 kg CaCOy m2yr!
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Do RELATIVE IMPORTANCE OF BORERS %
LOCATION | EXCAVATED SPONGES WORMS BIVALVES | REFERENCE
. g Hein & Risk
; ! 3 1 :
FTL.ORIDA p 4 47 0 1975
CURACAQO 1.5 97 <3 /<3 Bak, 1976
'/ ~ 2J
. ; locall MacGeachy &
BARBADOS 12.5 90+ 4 y )
© abundant | Steamn, 1976
L Highsmith,
ENEWETAK 4.3 75-83 ‘ 0525 | - 19812
Highsmith g¢
173 _C _ -
BELIZE 6 85-94 2.8 Ij 0-11 4. 1983
\

Table 8. Table showing the relative im
in modemn reef bioerosion.

;

portance of boring sponges, worms and bivalvss
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/kx CaCOym-2 yrd REFERENCES
i
Neumann, 1966; Riitzler, 1975:
Sponge 3 25 ‘Bak, 1976; Moore & Shedd,
Bioerosion 03 2 1977; Stearn & Scoffin, 1977;
Acker & Risk, 1985.
Polychaete 03 .48 Daviey & Hutchings, 1983;
Bioerosion R Hutchings & Bamber, 1985
Bivul\;c ' . o R Y 6
Bioerosion 01-45 Hamaner & Jones, 1976.
Algal 0.4 Tudhope & Risk, 1985,
Bloc‘(osmn
Coral 03.12 Davies & Hopley, 1983,
Calcification - Smith, 1983,

*
Table 9. Bioerosion rates of selected boring organisms from modern reefs,
compared to rates of coral calcification.
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estimated an average rate of 1-1.2 kg CaCOy m 2yr 1 Thus, bioerosion may sometimes
bl

(as summartzed by Davies and Hopley, 19830 Smuth, 1983). Sniith (1983)

exceed reef calaification, and indeed 1t has been suggested that rates of bioeroston may be
greater than rates of skeletogenesis in Florida (Hein and Risk, 1975). However, s
apparent that rates of biocrosion are not constant over time or space (Hutchings, 1986).

Thus, the estimated rates of brocrosion must be used with cautton.
7/

/

Most bioerosion is concentrated within 2 ¢m of a dead surface | Therefore, massive cora’,
may escape intensive bioerosion due to their size and shape, compared to the susceptibiluty
of branching corals. In addition, denser corals may be more susceptible to bioerosion than
fess dense mml;, as they offer greater protection against grazing predators and are fess
adept at colonmzing dead areas (Highsmith, l‘)Xib). Most dead areas, and thus borings, are
concentrated i:l the base of the coral (Goreau and Hartman, 1963). This reduces the
stability of the colony, especially on slopes, and renders it lesstresistant to wave attack

£
(MacGeachy, 1975). Once toppled the corals are subject to further bioerosion or physical

degradanon. In addition, the endolithic organisms attract other bioeroders as they are an

unportant food source for many grazers.

‘. COMPARISON OF BIOEROSION IN THE BLUFF FORMATION WITH

-

e

\
Va

MODERN REEF BIOEROSION
The bioerosion assemblage of the Bluff Formation is represcnted‘only by the
buxjkgs of organisms. There is an absence of grazing, rasping, biting and drilling

structures, common in modern bioerosion fabrics. This is probably due to their destruction

’

during diagenesis, rathcr‘ than their absence in the original environment.

Hc boring assemblage found in the corals of the Bluff Formation is dominated by
the borin : of sponges (Entobia, ichnogenus A, prob?ematica), which are responsible for
about 8 5@rof thc'borings (Table 5), and in this respect is comparable to the relative

~abundance of boring sponges in modern reefs. Next in abundance are the borings of

-~
-



worms (Trypanites, sove Gastrochaenolites, Talpina, M acandropolydora, Caulostrepsis ).
which are responsible for about 9% of the borings observed in the corals of the Bluff
Formation, again comparable to their relative importance in the modemn. However, the
worm borings do not outnumber the sponge borings as they commonly do in recent coral
reefs. In the corals of the Bluff Fon 1ation, bivalve borings (Gastrochaenolites,

- 3 A}
1ichnogenus B?) are locally abundant (responsible for up to 5% of the bonngs) but far less
numerous than the sponge and worm borings. *Bivalve borings in the Recent are stmilarly

only locally abundant and are less important than worms and sponges in most coral heads.

The amount of total bioerosion in the coral molds of the Bluff Formation is

somewhat higher than in recent corals (compare Table 4 wilh'{ablcs 7and 8). The average

: .
percentage boring in the Bluff Formation is 38%. This high figure is probably a result of
the small size of many of the corals. Most of the borings in the Bluff Formation are
concentrated around the edge of cotals. Entobia penetrates to a depth of 1.5 ¢cm, commonly

less, whereas Trypanites is concentrated within about 2.5 cm of the surface. Talpina,

Maeandropolydora and Caulostrepsis are generally within 1.5 cm of the substrate surface.

Ichnogenus A is observed down to about 5 cm into the substrate, whereas ichnogenus B
and Gastrochaenolites are found dows to about 7 cm. In recent corais, bioerosion n
concentrated within 2 cm of a dead surface, and generally towards the base of corals
(Goreau and Hartman, 1963;.Hcin and Risk, 1975).

- The irregular distribution of the borings in the molds of the Bluff Formation is also
simular to the irregular vaglations observed in different modern reef environments. The
abundance of borers in recent reefs varies not only from one reef to another due to differing
environmentdl parameters, but also in the same reef (Hutchings, _1986). This variation is
appa;cnt in the skeletal molds of the Bluff Formation, whe'rc abundanéc and typc of

borings varies from one locality to another, and even at the same locality’. Certain borings

may be locally abundant in one particular coral mold, but rarely found elsewhere.

-~
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[tis apparent that the bioerosion in the Bluff Formation is similar in terms of
organism composition, relative abundance and localised distribution, to present day_
biocrosion on coral reefs. Although rates of bioerosion cannot be determined for these
ancient tx)rirlgs, the quantitative data presented does suggest that the imponance of
bioerosion in the middle Tertiary was similar to that of the present day.

In recent reefs, the products of sponge boring activity are highly characteristic and
potenually preservable. The chips have been recognised in recent sedinﬁus (Fiitterer,
1974; Halley er al., 1977; Acker and“iisk, 1985) and in ancient rocks (Kobluk, 198]1a;
I981b). These chips have not been found in the Bluff Formation rocks, even though

}ongc boring ai;tiw)ity was so high. This absence may be due to pervasive dolomitization
or a result of their absence in the' original sediment. Acker and Risk (1985) noted that most
of the recent sponge chips in their study area in Grand Cayman, were riddled with algal and
fungal borings. This would eventually reduce distinctive chips into lime mud. They also
noted that the abun)dancc of spoﬁgc chips was very low compared to the high rate of chip
production. The abundance increases beiow 25 m (the dc‘pth of maximum sponge
abundance) and th;:y suggested that the chips are being transported déwnslopc, possibly
ending up at the bottortt (')f the Cayman Trench. The chips of the Bluff Formation may
have suffered a similar fate with those not transporteddownslope, being degraded by
microorganisms (nncrobonngs are in the Bluff Formation). Any that did survive, may

~ have then been obscured by later dlagcnesns

The similarity of the boring assemblage of the Bluff Formation and recent coral reef
environments mdxcates that similar interactions between reef destructidn and construction

<

were operative by Ohgoccnc-Miocene times. In addition, this bioerosive activity was
»

occurring on a similar scale to tha’of the present day. Bonng organisms.not prevxously
recogmscd In the fogsxl rccord have dxstmct borings which are well preserved in the Bluff

Formation, and may be common in other rocks. The presumcd affinities of these are an

>
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important aspect of recent bioerosion (especrally Siphonodictyon), and their borings are at

I3

least locally abundant in the Bluff l"ommtion.}

F. BIOEROSION IN THE F()Si@ll, RECORD

Examples of ancient bioerosion as.:cmbl;lgcs in reefs are rare, but there are cnough
documented examples of isolated borers to produce a general trend of borers through the
geologic record.

Trypanites and fossil sponge borings have been found in archacocyathid patch rccl"s’
of the lower Cambrian Forteau Formation of southemn Labrador (J.xmgs etal  1977:
Kobluk, 1981a). In Ihlb Formation Trypanites densities are up t0 5720 m 2 (Kobluk er al.

1978). The extinction of archaeocyathids at the cnd\ the carly-middle Cambrian left no

skeletal metazoans to form reefs. Therefore, from the middle Cambrian to the middle
Ordovician, the only extensive niche available for bioeroding organisms were hardgrounds
(James er al., 1977). Diversity of hardground fauna reached a maximum in the middle
Ordovician and remained at this level until the late Cretaceous (Palmer, 1982). Reefs were
re-established in the middle Ordovician, providing suitable niches for macroborin g
* organisms, which begaa to radiate and diversify. Scattered cxamplcs' of macroborin gs
exist from the middle Ordovician to the M;:sozoic (see Kobluk er al., 1;78; Pickerill and
Harla\rld, 1984). Pemberton et al. (in press) docixmemed Trypanites from Devonian
strohatoporoids from north east Alberta, which had boréd from 6 10 24% of these heads.
It has been suggested that macroborings played only a mmOr role in the Tecf system dunng, ‘

/

the Paleozoic (Ekdale eral, 1984). n ‘\\
By the Triassic, bioeresion may have played a more si &ﬂﬁcam role in reef
destructi.on (Zankl, 1971). Examples of bioerosion in the Jur:%ssig: of MO!"OCCO, show that
boijng b.ivalvcs and worms had become very important, w};ile B{onng sponges were’r;rc
(Warme, 1977). Sponges had increased in importance by the Cretaccous cspcually in /

rudist buildups (Kauffman. and Sohl, 1974). Boring worms were also significagt aspects

N .,..‘
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of bioerosion at this time (Vougt, 1970, 1971, 1972). Evidence from the middle Tertiary
Bluft Formation presented here, ix;dicalcs that by this time, sponges had come to dominate
reef bioerosion, surpassing both the boring worms and l)ivzll;/cs in numbers as well as
importance. At about the same time, boring sponges had become important in other marine
environments, e.g. in the Miocene, Pliocc&' and Pleistocene infralittoral limestones of
southern Italy (Bromley and D' Alessandro, 1984). ‘The relative importance of micro- to
macroborings in the Bluft Formation has not been established, but the microborings are

common. Microborings are common from the lower Cambrian to the present (James and

Kobluk, 1978).

G. SYNOPSIS :

Borings gre preserved as natural casts in fossil molds of the Bluff Formation.

[a—

2. 'The borings have occluded much of the moldic porosity.

3. The f;§sil molds are on average 38% bored (0 to 75%); the highest amount of
boring being in the stylophorid corals. .

4. LEntobians dominate the b?ring assemblage, being responsible for about 75% of
the borin gs. Trypanites, Gastrochaenolites, Maeandropolydora, Talpina,
Caulostrepsis, new ichpogcncra A’and B, and microborings are also present.

5. Using the phyletic relationships of the ancient borings, i{is apparent that this
ancient boring assemblage 1s comparable in te?ms of composition and scale of
damage to that of modem coral reefs. Boring sponges dominate in both. They
gre responsiblc for up 10 90% of the bioerosiéh in modern reefs and up to 85%
in tr.xc molds of the Bluff Formation. Boring worms are the next most important
in both. Bivalves and barnacles may be locall); abundant. Boring wormw' the
Cd¥manian examples arc not as numerically abundant as fhey tend to be in
modern reefs. | '

6. Mi'cfogarings are abundant in the molds of the Bluff Formation.

. ] . ) [
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IHL PETROGRAPHY OF THE ROCKS OF THE BLUFKFFK

FORMATION

A. BLUFF FORMATION DOLOSTONE

‘The Blutf Formation is composed ot hard, white o beige, fincly cxy'slnlhnc
dolostone, in which the precursor textures are commonly preserved. Itis generally over
90%- dolomitized, but locally grades into a dolomitic limestone. The dolostones have a
wide lateral extent, cropping out on all three Cayman islands. Rcccnl\borcholc data
confirms that the dolostones extend to a d¥pth of at least 20 m. Earlier boreholes drilled by
K. E. Merren and D. P. Hamilton (1956) on Grand Cayman I§land rcmrdcdlimcsloncs 10

a depth 0le m (see Emery and Milliman, 1986)). However, itis not known whether

*# these are limestones or dolostones, since the surface outcrops of the Blutf Fonmation were

. . * i
- considered at that time to be limestone rather than doloslo{lc.

The dolostone is finely crystalline, with ayerage crystal sizes of about 5-1) pm.
* - ¥

The fine dolomitc crystals are cloudy and appcar‘ brown in thin section, probably due to

-

minute inclusions from lhz precursor carbonate. They have a hypidiotopic to xenotopic

texture, and some of attered euhedral crystals in the groundmass are zoned with

cloudy centres and clear rims. Thefe is little intercrystalline porosity in the groundmass
dolomite. Irregular pat\chcs of coarser dolomite crystals (30-40 um) also occur. These

coarser crystals have an idiotopic texture and are much clearer than the finer crystals.

,

-

B. SUBMARINE TEXTURES .

.

Several features are indicative of submarine cementation, though these features are

not common. These include algal crusts, peloids, micrité cement and isopachous cements.
All thesefeatures have been dolomitized.

N ’ ©

M;my of the aoral molds (at all localities) are coated and bound by a laminated,

smooth to’knobbly crust, up to 1 cm thick (Plate 10F). Although composed mainly of

- . : N
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coralline algae, it also contains encrusting foraminifera, bryozoa, dolomicrite and calcite
spar. The skeletal allochems are much darker than the dolomicrite in the crusts. Entobia
bormgs cut through the laminated crust, indicating that the crust was lithified on the
scatloor. The borings do not penetrate the calcite spMF, implying that this calcite was a later

diagenetic product.

L
Peloids are common in some coral cavities (BH 1227, BH 1229). The clongate to

spherical peloids are about 50 um in diameter and are composed of structureless
dolomicrite. They are commonly cmbcddcd in a fine dolomitic groundmass (Plafe 10B). .

They are dnung,ulshablc in this groundmass due to their darker colouration. Peloids
b

stmilar to thcsc are common features in coral cavities in recent reef environments (Shinn,
1909; Macintyre er al., 1968: James et al., 1976; Maciatyre, 1977). Some peloids occuf m
skeletal molds associated with dolomluzed microborings (HRQ 1208). These peloids vary

in shape from spheroxds5 to rod-shaped structures. -

&

Thin isopachous dolomitic rinds, which commenly fringe primary voids in replaced
corals (BH 1229) are composcd of bladed Crystals about 30 um in length (Plate 10B-E).
The internal structure of the coral is rcprcsemcd only by mtcmal sediment similar to th\dt of
the groundmass. A dark outline is apparent in the dolomite at the base of the 1sopdchous .

fringes, which probably represents the ongmal outliné of the coral (Platc 10D, E). The

.

1sopachous crystals are syntaxlallx ovcrgrown on this coral subst. ate (the dark outline).
This type of optically continuous cementation is typical of acicular aragomte cemcnts in

recent reefs (Lighty, 1985). Some of the more cqmdunensxonal crystals possibly resulted
”

» .

- froma AMC precursor cement.

-

Dolomitized internal sediment and/or dolomitizcd micritic cement eccur in the same

cavities as the isopachous fnngc cements. This sedxmcnt or cement is commonly geopetal,
> . *

and is overlain by, or mterlaycred with, the isopachous to more cqmdlmensxonal .
L4

N ‘dolommzcd cements (Plate 10D). It was therefore cemented contemporaneously with
[N L]

N
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deposition. Bogp micritic cement and micrite infifls any common within recent reef cavities

(I"ricdmzm: 1985). -

4 N
C. FOSSIL PRESERVATION
L)
v « The dolostones are highly fossiliferous, with locally abundant u)r.d red algae,

IU()“US(,S tommmlfcrd echinoids and bryozoa. Numc rous bonnp preserved as natural

e
9

) -
- castsin lhc‘ldl molds attest to the abundance and dxversxty of the sriginal endolithic

) coinmuni(y The originally HMC components have generally been preserved (red algae,

echinoid plates, some foramrmfem bryozoa), whereas the onginally aragonitic components
}mvc been preferentially dissolved (Lomls molluscs, some fommxmfcm)
Coxals are the most conspicuous element of the fauna. Branching coral fmz,mums

of .Styloﬁhora are the most common type, but massive corals (eg Montastrea™ and

~
Diploria ) and xohldry corals (e.g Anitillia and Anrzllocyathus ) are alx‘p l(xally dbund.mt

These are commozlly only preserved as molds The branchmg stylophorids are totally
dlssolvcd with only the outer parts of the corflhtcs preserved as a negative mold or 1mprmt

(Platcs 1F; 3C) This is comparablc to the preservation of the Miocene stylophorids of

- ksrael (Buchbmdcr 1977) The massive and solitary corals on the other hand exhibit more

variable types of preservation. These are most commonly preserved as negative molds,

where fine sediment has filled the interseptal voids, thus suppo ing the coral structure

(Plates 9F; 8D). This type of preservation has been termed 'invers porosity' (Buchbinder:
8 -

19753 or reversal’ phcnomenon (Supko, 1977) whereby the corals are represented in’

X negauve.form because of dJssolunon of the original skeleton. Thc variation in extent of

sediment fill produces (he vanablaéimomts‘_of apparent prcscrvatlon The solitary corals -

0

and Diploria have t}gmosl filling, and thus appear the best prescrved Rare cordls have

. been dolommzed gcncrally by coarse (30-40 um) clear rhombs Another common feature

e

is chalkification, with }arge ‘patches of the coral bemg composcd of soft, whne doloritic

chalk L _ } . \ ~ o



The bivalves and g;lsiropmi.s‘ have also been lcu:ched and are thus preserved as
internal and external molds (Plate 8A, B). Bivalves, w{ich may be anicﬁm'up t05-
cm in diameter. Gastropods range in size from about l()()ﬂum 10 10 cm. Altheugh the
molluscs are ubiquitous, they are notAnu'mcrica]ly abundant.

Red (coralline) algae are very abundant in the Bluff Formation, although they are

comumonly only visible in thin sections. They occur as'encrustations around coral molds

(Plate 10F), or as discrclc particles (up to 1 cm long) in the mau:ix. At one locality (QR),
spheroidal to elliptical rhodoliths up to 1¢cm in diameter are common Allhou;h
dolomitized, the red algae havc retained their original rrucrostruuurc (Plate 9A B) They
are composed of 1-2 pum dolomite thombs that are .aligned, while the conccptaclcs aré’ﬁlled

with slightly coarser thombs (Plate 9D). The red algac appear much darker Lhan the

dolomitic groundmass. Many have beeq partially leached (Plate 9B), and ;hls must have

" oceurred prior to or during dolomitization since dolomite cement may line the secondary

~

cavities (Plate 9C). i

| The u.biquitous foraminifera are locally very abundant (e. g. PCQ 1243, QR 1182).
Thesc may, be dolomitized or leached, and examples of both are apparent in a single thin
section (Platc 9E) Dolomitization pccscrves their original microstructure {(Plate 9F). This
is especially apparcm in the Amphistegina where the crystallogmphxc orkntauon of the
wall structure has bccn retained (Plate 10A). ‘Foraminifera may also encrust the coral

molds with the red algae.

L] E - . R

‘.Dolomitizcd bryozoa and echinoid plates and s;g\pcs are present, but are not as

-

¢ommon as the other eomponents. Eath echinoid plate or spine has been replaced by a

single dolomite crystal, ajfough the ori gmal skeletal voids ma #ied or filled with small

dolomnte rhombs (Plate 9G)

v

Foss\Dnﬂn buuon’
Most of the surface outcrop of the Bluff Formation (HRQ EEQ, BR PCQ, CK

J PB(hlg 1B) is a skeletal wackestone to packestorie, composcd of abundant branchmg
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stylophorids, which have been extensively bored, abundant red algal particles and
foramunifera. Foraminifera may be locally abundant producing a foraminiferal .

. . . .. .. .
packestone to grainstone. Molluscs and echinoid particles ;ﬁ’gublquuous but not

« i ) o °
significant. Massive equidimensional to hemispherical corals (20 x 20 tin) and

small blitary corals arc less common than the branching coral types (i.e. the stylophorids).

-
N

At QR the massive and sohmry corals become more mgmﬁcdnt at the expense of the
Whmg> stylophorids, producing a more mxxcd coral fauna. The massive corals are
larger (50 x 50 un) and/or more tabular in shape. Rhodoliths dominate the faunain a bed
1.5 m thick in this area. Thc outcrop at BH, is a coastal section about 50 m in width and
about 200 n; in length. Much of this area is dominated by large massive coral heads, up to
2 m in height (e.g. Montastrea, Agdrt’ciq, Diploria, Agathiphyllia, potitids and» faviids).
Evidence of boring is rcduccd at this localin compared to all the others. In size and shapc
this is comparable to a series of patch reefs %c other parts of the Bluff Formation

.
' probably represent a backreef- lagoonal area, dominated by thukcts of Stylophora Such a

sccnano 1s apparent in thc modcm lagoons of Grand Caytan Ialand

D. POROSITY
The porosity which can be up to 25% is rnoldic intracrystalrinc microvuggy .
(especially HRQ 1212) and mtrapamclc Moldic porosity, Wthh is the most commo

porosxty type, can producc cavities up to 1 m in dxamctcr where largc coml hcad% have

been dissolved g.g. at BH). On a largcr scalc Jom;,s soluuon cavities dnd caves also
. COI:zbutc significantly to the porosny and pcrmcablhty of the Bluff Fonmnon Thc

bonngs in the fossil molds have sxgmﬁcantly occludcd much of the m§>ldlc porosity.

[ t
|

L

\

i
1

E. DOLOMITE CEMENTS ' -
Pores and Cavmes may be lmcd wnh coarse, euhedral dolomite rhombs up o 100

um in length (Folk etal., 1973) A dlstmct boundary CXISIS bctwccn thcse and the \
R | ] :
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groundmass dolomute and they are thus interpreted to be cements (Plate 181). These
.« -
cements represent about 5% of the dolomite of the ®luff Formation. They are analogous o
X

the limpid dolonute crystals desernibed by Folk and [Lahd (1972: 1975) and Folk and
P
Stedlecka (1974). These cements are of three types.

The first type of dolomite cement lines the pores and is composed of complexly

mterlocking crystals with ¢-axes perpendicular to the substrate (PHte TIA O). “These are up
. . * ...
to 30 pum in length and may be zoned or may rarely contain hollow bands. The second type

of dolomite cement consists of zoned, commonly cloudy-centred clear-nmmed rhombs

(Plate 13A) up to 100 um (average SO pm). These are irregularly spuécd in the pores, with
c-axes parallel to subparallel to the substrate (Plate 11D). Where both types occur in the

s . .
same pore, the second type is rooted on the first type. They are therefore different

. . . ¢
generation cements. These cements are comparable to the first generation cements
A 5
4
* - . -
documented by Jones er al. (1984), from dolostone and caymantte cavities of the Bluff
- .
(V]

Formation. .

s

. "The dolomite rhombs commonly a‘ppcarﬂto be floating in the blue epoxy that fills the
pores in the thin sections. SEM examination shows that this is either due to (1) @ artifact
caused by the angle at which the thin section was cut and/or (2) the presence of dolomite
coated algal/fungai filaments in the pore (e.g. HRQ 801). The algal/fungal filaments have
been coated with b(’)th generations of dolomite cements (Plate 11E, F). The first generation
cements are 3 to 5 pm long, whereas the irregularly spaced second generation crystals are
up to 40 pm long. Thin sections cutting parallel to obliquely to such filaments yield
dolomite rhombs that appear to be floating in the pore.

- A third, less common (CK 1177, QR 1184) type of &:)lomil?ccmcnt, which is not
observed in the same pores as the first two, consists of altemating zones of syntaxial

dolomite and calcite towards the edge of the rhomb (Plate 18B). These zones are about §

Hm in thickness and are laterally continuous from crystal to crystal. The calcite zones



N

o]

.
commonly grade Laterally into hollow bands. These are comparable to the third type of
dolomite cements deseribed by Joneser al. (1984).

Dolomite Spar
Rarely, large, sybhcdrul dolomite cr_&s(;gls (up 1o 150 um) occude cavities a)B()
1060, PBQ 1062). These are rooted on the sparty calcite cement, and are thus later than

the impid dolomite and sparry calcite cements

iod DOLOMITE DISSOLUTION

Many of the limpid dolomite crystals show evidence of dissolution. The first

e
generation limpid dolomite cements rarely exhibit hollow zones in the crystals. The second

generayon dolomite cements are con:monly hollow or hollow zoned, even though adj:lcc'm_’= )
» zoned rhombs may be complete (Plate-12A-C; 13A, B). Itis apparent from this

Juxtaposition that the h'ollow centres of the rhombs are a result of the preferential

dissolution of (.hc cloudy centres. SimNqr hollow dolomite rhombs have been reported by

Evamy (1967), Folk and Siedlecka (;;}Land eral (1:)75), Longman and Mench -_

_ (E)lﬁ)szud and Halley (1985) and Rosen and Holdren (1936).
In places, thg dolostone is highly porous and soft, giving rise to chalky patches that
arcupto 4 cm long (most notably in HRQ samples, especially 1212). Ng (1985a)

documented this soft porous dolomite from around the joint systems in the Bluff

JREE "

Formation. When viewed in thin section it is apparent that many of these soft patches are a
s

result of dolomite dissolution. The dolomite rhombs are hollow or completely degraded,
and commonly appear to be floating in the blue epoxy. The porosity, as well as being
intracrystalline, is also microvuggy in appeatance (Plate 13E). This may be due to more
extensive dissolution of several complete dolomite rhombs. This soft dolostone is

comparable to the pulverulent chalk of Blank and Tynes (1965), and the pulverulite of Rose

(1972)and Chafetz and Butler (1980). The latter believed their pulverulite to be a surface

2
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wc;llhcx‘iné’ phcngﬁ&?on characterized by the dl\\olnlmn and disintegration ot the

‘h w

dolomite. Tthg x({( olostone in the Bluff | omnation s related to [x'nncnhili(_v conduits,
« X
G. CALCITE T:Mlcm*s
Sparry and Poikilotopic Calcite
The s[;:xr caleinte, which is from 40 Hmto 2 mm lon‘g‘ cither lines cavities or
\(‘(?ﬂlpl(‘lt‘l)’ occludes pores. The crystals are p:itchfly dstributed and are more common at
localitics HRQ (especially), PCQ, PBQ, EEQ and BR than at CK or QR localities. The
calentes are typically equant, display abundant c'nfuciul junctions, do not preserve zlny
dcposilio:lal textures, coﬁlmonly exhibit drusy growth from a dolomitic .("ubslr;uc and line
and occlude pores (e.g. Plate 12D). They are therefore cements. These are comparable to
the second generation cements described by Jones et al (1984).

Many of the crystals, especially the larger ones, arc poikilotopic (Folk eral., 1973),
C‘I-ICZlSing and filling the hollow dolomite rthombs (Plates 10G: 12D-F: 13D-F). Some of the
poikitopically enclosed dolomite rhombs appear to be ‘floating’ in the calcite (Plate 13D,
F). However, closer inspection on the SEM reveals that this is either a function of the thin
section angle or a result of the crystals being supported on endolithic dolomitized filaments
(HRQ 801). Patches of dolomite rhombs apparently suspended in the blue epoxy (the soft
patches), lie adjacent to the patches of dolomite suspéndcd in calcite. (HRQ 1212). This
attests to the abglity of the rhombs to exist in situ wi(héut needing the calcite to suppon
them. Thus, the calcite has not necessarily replaced the dolomite. Many of thc hollow
rhombs are also filled by the calcne (Plate 13F). The calcite 1r?the centres of (huc rhombs
18 in optical continuity with the calcite surrounding them, but not usually with the dolomite
rims. The calcite therefore did not replace the dolomite, but passively filled and surrounded
it. This is in good agreement with the petrographic features of the sparry calcite crystals

themselves, which are characteristic of cements. The calcites are thus a later phase than

both the dolomitization event and dolomite dissolution.
r



Spiky Calcite

Somc of the calcite spar uquls that line cavities may be dissected with spikes .
.1lxl,md (Plate 14/\) in the direction of the c-axis of lh@hoql crystal (PBQ 1060, PBQ
1063). These are comparable to the 'spiky calcite’ described by Folk er al. (1985) and to
the spiky calgite produced by fuﬁgi on iceland spar crystals (Jon9 and Pemberton, 1987a).

In the spiky calcite from the Bluff Formation, it appears that the spikes may have
formed along dislocation or basal cleavage planes in the crystals (Plate 14B, C). Along
cach microcrack the spikes are developed on both upper and lower surfaces, thus pointing
into cach other. Rarely some are connected across this plane. The gradational development
of the spikes is apparent across this same microcrack, with well developed sharp spikes at
onc end and blunt, stunted pillar-like structures at the other (Plate 14B). One calcite ¢rysml
is extensively dissected with the spikes (Plate 14D). -
Knobbly Textures

Knobbly"textures are-pparent on the same spar crystals as the spikes. In areas of
the crystal away from the spiky plane, a low relief, rough, knobbly ICX{UI‘C 1s present
(Plate 14E, F). A gradation is visible from a rough surface with etch pits and scattered.,
knobblés, to a well developed knobbly texture, where the knabbles grade into each other.
The knobbles are elongate, almond shaped bumps (6 x 3 um) with variable sized
attachment areas '('Platc 15A), and are developed on an uneven irregular surface (at this
magnification). These knobbles are alig'ann any one crystal face (Plate 14E, F). This is
especially apparent in the well developed knobél_y texture. The knobbles are comparable to
’momi‘culi' described by Jones and Pemberton (19A87b). Loose particles resting on the
crystal face may be monticuli that have become unattached.
Columnar Calcite ~

These crystals are rare in the Bluff Formation (PBQ 1060) and occur in cavities in

association with spiky calcite and calcified filaments. In transverse section, these crystals

are triangular and resembile spikes (Plate 15B, C), being up to 60 pm long and up to 40 um

~
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in width at the base. They are, however, made up of a number of (about six) crystallites,
arranged 1n a concentric t?)undlc (Plate 15D). A central cavity is visible in the centre of these
bundles. One crystallite llnay extend further than the others, giving the crystal a very
pointed termination. A distinct boundary exists between the base of these columnar
crystals and the substrate (Plate 15B). Comparable columnar crystals have been described
by Kcndall'and Broughton (1978) and Chafctlz and Butler (1980).
‘Calcified Filaments
Calcified filaments (PBQ 1060, PBQ 1061) are found with the columnar cgysmls
and spiky calcite. The filaments, which are about 3 pm in diameter and over 10 pm in
length, are covered with acicular crystals of variable lengths (Plate 15E, F). Most of the -
crystals are about 0.5 um in diameter and 1.5 pm in length, whereas a few reach about 4
kmin length. The crystals have pointed Icrminati’ons and are therefore most likely calcite
rather than aragonite. The c-axes of these crystals are perpcndicutlar 10 the substrate. The
small diameter and dichotomous branching suggests that the filamepts are of fungal origin.
They are comparable to the calcified filaments documented by Klappa (1979) from calcrete
horizons. |
Acicular Crystals
Clusters of acicular CaCOjs crystals are common in coatings developed aroind
boring casts and in the coral molds (QR 1182, CK 1174, CK 1176, HRQ 1213). They
range in diameter from 1 to 6 um, and in lcr“1gth from 5 to 40 um. When viewed in thin
-section (QR 1182, Plate 18A), they are comparable to the needle-fibres described by Ward
(1970), James (1972), Steinen (1973) and Harrison (1977), and to the whisker crystals of
Supko (1971). The crystals are rooted on both delomite and calcites
SEM examination shows them to be of several types (Plates 16A-F; 17/\ C). One
group consists of blades of calcite stacked en echelon, with their c- axes mutually parallel
(Platc 16A-C). These occur in an Fe and Mn rich coating on borings and lining the coral

mold (CK 1176). These are 1 to 4 pm wide and up to 20 um in lc?igth. They are
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irregularly clustered and appear to have no preferred orientation. Some sppear to be
brc;xking‘down into regularly shaped micrite sized particles (Plate 16C). These blades are
comparable to the lublinite crystals found in caves (described by Stoops, 1976, Bogli,
1980). Associated with these are randomly bricntcd to parallel aligned, dense ncccilc-ﬁbrcs
(Plate 16D, E). These are each composed of at least two fibres connected by a depressed
axial plane. This gives tﬁc crystals a bladed appearance. The terminations of the ﬁbrés;arc
pointed and extend beyond the axial plane, giving a ragged’a.ppcarance to each crystal.

In another coating on the Qorings (HRQ1213), tangentially oriented needle fibres
are common, (0.5 to 1 um wide and up .to 30 pmin length. Each crystaf 1s composed of a
bundle of 4 fibres (Plates 16F; 17A, B). The tcrminations“(‘;f the crystals ak'blunt because
all the fibres end at the same point. The crystals are equidimensional in cross section.

Irregular patches of fine micrite appears to be binding these needle fibre crystals together . -

r

(Plate 17A, B). : - v

In anéthcr coating cxamiﬁed (CK 1174), more stout c:ystals are common. Thcsc‘
_are about I pm in width and 4-5 um in length, They are irregularly shaped with their c-
axes perpendicular to the substrate (Plate 17C).
Microstalagtitic Cement

The microstalactitic cément is composcd predominantly gf calcite and has an
asymr?tn'cal gro;vth form (Plates 17D, E; 18B). Itis developed only on thc cz;vity roof * ‘
(CK1171,CK 1 W The cement is rooted on the doiomitc substrate, which is composed
of both dolomitic groundmass, dolomite type 1, 2 and 3 cements, calcite spar and micrite
{Plate 18B). The microstalactitic cement is composed of altemating bands of light and dark
calcite (a few Bands of dqlénﬁ(c are apparent pwards the outer edge of the cements), with a
long axis up t0 350 pm. The light bands are thicker than the dar.k ones. It has been

suggested that the dark bands may be due to the presence of iron argd/or organic inclusions

(Ng, 1985b). The laminae are generally continuous and follow the contours of the cavity.
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Bulbous terminations develop adjacent to proturberances on the cavity wall. Under
crossed-nichols, a sweeping radial extinction is apparent (Plate 17E).

Jones et al. (1984) also documented microstalactitic cement from cavities in the
Bluff Formation, consisting of alternating bands of calcite and (1(;10nlilc. This
compositional banding wu?bmrclcd to be an original feature, reflecting chemically
fluctuating porewaters.
H. DARK MICRITE .

Irregular shaped patches, of dark coloured micrite fre commotin Th’cn(\i‘(\wloxmnc of
the Bluff Formation, ‘cspccially at HRQ (HRQ 1208,111215, 1195, 1194, 1209). They \\\\

occur as small micron sized patches only visible in thin section, to larger bodies of micrite,

¥ o~

up to 4 cm in diameter (Plate 17F). In 3-D, these are clongate bodies of micrite. These

larger bodies of micrite may be homogeneous or lammate&Somc of aminated bodfCs

have hollow centres, some of which contain Recent plant roots. Ex of the role of
these plant roots in the diagenesis of the Bluff Formation is in pragress (Squfir, 1987 pers.
comm.). The laminated n}icn'tc thuis encases the root and the cavity around it. Yhe micril‘c

in these laminated bodies varies in colour from tan to orange to brown-black. Much of the
black areas are composed of Mn and Fe dendrites and spheroids.

The small patches of micrite occur in the same samples as the larger boéiics.—and the
patches generally decrease away from these larger bodies in any one thin section. The 1
micrite in both is petrographically similar. It ?much finer grained than the dolomitic host
rock, the individual crystals being unresolvable under the petrographic microscope (Plate
4RC-E). The micrite patches in the dolomitic groundmass a homogeneous. However,
where it occurs adjacent to and within calcite cemented areasi, it may develop a clotted

texture (Plate 18E). The contact between this calcite spar and the micrite is fuzzy and

irregular‘(Plate 18C, E).
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Ihe bovndary between l};:h)lumitc and the micrite is irregular and gradational,
especially at the contact b:tlwecn the larger bodies of micrite and the dplomitic groznldmass
(Plate 18D). ‘Ax this boundary, dolomite rhombs appear to be encased in the micrite. Some
have micnite cores, while others are embayed by the micrite around the crystal edges (Plate
18D). Relic dolomite rhombs are also visible in the \mallcr patches of micrite scattered
arqund the ldr;:,cr mmnue bodlcs Where this micrite occurs inthe skeletal allocherm eg.

in red algae, the texture has been obliterated. Dolomite in thc same allochem preserves the

original skeletal textures.

L. (!AYMANITE

Caymanite is a fine grained, colour-banded, dolomitic, cavity fill in the Bluff
Formation (Folk and McBride, 1976; Rigby and Roberts, 1976; Lockhart, 1986). Itis
assqciated with joints, caves, Solujion cavities and coral molds, where it can be geopetal or
can completc{y occlude pg;Lsily. The fine, anhedral dolomite in the caymanite (Plate 13C)
1s igtcrprctcd tB"bedctdtz;l (Lockhart, 1986) and thus has a different origin to the dolomite
of the host rock. Caymanite may hévc been formed from material derived from swamps at
the surface of the island, and then to have been washed into the Bluff Formation via joints
and solution cavities during seasonal storms (Lockhart, 1986). '

Caymamtc sedimentation has operatcd conunuously, probably since the island's
“emergence. Cut and fill channels in caymanite, different orientations of laminae in the same
t;avity, caymanite phases separated by cement ger{crations and caymanite clasts within
caymanite laminae, support this idea. Limpid dolomite and sparry calcite cement may
occur fig cavities in f:aymanitc (Plate 130C).
J. TERRA ROSSA )

Tcri? rossa, a ;\'eathercd carbonate product, is a common fvm cavities in the Bluff .

- . : .
Formation at all localities, and ranges from a loosely packed soil to a well consolidated
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rock. It varies in colour from pale brown to deep red, and is composed of calcium

\
carbonate (and clay minerals). The differences in consolidation and colour reflect different

stages of terra rossa fill. Like the Caymanite, the terra rossa represents a l<;ng continuous
process, and thus cannot be dated. |

Terra rossa fills joints, caves, solution cavities and moldic por;)sily, and may
interfinger with caymanite. It commonly cnvhan'ccs the coral mold morpﬁologics, ﬁ‘iling

them or staining the walls red. Thegxgensive fill by this terra rossa attests to the high

peérmeability of the Bluff Formation.

K. FL()WST()NI‘}
Beige to dark brown laminated flowstone 1s common in the Bluff Formation
(Smith, in prep). It occurs in joints, caves, solution cavities and moldic porosity, and may

bc-imerlaycrcd with terra rossa and caymanite.
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1V. STABLE ISOTOPE GEOCHEMISTRY -
?’,’
Diagenetic minerals such as calci\t:land dolomite, precipitated in equilibrium with

porewaters, should exhibit oxygen isotop compositions characteristic of these waters, as
b _

well as the temperature at wh\ich the minerals formed. TRis assumption is based on the
premise that the minerals have remained more or-less unmodified since crystallization. In
this réspccl, dolomite should be morcstab‘lc (less susceptible to isotopic'éxchungc) than
calgdte at sedimentary tcn‘lpc‘ra(urcs, unless later minteral dissolution and reprecipitation has
occurred (Epstein et al., 1964). Carbon isotopic compositions are particularlygscful in
determining porewater evolution during diagenesis in near-surface meteoric environments,
where inputs of soil CO, produ.cc a wide variability of 8!3C values (Hudson, 1975; Allan

and Matthews, 1977, 1982). Thus, the isotopic compositions should record the evolution

BA

of porewaters during diagenesis of the Bluff Formation.

v

A.ISOTOPIC SIGNATURES OF DOLOMITE IN THE BLUFF

S

FORMATION» . . 51\
The dolomites of the Bluff Formation have average 580 (PDB) values of +2.4%0

and average 8!3C (PDB) values of +2.0%0 (Fig. 10, Tablc 10) the values range from +1.4
S \"
10 ¥3.3%o0 and»from/—O.3 to +3:4%o, respectively.

Oxygen Isotopes .

tis assumcd that the 8180 value of dolomite is mdngve of the dolomitizing fluids

.

rather than those of the oniginal carbonates it replaced (Lénd 1980). Even if this

assumption is valid, it is uncertain to what extent later diagenesis will affect the isotopic

N . -

signature of the dolomite. It has been suggested that dolomite is less susceptible to oxygen

. isotopgl exchange with diagenetic fluids than calcite (Epstein ez al., 1964) and that the
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dolomite dolomite]| caleye calcite

saMpPLH DESCRIPTION | §'%0 | 813¢| &'%0 B | & | moled

' % PDB| % PDB| % PDB k%jPDB dolomite) - CaCO3 |
80la [ dolostone 23 13 o 100 o

801b soft dolostonc 2.1 0.8 e o 100 L

1209a | dolostone 2.8 2.1 - o 100 S2

1062b | * 2.1 23 13 -1.0 77 50

1663 | " 2.6 0.7 26 0.7 99 .

19s |- 2.1 06 N 100 |
“1223b | , i 1.4 03 22 6.2 62 o

1212 |- 1.8 0.4 3.9 -8.5 ™4 52

1184a | ° 2.5 3.0 14 0.6 96 55

g2 |- 29 32 | b w | | O
1242b | " 2.6 3.1 R 100 51 L
1243a | X 30 | 32 | 24 | 14 gs | |1
1243b |- 2.8 32 | | w | | G
u7m |- 28 | 34 29 28 98 52 0
1215 |- 29 18 19 05 87 51 C
1240 | * 22 w28 | | w0 | | E
22 R 25 10 | 26 | 77 & | — | N
1247 |- 2.5 R I 9 | | E
1230 |- 2.2 2.7 N 100 |

1213 |- o 0.7 2.7 94 - to
18s |- 2.7 28 I 00 |

193 |- ~ 2.1 20 | | w0 | | M
1201a | " around mold © 24 1.6 -1.0 4.6 64 . I
12016 |~ " " 2.2 10 37 | 87 29 — 19
92 [ - 26 16 | 29 | 75 se | — | C
52 | algal crust 14 01 | -1.1 | 40 « | | E
" 1209 | dolostone - 2. 19 | 04 | 33 77| | N
1184b | caymanite z;) 18 | | w0 | | E
1062a | coarse spar 3.6 15 1.2 | 25 10 -

283 dark dolostone . R 29 -6.2 56 .

1223a | dark calcite spar o 5.1 | -89 0 o

843 |" | ] 56 | 63 0 L

1208a | porous, grey fil |’ o 2.7 -10.3 0 .

1208b |laminatedmicrite | _ | _ | 20 | 97 0 .

1208¢c | grey fill B 24 | -104 17 .

1209b | laminatedmicrite | __ | | 31 -8.8 45 .

1209¢ | brown micrite - —_— 4.6 -10.3 19 _

1297¢ | dolostones from 2.8 33 | | 100 | — | Olig4
1297d | Cayman Brac 2.8 27 | — | — | 100 | — | Mioc

'Ta‘ble 10. Oxygen and 'ca.rbon isotope compositions, and dolomite nonstoichiometry
data for the Bluff Formation dolostones of Grand Cayman [sland and .
Cayman Brac. ‘ :
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original isotopic g¢omposition of-the dolpmite should be preserved (Bemer, 1965). Land

(1980, 19834, 1983b) however, a;gucd that recrystallization Qllrirlg burial diagenesis could
anfluence the isotopic composifior?. In the Bluff Formation, there is no evidence of :my‘
burial of the rocks, and thus the dolomites probably have not been extensively
recrystallized. The oxygen is‘otopic \&s of these dolomites could, therefore, reflect the
" original composition of the dolomite.
Carbon Isotopes
Dolomites may retain the §13C signature of the precursor sediment, rather than
establishing a new one from the diagenetic solutions (Dégens and Epstein, 1964; Land er
' al7 1975; Land, 1985). However, Sears and Lucia (19%9) argued that the carbon signature
comes from the diagenetic fluids that formed the dolomites, Magaritz (1985, p. 122)
concluded that the "...carbon isotope record of dolostones is preserved even in cases where
large quantities of meteorfc water were flushc;d through the rocks..."” Therefore, once
formed, the dolomites retain their compogitjons during shallow diagenesis, although it is
unknown what these values represent. It is noteworthy that few authors have attempted an
interpretation of the carbon values.of dolomite (Laﬁd, 1980).
Comparison of Caymanian Dolomite Values with Modern Dolomites and
CaCO; Sedivments
The Caymanian dolomites are enriched in both 180 and 13C compared to Holocene
mixjng zone dolomites. MiXin g zone dolomites from Jamaica have average oxygen and
carbon values of -1.0 %o and -8.4 %o, respectively (Land, 1973b); those from Israel have
*avefage oxygen and carbon values of -1.3%o and -9.6%,, respectively (Magaritz et al.,
1980). Both '130 and 813C values of the Caymanian dolomites are slig‘htly lower than
Holocene hypersaline dolomiites of Abu Dhabi (McKenzie, 1981), which have an ayerage
8180 value of +1.8%oand an avcragc;, 13C value of +2.8%o. The 8'80 values of the- -

Caymanian dolomites are also lower than Holocene hypersaliné dolomites of Baffin Bay,

.



»
whereas the OYC vilues are equal l(.) or shightly hipgher than these: The Battin Bay
dolomutes have anaverage $'%O value of +4.8%0 and 8'C value ot 0.9%¢ (Behrens and
Land, 1972) and range from 8'80 values of +4.8 10 +5 4% and 83C values of 1.6 (o
7. 5% (Kier, 1973) The Caymanian dolomute values thus fall between mixaing and
hypersaline dolomites, with respect to their 8180 and 813C values.

Extrapolauon of high temperature experimental data on dolomite calcite
cquihibrium fracuonations predict that dolomite shinuld be eaniched in 1O and P3¢
cnm;mrcd to co-exisung calcite at low temperatures (Northrop and Clavton, 1966; ()'Netl
and Epstein, 1966; Fratz and Smith, 1970 Sheppard and Schwarcz, 1970). The highest
estumate of O enrichment is 7 permill and of BCis 2.5 permull. It has also been
documented that many co-existing dolomite - calcite pairs exhibit no fractionation (Degens
and Epstein, 1964). Dickson and Colcm‘;n (1980, p. 117) argued that "Dolomitization
with textural preservation leads to 1sotopic preservation and hence no fractionation”.
However, this idea has been challenged and a more reasonable A180 B0 ommte -

OIC eiee) Of 210 4 rermill has bs“en suggested (Land, 1980). Dolomite may only be
slightly enniched in 3C compared to co-existing calcite (Land, 1980) or there may be no

fractionation at all (McKenzie, 1981).

Minimum and maximum values of 8180 for the Caymanian dolomites are +1.4%:¢
and +3.3%e, respectively. Considering a fractionation value of about 3 permill, the
dolomites should 'bc in equilibrium with calcite having a 8180 of -1.6 to +0.3%e. Calcites
havigg this cotnposition are in equilibnum with seawater (Hudson, 1977, fig. 1, p. 638).
Holocene CaCOj sediments from lagoons of normal salinity around Grand Cayman Island
have compositions which sange from 8'80 of -1.9 to +1.0%0 and 8!3C of +1.6 to +3.6%
(Fig. 11, Table 11). The 8180 values of the Caymanian dolomites, assuming a

.

fractionation of 3%o0'(-1.6 to +0.3%o), are thus, similar to the normal marine sediments of
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Figure 11. Oxygen and carbon isotope values of Pleistocene and Recent
carbonates of Grand Cayman Island, compared with the
Bluff Formation dolomite values of both Grand Caymany
Island and Cayman Brac.



calcite calcue a,
SAMPLE DESCRIPTION 5% 83 | dolommte | AGE
% PDB 1 %, PDRB
817 oolitic hmestone 2.6 21 0 }
1342a rhyzolith - 2.0 11 0 Pleisto
1343 | rhyzolith sediment 32 09 0 e
01 M annularts 40 04 0
02 . ﬂrlgu‘m 3.6 16 0 R
1401 patch reef sediment 1.7 24 0 I
1402 sediment behind rect 1.9 1.8 0 C
1408 sed. around Porites -1.8 16 0 I
14009 Callianassamound -1.0 36 0 N
1415 groove sediment 1.0 33 0 T
1416 Halimeda sand 1.0 16 0
660 bedrhrock -1.9 3.0 0
»

Table 11. Oxygen and carbon stable isotope data for the Pleistocene

and Recent carbonates from Grand Cayman Island.

Q7
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Grand Cayman (Fig. T, The 8UC values of the Bluff Formation dolomites are typical of
normal marine carbonates and fall within the range of manne sediments of Grand Cayvman
(big. 1T1). The range in the carbon values is small (03 10 +3.4%); Fritz and Smith (1970
have argued that a narrow range of 13C values precludeg the participation of freshwaters in
the formation of secondary dolomites. Certainly, had the dolomites formed in the mixing
zone, a greater range gn values would be expected due 1o the combined influcnce of the
dissolving precursor limestone, rainwater, soil horizons and seawater. The §1%0 and 3¢
values of the Caymanian dolomites are therefore compatble with normal marine waters
Isotopic Comparison with Ancient Dolomites

Mixed seawater-freshwater, normal marine, and hypersaline waters have all been
inferred to account for ancient dolomites not obviously associated with evaporites. Many
of these ancient examples have similar 80 and §13C values to those df the Bluff
Formation (Table 12).
Salinity and Temperature of the Dolomitizing Solutions

Comparing the oxygen and carbon 1sotopes of the Caymanian dolomite to both
modern and ancient examples of dolomite highlights the uncertainties of interpreting such
geochemical data. Waters of all salinity have been regarded as possible dolomiuzing

* solutions for ancient dolomites. Comparing the isotopic compositions of the Bluff

rmation dolomites with these ancient examples 1s therefore of little value in determining
the salinity of the dolomitizing solution. ‘

More meaningful comparisons can be made with modern occurrences of dolomite.
The 5180 and 8'3C values of the Caymanian dolomites fall into the range of normal marine
CaCO;5 (assuming an oxygen fractionation factor between co-existing calcite and dolomite
of about 3 permill) and have slightly lower §'80 values than hypersaline dolomite. The

oxygen and carbon isotopic compositions of the Caymanian dolomites are thus most
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average average
LOCATION & AGE | §'80) 9%, | 813 C %o | INTERPRETATION REFERENCE
PDB PDB
_ o mixing zone )
Jamaica - Pleistocend. +2.2 +1.1 dolomite Land, 1973a
2.0 - +4. ixing z ,
Bonaire - Pliocene | 7 "] URINE ZONC 1 Gibley. 1980
. (range) dolomite
Yucatan - Pleistocend  +1.7 +2.1 m(;);ll?)ilzi‘:;m Ward & Halley, 1985
unknown -
ahamas - ()47 o] X N ¢
Bahamas - Neogene |  +2.1 +1.8 mixing ? Supko, 1977
Bikini and Eniwetok - :
sali 3 . Trarre (
Atolls - Tertiary +2.0 +1.7 hypersaline Gross & Tracey, 196G
Illinois Basin - A
Mississippian +1.9 +2.5 hypersaline Choquette, 1968
Enewetak Atoll - deep, normal
Eocene +2.5 +2.3 marine Saller, 1984
Niue, S. Pacific - deep, nommal
Tertiary +2.8 +2.0 marine Aharon eral., 1987
Israel - Cretaceous -0.3 -0.5 shallow: normal Sass & Katz, 1982
marine
Grand Cayman - shallow, normal o
. ) +2.4 +2.0 marine - slightly This Study
Oligocene-Miocene hypersaline

Table 12. Table showing the similatities of oxygen and carbon stable isotope data of

some ancient dolomites not associated with evaporites and the dolomites of
the Bluff Formation.




compatible with solutions having strong affiniues to scawater. The OXYEEN 150topic

composition of Cartbbean seawater has been dclcnninqi to be from (%0 SMOW (Schuftert,

1985) 10 +1.4 10 +1 5%o (thi$ study). '

Using the temperature cglumion 10 Inocdol - H,0 = 3.2 (106) T2 - 33 (Land,

198 3b) to predict the relationship between dolomite, water and the lc;n[x'm(urc of

tormation, a number of poXibilities are ¢vident (kig. 12): ‘

1. Using the minimum and maximum dolomite values in l@(‘qumion, lh-c dolomite
could have formed from normal marine water (010 +1.5%0 SMOW) at temperatures
of 21" 1o 35°C. Using the average dolomite value, lhc%_lciw«cratyrc range would be
25° o 31°C. ¢

2. Using the minimum and maximum dolomite values, the dolomite could have formed
from freshwater or mixed waters (-4%0 SMOW, this study) M’tcmpcruturcs of 6" 1o

»
13°C. Using the average dolomite value, the dolomite could have fonmed at 9°C.

3. Using the minimum and maximum dolomite values, the dolomitc’could have formed
from hypersaline waters (+2 to +4%o SMOW) at temperatures of 29 to 48°C. Using
the average dolomite value, the dolomite could have formed at 33" t0 43°C.

Seawater temperatures in the lagoons around Grand Cayman are a8out 27" to 32°C,
temperatures taken of the mixing zones beneath the island range from 27" to 31°C (Ng,

pers. comm. 1987). Thus, freshwaters can be precluded in the formation of the dolomite,

as the temperatures required are too low (Fig. 12). Cold, deep, seawater can also be

precluded, as most of the dolomites would fall into the range of warmer temperatures a
salinity. The lack of evaporites in the Bluff Formation precludes very hypc.rsalinc walters
and high temperatures. .

| The only possible dolomitizing waters are, therefore, warm (shallow) nonn;'ll saline
to slightly hypersaline waters: (1) Using the minimum and maximum dolomite values, the

-

.
dolomite could have formed from normal saline to slightly hypersaline waters, assuming ()

1
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Figure 12. Relationship between dolomite oxygen isotopic compositions, and
water composition and temperature in which the dolomites may have formed. The
equation of Land (1983b) was used (appendix II).The stippled area
eratures and water compositions responsible for
dolomitization of the Bluff Formation, using the minimum and maximum dolomite
(SMOW) values.
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o +2.5%0 SMOW for the waters as possible end members (any higher than +2.5% would
be in the range of sabkha waters), at tcmp;eraturcs ranging from 21710 41°C. (2) Using the
average dolomite value (+33.3%0 SMOW), the dolomite could have formed at 25" 1o 36°C.
This is in good agreement with the temperatures récordcd from the island, and with

(S

comparisons made 1o the isotopic compositions of recent carbonates.

Range of Isotopic Compositions ‘of the Dolomites

The most B0 and 13C enriched dolomites occur in those Caymanian dolostones
that are hard, less, porous and have less calcite cement (Table 10). thcsc dolostones have
both the cloudy cengres and clear rims of the zoned dolomite preserved. The dolomites that
have low 880 and 8}3C values occur in those dolostones from localitics cxhibiting an

~abundance of soft, porous patches, but locally have more calcite cement (Table 10). The
soft, porous p:itchcs contain only the clear r'ims of the dolomite rhombs, as a result of the
p;cfercndal dissolution of the cloudy centres. This behaviour could be explained by two
processes, although it is not possible to distinguish which:

(1) The presence of cloudy centres and clear rims preserved in the dolomites with
the highest 8!3Q and 13C values. A higher proportion of cloudy centres may have made
the 8180 and 813C \Balues higher, 1.e. the cloudy centres precipitated from more saline
waters than the clear rims of the dolomite rhombs. Conversely, the least isotopically
enriched dolomites occur in those rocks exhibiting extensive selective dissolution of the
cloudy cores. The lighter values thus reflect the higher proportion of clear fims that

' precipitated in more dilute solutions. Both Folk and Siedlecka (1974) and Folk ef al.(1975)
argqed that i£1 zoned dolomite rhombs, the clear.rims prcéipitatcd from more dilute
solutions than the clougiy cores, and were thus more stable in fresher waters.

(2) Contamination of dolomite by calcite. The dolomites with the hi ghest 8180

and 813C values occur in rocks with the least dmount of calcite cement; the lowest values
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are found in those with the most calcite cement. This calcite is iS(')t()pically lighter than the
dolomites«(Fig. 10). Due tlo the procedure followed for physically inseparable dolomites )
and calcites (Walters el/al., 1972), some contamination is likely.

Late l)i“agcnclic Dolomite Cement . (

(/)nc sample of dolomite cement (PBQ 1()6,2:1) was large enough to be independently
analysed (from the matrix). This dolomite is larger and clearer than the type 1 and 2
dolomite cements, and pctmgfaphic evidence suggests it is a later diagenetic product, as it
is rooted on calcite spar. Both the oxygen and carbon values (-3.6%o and -7.5%o,
réspectively) are much lower than any of the other dolomites sampled (Table 10, Fig. 10).
Contamination from the calcite spar in this sample is precluded as this calcite (PBQ 1062a)
is isotopically more enriched than the doldmitq This dolomite cement falls well into the
ficld of freshwater carbonates (Hl;dson, 1977), especially if a fractionation in oxygen of
about 3 permill is considered. The largd@rystal size (100 um) and clear nature indicates
slow. precipitation in dilute solutions (Folk and Land, 1972, 1975). This thircforc

supporis the idea of freshening porewaters during the evolution of the dolomite and calcite

- cements.

B. ISOTOPIC SIGNATURES OF CALCITE IN THE BLUFF FORMATION
- The calcite values exhibit a cc;variant trend in 880 and 8!13C toward more negative
values (Fig. 10). This positive covariance is cha;;;;n'stic of meteoric diagenesis (Allan -
and Matthews, 1977; 1982; Allan e't al., 1978; James and Choque_ttc, 1984). The
© progressively less enriched 8180 values reflect the increasing involvement of freshwaters
derived from 160 enriched rainwater. The §!3C values show A much greater range in
values due to the influence of isotopically light carboh from soil gas CO, toward the -

vadose zone, and the rapid equilibration of the carbon towards the carbon composition of

the host rock away from this zone (Lohmann, 1982).
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The calcite values in any given golgmite-calcite sample paur, are consistently
}i/gﬁtcr than the dolomite values. ‘An overlap between the calcite and dolomite values on
Figare 10 is due 1o either some Cross contamination, or to the fact that some of the
dolomites and calcites precipitated from iso(opically similar solutions,
Sparry Calcite Cements

The poikilotopic and sparry calcite cements have a wide range of 1sotopic values
(8180 of 4+2.9 10 -3.9%0 and 813C of 4+2.8 10 -8.6%0). Itis extremely unlikely that
lcrllp;faturc vanations alone could produce the observed range in 8'80) values. If a
constant H,O composition of () permill (SMOW) 1s assumed, a range in temperature of
more than 31°C is required to account for all the calcite values (using the equation of
Friedman and O'Neil, 1977). This variation is unrealistic in view of the shallow diagenetic
environments in-which the Bluff Formation rocks have evolved.

The poikilotopic and sparry calcite cements thus record porewaters with
progressively lower 880 and 813C values. The strong covariance of the carbon and
oxygen isotopes is characteristic of mixing zone diagenesis, in which the 8180 and 813C
values become isotopically depleted as salinity decreases across the mixing zone (Moorc,w
1973; Allan and Matthews, 1977, 1982; Allan et al., 1978). Moore (1973) documented a
positive oxygen and carbon isotopic covariance for carbonate cements from a mixing zone
beneath a beach on Grand Cayman Island. A similar trend would be expected in a mixing
- zone beneath a freshwater lens (Allan and Matthews, 1982).

‘The most isotopically enriched sparry calcites tend to be the smaller crystals (50-
100 um), while the least enriched are the largest cemcnt’crystals (up to 2mm). Large
equant crystals are typical of slow precipitation in dilute solutions (Folk and Land, 1972,

1975; Folk, 1974). The light values of these large crystals are typical of freshwater
hmcstoncs (Gross, 1964; Keith and Weber 1964; Hudson, 1977).
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‘The caleite cements that are not demonstrably poikilotopic probably reflect the
uregular dislribu(ioﬁ of dolomite diSS()lu(i:n.WhCFC the calcites line a cavity surrounded 3
by tightly bound dolomite crystals, then the calcite is not ablé to take on a poikilotopic
texture, even though this calcite may'be intimately related (i.e. precipitated from the same
solution as) the other poikilotopic calcites.

Petrographic evidence indicates that these calcites are later than both dolomitization
and dolomite dissolution. It has been suggested that the process of dolomitization records
porewaters becoming increasini;ly less enriched in 180 and 13C. Calcite precipitation
began in waters isotopically similar to those that precipitated some of the dolomites, and

~continued as waters became increasingly fresh. Thus, calcite cementation began in waters
of mixed meteoric and marine or@n (mostly man'nc)’, after most of the pervasive
dolomitization, and continued through the mixing zone into the freshwater phreat;c zone.
Micrite Patches and Bodies .
A

The lowest 18O values for calcite are represented by the micrite patches and
laminated nodules and elongate bodies (8'180 of -2.0 to -4.5%o, and 8!3C of -8.7 to -
10.4%0). These fall into the rangc of flowstone compositions in the Bluff F\c;rmation
(Smith pers. comm. 1987) and vadose calcites of elsewhere (e.g. Allan ;ind Matthews,
1977; famcs and Choquette, 1984). Petrographic evidence also suggests that these are
vadose features. Some of the micrite patches show 'cross-cutting relationships between
them, which indicate a progressive freshening of waters.

The low &13C values are derived from atmospheric carbon dioxide brought in by
rainwater, and 12C enriched soil carbon dioxide. The ‘50 enrichment of fresh rainwater

causes the low 8180 values. If, as is suspected, the micrite has replaced the host

dolostone, then the isotopic signatures of the former dolostone has been lost.
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SYNOPSIS
The dolomites have average PDB values of 8180 of +2.4%0 and 813C of +2 (K,
The dolomites have higher §180 and 813C values than modern mixing zone dolomites.

The dolomite 6180 values are only slightly lower than those of modern hypersaline

-
dolomites. The d!13C values of the Caymanian dolomites are about the same as these.
Accepting a fractionation value of 2 to 4 permill for A8Q) (dolomite  caleire)» the dolomite

- B \ .
1sotopic compositions are typical of normal marine carbonates.

. The oxygen isotope data for the dolomites indigate that warm (shallow) normal manne

to slightly hypersaline marine waters were responsible for dolomitization.

Porewaters may have become increasingly depleted in both 8'80 and 813C as the

precipitation of dolomite rhombs proceeded from the cloudy centres to the clear rims.

. ‘The calcites (which formed after dolomitization) exhibit a covariant trend towards

increasingly 180 depleted porewaters. The sparry calcite 1sotopic compositions are
characterstic of marine-meteoric mixing to freshwater phreatic diagenesis, while the

3180 and 8!3C values of the micrite patches and nodules are typical of vadose

diagenesis.



) V. DIAGENETIC INTERPRETATION

A. SUBMARINE CEMENTATION

Examplcs.of subman':lc diagenesis, which are rare in the dolostones of the Bluff
Formation, consist of pel(;ids, micrite ccrﬁént, isopachous ccn%cnls, and early lithification
of algal coatings. The paucity of submarine cements may be a function of (1) the original
sparsity of submarine cementation, or (2) an artifact produced by extensive rccrystalliiation
of the Bluff Formation. The former seems the most probable since the observed submarine
cements are very well preserved. This paucify of submarine cements has important .
implications regarding the depositional environment of the Bluff Formation.
Peloids and Micritic Cement

Peloids can form by (1) chemical precipitation by repeated nucleation around
centres of growth (Macintyre, 1977; 1984; 1985), (gspontancous chemical precipitation
(Marshall, 1983), (3) the pelletizing action of organisms (Macintyre et al., 1968), )]
replacement of aragonite faecal pellets (Shinn, 1969), (5) fragmentation of calcified algal
filaments (Schroeder, 1972), (6) passive infill of interstices By detrital lime silt grains
(James et al .,1976) and/or (7) precipitation induced by bacteria (Chafetz, 1986).

Thcﬂpeloids in the Bluff Formation are now composed of dolomite (Plate 10B).
Some at least are a result of the breakdown of calcified filaments. Dolomitized ﬁlanents,
presumably once calcified, associated with peloids are apparent in some cavities (HRQ
1208). Most of the peloids however, occur in coral cavities, where they are embedded in a
finely crystalline dolomite matrix. The peloids are mych denser than the ones associated
with the ﬁlamen& The dolomicrite may represent an original subman'ne cement. Fine
dolomicrite also occurs in coral cavities without peloids. The dolomicrite is commonfy

geopetal and ‘may be capped by isopachous cement (Plate 10D). Bo critic cement and

_micrite arecommon cavity fillers in recent reefs (Friedman, 1985). HMC peloids in recent
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reefs commonly occur in coral interstices associated with micritic cement. Whatever the
origin of the peloids in cavities in\ the Caymanian dolostones, it is probable that they were
cemented 1n place in the submarine environment.
Isopachous Cement

Isopachous cements are well developed on replaced coral structures (Plate 10B-E).
These ccmcqts have been dolomitized, but the syntaxial orientation of the cements and coral
substrate havc been preserved. The ong,mal coral surface 1s defined by the presence of a
dark dolomicritic outline (Plate 10D). Talbot (1972) recognised that a rcplaccd coral
skeleton may be outlincd by minute inclusions, which appear as a dark micritic im. In the
Caymanian examples, the cements extend into and beyond this dolomicritic outline,
especially when viewed under crossed nichols. This type of optically continuous
cementation 1s typical of acicular aragonite cementation (Macintyre, 1977; Lighty, 1985)
which is contemporaneous with active coral growth (Hubbard, 1975: Macintyre, 1977).
Some of the isopachous cement lines the coral cavities as vx;ell as coats them. This ccr:cn(

“is also interlayered with internal sediment in the cavities, all of which has subsequently
been dolomitized. The cements can thus be interpreted to represént submarine cementation.
Algal Crusts
The red algal drapes coating many of the coral molds are commonly thickened on

one side of the mold (Plate 10F). Entobian borings cut through the algafivlaminations, as
well as the dolomicrite in the crusts. The crusts were therefore lithified in tﬁc submarine
environment. Similar submarine coatings have becﬁ documented by Land and Goreau
(1972) and Macintyre (1977). The borings do not cut through the calcite spar which occurs
in the crusts. The calcite is therefore younger than the borings.
Implications

Submarine cementation, especially HMC cementation, is much reduced ir; areas of

low agitation and fine grained sediments (Ginsburg et al., 1971; James et al., 1976). The



sp.uxll‘p! submarime cements in the Blutt Formation theretore could attest 1o the low
QN,\
{:rﬂ,rgy conditions dunng deposition. The absence and sparsity of submarine cements has
(s
13 ¢ ted i protected back reef areas of fringing and barrier reefs (James er af ., 1976;

M:l(%(nyrc, 1977), in contrast 1o the high abundance of cementation on the seaward margins
Of \hdﬂ sedge reefs. However, Marshall (1986) expressed reservations on the use of

‘M
submarine céments as palacoccological tools,

B. GENESIS OF POIKILOTOPIC TEXTURES

The development of the poikilatopic textures, wherein calcite spar encases and fills
hollow dolomite rhombs, has inV(;lVC(j temporally distinct diagenetic stages (Fig. 13). The
growth of cloudy-centred clea'r—n'mmcd dolomite was a prerequisite for the evolution of this
texture. The clotidy centres preferentially dissoivcd leaving hollow dolomite rhombs (Plate
ITA,B; 12A-C; 13‘/\, B). In some areas extensive dissolution of the dolomite occurred
resulting an a soft, friable dolostone (Plate I3E). The distribution of this soft delostone
appears to have been gencrated by circulating groundwaters, and thus intimately linked to
the di‘stribulion of the permeability conduits, in particular, blhe joiﬂ? systems (Ng, 1985a).

After some dissolution of the dolomite, calcite cementation began. The presence of
rhomb shapcd voids in calcite crystals, however, indicates that dolomite disgaaition
continued after calcite precipitation had begun. Calcite spar filled the pore sf)accs dround
and in some of the hollow dolomite rhombs, thereby generating p01k110t0prc textures (Plate
10G; 12D-F; 13D gf). Less calcite cementation occprred than dolomite dissolution |
resulting in many porous dol‘omitc areas devoid of calcite cement (Plate 13E).

FFolk and Si‘cdlecka (1974, p- 11) suggested that cloudy-centred clear-rimmed
dolomite crystals were dué to different types of dolomite forming from wa’ters of di.ffering
salinity: "..an initial dolomite crystal formed under conditions of hlghcr salinity and as

. L]
time passed the water freshened and an overgrowth of limpid dolomite was formed on the
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Figure 13. Evolution of the poikilotopic textures of the Bluff Formation,
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dutier nucleus.” Since the limpid rims are more stable than the cloudy cores, in waters of
lower salinity, the unstable Corcx‘m;ly be preferentially leached. Land er al.(1975) also
argued that n zoned dolomite rhombs, the clear rims precipitated from more dilute
soluttons than the cloudy cores. Such fluctuating salinities are characteristic of the
freshwater-seawater mixing zone. In addition, the type 3 dolomite calcite alternating
cements also indicates fluctuating water chemistry, that is also indicative of the mixing zong
(Jones er al., 1984).

The largest of the calcite cements are typical of crystals formed in pores completely
tilled with water in the freshwater phreatic zone (Folk er al_, 1973). These large crystals
(up to 2 mm) are associated with areas of greatest dolomite dissolution, and are thus
considered the latest cements in the evolution of the poikilotopic textures. Therefore, the

~Pinal stage in the development of these textures occurred in the freshwater phreatic zone
(Fig. 13).

Isotopic evidence turther elucidates this diagenetic sequence. The calcites show a
positive covariant trend in the oxygen and carbon values, which is typical of a mixing zone
trend, in which waters became increasingly fresh. Those calcites most enriched in 130
were precipitated in waters similar to those in which the dolomites formed, probably of
mostly marine origin. The less ¥O-rich calcite precipitated from progressively less saline
waters of the mixing zone. The isotopically lightest calcites are also the l:irgcst crystals,
and have isotopic compositions typical of freshwater calcites. The dolomite with
1sotopically very light values (PBQ 1062a), rooted on the calcite spar, is indicative of the
freshest watérs of the mixing zone or of the freshwater phreatic zone.

The evolution of the poikilotopic texfures, therefore, records a trend of
progressively freshening porewaters, which marks the rocks relative movement through the
mixed to freshwatcrvphrcatic diagenetic environments. This is a regressive cement

sequence, which could reflect the gradual emergence of the island above sea level.



Jones eral, (198:3) showed that many of the cavities i the dolostone and e some ot
the caymanite in the Bluff Formation were filled or partly filled wiath three generatons of
cement. The first generation himpid dolomitte cement probably formed in the minimg zone,
v the sccond generation sparry caleite probably formed in the treshwater phicatic zone
(bolk eral,, 1973; Jones eral., 1984). The third generation microstalactitic cement formed
in the vadose zone. This succession of cements 1s sinilar to the sequence proposed tor the
evolution of the potkilotopic textures. Thus, 1t can be suggested that the two gfquences
correlate. Indeed, Jones eral. (1984) also mterpreted their regressive sequence of cements
to represent the net uplift of the island. 1t is apparent then, that caymanite sedimentation
must have begun very soon after the istand began to emerge, as this also hosts the
regressive sequerce of cements in some examples (Plate 13C). In the examples
documented by Jones er al. ( 1984) a penod of internal sedimentation separated the
formanon of limpid dolomite from that of the sparry calcite. There is, however, no
evidence of internal sedimentation in the poikilotopic textures descnbed herein. Instead, a
penod of dolomite dissolution separated the formation of dolomite from the formation of
calcite.

Implications -

It has been suggested that: (1) textures in which dolomite rthombs appear to be
floating in patches of calcitg, and (2) dolomite thombs that have a core of calcite, are
indicative of dedolomitization (Shearman er al., 1961; Folkman, 1969; Warrak, 1974).
The calcite filling and encasing the hollow dolomite rhombs in the Bluff Formation can
therefore be regarded as dedolomitization textures. Dedolomitization has generally been
regarded as a single process involving the concomitant dissolution of dolomite and
precipitation of calcite (e.g. von M‘lot, 1847; Yanat'eva, 1955; Chi'ingar, 1956; de
Groot, 1967; Al-Hashimi and Hemingway, 1973; Longman and Mench, 1978). Smit and

Swett (1969) however, argued that dedolomitization involves any process(es) that result(s)

|
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in dolomite being partly dissolved or replaced by any other mineral. Teall (1909) used the
term for dolomites that had been transformed to Mg silicates during metamorphism.
Similarly, Faust (1949) used the term for the dissociation of dolomite to periclase and
calcute.

‘The dedolomites in the poikilotopic textures of the Bluff Formation evolved through
a series of temporally separated processes: (1) the precipitation of zoned dolomite rhombs,
(2) partial dissolution of the rhombs to produce hollow dolomite rhombs, and 3)
precipitation of calcite which fills and cﬁcascs these hollow rhombs (Fig. 13). Thus,
textures in which dolomite rhombs appear to be floating in calcite, and dolomite rhomt’)s
that have a core oflculcitc, are not solely the product of concomitant dolomite dissolution
and calcite precipitation. The former texture can be produced by dolomite crystals attached
to filaments in cavities especially if the thin sections are cut obliquely to these filaments.
The latter texture can be produced by passive cementation within hollow dolomite rhombs.

"This demonstrates that dedolomites can form by more than one procc%s.
Calcitization (Smit and Swett, 1969) is a better term and would restrict 'dedolomites’ to
those that had evolved through the concomitant replacement of dolomite by calcite.
However, dedolomitization continues to be used as a matter of convenience, because of its
widespread usage in the literature (Evamy, 1967; Zenger, 1973; Warrak, 1974).

Dc}iolomitcs formed by the concomitant dissolution of dolomite and precipitation of
calcite may be recognized by the presence of (1) rhombic calcite crystals (but see Perkins,
1968), (2) palimpsest textures where the outlines of the original dolomite rhombs are
highlighted by iron oxides and other substances (Shearman et al., 1961; Folkman, 1969),
and (3) polycrystalline rhombic pseudomorphs of calcite after dolomite, or polycrystalline
calcite cores surrounded by a rim of dolomite (Shearman er al., 1961; Evamy, 1967;

Folkman, 1969).



The dedolomites in the poikilotopic textures of the Bluft Formanon are thus
produced by time separated processes, not by the concomitant replacement of dolomite by
calcite. They are the result of groundwaters becoming progressively less saline through
time, which could represent the rocks passing relatively through the marine to meteoric
diagenence zones. This regessive sequence is recorded from other parts of the Bluff
Formauon (Folk et al,, 1973; Jones er al, 1984), and probably represents the initial (and
only) emergence of the isfand.

It has been suggested that dedolomiuzation 1s caused by the reaction of dolomite
with solutions containing sulphat;‘ (e.g. von Mor]oL 1847, Yanat'eva, 1955; Evamy, 1963,
1967; de Groot, 1967; Folkman, 1969; Warrak, 1974; Hanshaw and Back, 1979) or
sulphate and calcium (Back er al., 1983). There 1s no evidence to suggest that sulphate was
involved in the dedolomitization process of the Bluff Formation. The dedolomites forfied
as a response to groundwaters becoming increasingly fresh, as the rocks passed relatively
from the marine to the meteoric zones. It has also been suggested that dchfomilizatinn Isa
near-surface phenomenon (Braun and Friedman, 1970), however, Budai et al. 1984
demonstrated that dedolomites could result from deep bunal diagenesis. These ideas were
based on the assumption that dedolomites were a result of concomitant dolomite dissolution
and calcite precipitation. The dedolomites described herein are not a result of this process.
Dedolomite formed by time separated processes can form simply by moving th’c rocks from
the marine to meteoric diagenetic environments. This type of dedolomite may therefore be

-—

indicative of proximity to unconformities.

‘.

C. VADOSE DIAGENESIS
Examples of dissolution features, cements and replacement products formed in the
vadose zone, presumably after the development of the poikilotopic textures, are present in

the Bluff Formation. These represent the final stages of the regressive sequence of

"~
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diagenetic features. Since the island's emergence in the middle Tertiary, it has remained

-
largely subacrial (Emery, 1981). Hence, since this time most diagenesis involving the
surface outcrops of the Bluff Fonmation described herein, has taken place in the vadose
70ne.

Spiky Calcite

het A

The spiky crystals are comparable to those described by Folk er al (1985) and Jones
and Pemberton (1987a). The spikes of the Bluff Formation calcite crystals are up to 60 um
in length (Plate 14A). Those described by Jones and Pemberton (1987a) and Foik etal,
(1985) are only up to 10 ym long. Folk er al: (1985) suggested that spiky crystals resulted
from both precipitation and dissolution. Jones and Pemberton (1987a) however, argued
that they were produced by organically mediated dissolution, largely by the action of fungi.
Experiments showed that this organic dissolution occurred even in the absence of large
amounts of fluids.

The following observations indicate that the Bluff Formation spiky crystals are a
result of dissolution: | |
1. The development of spikes along cleavage planes, with the spikes developed on either

side of the cracks, and which may be imcréonncctcd across these cracks (Plate 14B,0)
1s indicative of dissolution. Similar features (called 'teeth’) resulting from dissolution
have been found in augite, feldspar, hypersthene and diopside (Bemer et al., 1980;
Berner and Schout, 1982).

‘2. The transition from spikes developed along a narrow dislocation zone to a spar crystal
completely dissected by spikes (Plate 14B) suggests dissolution rather than .
precipitation,

3. The irregular and variable sizes and shapes of the spikes on the same dislocation plane

Lan
1s also most likely a dissolution phenomenon.
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4. There is no distinct. boundary between the spikes and the calcite spar crystal, thus the
spikes did not grow off the spar substrate (Plate 14D).

5. The spikes are commonly parallel to the c-axis of the calcite crystal, and dcvclop(:d
along a basal cleavage. Calcite dissalves more readily perpendicular to the basal
cleavage, i.e. in the direction of the c-axis (Folk ef al., 1985):

In dislocation or cleavage planes, ctcl’ling may be restricted, and concentrated in the
direction of the c-axis of the crystal. Prolonged dissolution could produce extensively
spiked crystals.

Jones and Pemberton (1987a, 1987b) have emphasized the roleﬁf fungi in the
dissolution of calcite spar crystals. Alch association of calcified filaments (fungi ?)
with the spiky calcite in the Bluff Formation does not preclude this organic role in
dissolution, it cannot confirm it. Spiky crystals are inferred to be a vadose feature (Jones
and Pemberton, 1987a) and have been found in association with travertinds (Folk et al.,
1985).

Knobbiy Textures

The knobbly textures found on the surfaces of the same spar crystals that have the
spikes, are also probably a dissolution feature (Platés 14E, F; 15A.). The knobbles
(comparable to the 'monticuli’ described by Jones and Pemberton, 1987b) are aligned, and
this alignment pattern is different on adjacent faces of the rhomb (Plate 14E). The rough
knubbly texture may have been produced by discontinuous dissolution over the grain
surface. Berner and Schott (1982) suggested that a rough texture produced on augite, was
a result of etching attack of the grain surfaces at points of excess energy, e.g. dislocation
outcrops. A gradation in degrees of roughness is ap;arént on the same crystz;ll face (Plate
14E, F). There is also a gradation between those monticuli with large attachment areas to
micrite particles on‘the spar surfage. Alexandersson (1972) referred to 'shell-residue

micrite’ as the cryptocrystalline material remainirig after dissolution of larger crystals in

2
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shells. The micrite on the spar described herein, is interpreted to originate from the calcite
spar crystal, and it is therefore a residue micrite in the sense of Alexandersson. This
represents the prggrcssivc breakdown of the spar crystal into micrite particles, a process
termed ‘sparmicritization’ (Kahle, 1977) or 'in situ micritization’ (Harrison,[ 1977).

Etching may produce aligned knobbles or monticuli, which become increasingly
pronounced as dissolution proceeds. As the attachment areas are eroded, the monticuli
become unstable ‘and are eventually detached from the host crystal. This produces residue
micrite on the crystal surfacc which may remain in place or be washed away.

Spikes may develop from the etching of this rough surface of the knobbly textures.
‘Triangular shaped etching patterns are app?{rcnl on some c;f the knobbles (Plate 14F).
Indeed, Bemner and Schott (1982) suggcstcd\fﬂﬁ’t etch pitting could produce large scale
features such as 'teeth’. In areas where etching is more restricted, e.g. dislocation cracks,
dissolution may produce blunt and pointed spikes in the crack. On the other surfaces of the
spar crystal, etching of the whole crystal face produces the rough knobbly texture. Thus,
both spikes anid knobbly textures are present on the same spar crystal, both of which are a
result of dissolution of the host caicite crystal.

Columnar Calcite

The columnar calcite crystals, found in ‘cavities in the Bluff Formation (Platé 15B-
D) rooted on a calcitc substrate, are comparable to the columnar crystals of Chafetz and
Butlcr (1980) and Kendall and Broughmn (1978) which are also formed of aggregatcs of
ﬁbces or crystallites. These crystalhtes have triangular cross secuons however, the
crystals from the Bluff Formation have only been observed in SEM so this feature cannot
readily be compared. \Thecrystallites danot appcz‘ir'to have a distinctive triangular sﬂapc in

" cross section (when viewed obliquely or; the SEM)4
The distnct bouhdary between the substrate from Whigh these crystals exténd, and-

the base of the crystals themselves (Plate 15B), indicates that these are growth features.

-
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The columnar crystals described by KClldllli and Broughton (1978) and (‘hx)ka and Butler
(1980) are interpreted to have formed from freshwater, deep in the vadose zone. The
columnar crystals of the Bluff Formation may therefore also be interpreted as vadose
’fc.uturcs_
Calcified Filaments
Calcified filaments have been described from marine, meteoric phreatic and
terrestial vadose cnvir‘onmcms (Schroeder, 1972; Golubic et al., 1975; Kobluk and Risk,
1977; Klappa, 1979a, 1979b). The calcified filaments of the Bluff Formation are encrusted
with acicular CaCOs (Plate 15E, F) and are similar to those described by Klappa (1979)
from calcrete horizons. However, similar calcified filaments may also form in other
environments. The associa&tion of the calcified filaments described herein with other vadose
features, e.g. spiky and columnar calcite, supports the idea that these are probably also
vadose features. The small size of the filaments and the dichotomous mode of branching
are characteristic of those filaments produced by fungi (Bromley, 1970; Klappa, 1979).
Acicular érystals
Acicular crystals found in cavities in the Bluff Formation consist of lu'i)?inilc—lypc
crystals, at least two types of needle-fibres, one of which“is intimately associzhcd with fine
micnte, and more stout acicular crysia?s that have grown perpendicular to the substrate
(Plates 16A-F; 17A-C; 18A). All of these acicular crystals occur in coatings on the borings
and 1n linings in the coral molds.
| Buckley (1951) suggested that needle crystals would precipitate if solutions were
highly supersaturated. Harrison (1977) suggested that fine micrite would also precipitate
readily from supersaturated solutions. He also argued that a localised microenvironment
associated with plant roots could provide highly supersaturated solutions cohducivc to thc
precipitation of needle fibres. Supexzsatumted solutions were also thought to be a

fundamental requirement for dendritic calcite formation on algal filaments in cavities in a
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karst breccia from Grand Cayman Island (Jones and Kahle <1985). It was postulated that
the z'xlguc themselves may have the ability to extract CO; from the water, thus raising the
saturation level of the solution. Thus the presence of algae (and/ or fungi) in cavities may
also inﬂucncc\v(hc microenvironment quite substantially. Ward (1970, 1974) postulated that
ncedle fibres were actually calcified fungal hyphae. Certainly the size of the needle fibre
bundles found in cavities in the Bluff Formation is consistent with the size cxpccléd for
rl’)csc. *

Needle fibre crystals have been documented largely from vadose environments
(Ward, 19(7(); James, 1972; Steinen, 1973; Harrison, 1977), in which both plant rots, and
algae and fungi are common. However, an inorganic origin cannot be totally preefuded.
The lublinite-type crystals and the irregularly shaped stout crystals are less easily explained
by a direct organic origin, allhoug’h 1t 1 not known to what extent organic activity may have
modified the microenvironments in which the crystals formed. Lublinite is a cave mineral
(Stoops, 1976; Bogli, 1980) and the similarities of the lublinite-type crystals with these, as
well as their association with Fe and Mn, suggest§ that these too may be vadose features.
e and Mn may be fixed by bacteria in cave environments (Moore, 1981). Mn coatings on
karst breccia clasts have been documented from Grand Cayman (Jones and Kahle, 1985).

‘The acicular crystals are rbotcd on both calcite spar, micrite and dolomite, and
therefore postdate these phases. Although the origin of acicular crystals is problematic,
they are most likely a vadose diagenetic feature. i Q.
Microstalactitic Cement

The pendulous morphology of the microstalactitic cement (Plates 17D, E; 18B)
indicates that this cement formed in cavities not completely filled with water. In the vadose
diagenetic zone, water commonly hangs from the bases of grains, and CO; loss in this
environment can induce calcite precipitalian (Miiller, 197 1). The alternating calcite-

’

dolomite bands of the microstalactites described by Jones et al. (1984) were gterpreted to

)
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represent fluctuating water chemistries in the vadose environment. The microstalactitic
cements described herein are rooted on both dolomitic groundmass and limpid dolomite
cements. They therefore postdate these phases.
Micritization

The dark micrilq oceurs inirregular patches and as the main component of
laminated, elongate bodies in the dolostone. Isotopic analyses of the micrite patches,
nodules and elongate bodi.cs.rcvcals that the micrite is enriched in 10 and 12C (Fig. 10,
Table10), i.e. itis isotopically light. These isotopic compositions are similar to the

compositions of flowstone from Grand Cayman Island and are typical of vadose diagencetic

features documenyg ewhere. The association of the micritic elangate bodies with roots

penetrating the Bluff Formation rocks, also supports the idea of a vadose origin for thig
. »
micrite.
The features observed in the micrite indicate that the micrite 1s a replacive
phenomenon, replacing both calcite spar and dolomite. Thése processes are

sparmicritization and dedolpmitization respectively, and in this instance are examples of

"
A

vadose diagenegis.

. Dedolomitization: Dedolomitization by the process of concomitant dolomite
dissolutign and calcite precipitation (von Morlot, 1847) is»indicatcd by the
following observations: ) |
1. In dolomitized red algae that contains some dark micrite, the dolomite retains the

skeletal texture, whereas the micrite dogs not. The micrite is thus later than the
dolomite.
2. Relic dol’pmite rhombs appear to be floating in the micrite of the laminated

nodules and elongate bodies, especially towards the outer edge of the bodies

(Plate 18D). This criterion is however, equivocal.



3. Many of these relic dolomite rhombs have a core of micrite (Plate 18D). This 1s
good evidence of dolomite being replaced by calcite as discussed previously.

4. Many of the dolomite thombs in the micrite are apparently corroded and
embayed by the micrite around the edges of the rhombs (Plate 18D).

5. The contact between the micrite and the dolomitic groundmass is gradational.
This 1s more likely a result of replacement than of passive infill of cavities by
micrite.

The micrite is thus later than the dolomite, and at least some of it has replaced the

dolomite.

Sparmicritization: Sparmicritization is the process of reducing a sparry calcite

crystal to micrite (Kahle, 1977). Several observations indicate that calcite spar has

been degraded to micrite: |
1.lnzuam(ﬂspanycakncccnknmdomintguhrpawhcsofnﬂcﬁmxnaycwcurm
the cement (Plate 18C). The contact between the two is indistinct.

2. The micrite may outline the individual spar crystals. The boundary between the
two 1s fuzzy indicating that the micrite was not passively precipitated onto the
spar surface. Evidence has already been presented to indicate that the spar is a
cement.

3. In plages, the micrite may pseudomorph the spar calcite crystals. This results in
a clotted texture, with the individual clots about the size of the spar crystals
replaced (Plate 18E). The development of a clotted texture resulting from
sparmicritization was also recognized by Kahle (1977) in calcrete profiles of
Florida.

4. Micnte that has relaced dotomite may grade into micrite that has replaced calcite

spar.



5. SEM examination has revealed the presence of residue micrite on spar surfaces,
thought to be a result of spar etching. This process of a spar crystal degrading o
micrite by dissolution can also be considered sparmicritization, in contrast to the
sparmicritization process dbf micrite replacing calcite as described in the first four
points. | ’

Sparmicritization may therefore cover both processes of (1) spar degrading

o mi&itc by dissolution of the host crystal, and (2) spar being concomitantly

replaced by micrite. Kahle (1977) recognized only the latter process. In the Bluff

Formation dolostones, both processes are operative, but the latter is much more

common.

D. SYNOPSIS
Diagenesis of the Bluff Formation records progressively freshening porewaters, as
the rocks were moved relatively frgm the marine, through the mixing and freshwater
phreatic to the vadose diagenetic zones. This probably records the initial net up}ifl of the
1sland above sea level, in the middle Tertiary. Since this time, the rocks studied herein
have remained largely in the vadose environment. The following points summarize the
main diagenetic features discussed in this chapter:
1. The Bluff Formation was deposited in a low energy marine environment, probably a
back reef setting. |
2. The growth of cloudy-centred clear-rimmed dolomite rhombs occurred after pervasive
dolomitization, and from progressively freshening groundwaters, after at least part of
the island had bcc,gmc emergent.
3. In porewaters conducive to the precipitation of the clear rims, the cloudy centres of the

rhombs were leached, as the cloudy centres were more unstable than the clear rims in

dilute solutions.

e



4. - Extensive dolomite dissolution occurred inareas adjacent to permeability conduits (¢pr.

o *
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10. The sequence from dolomite cementation, dolomite dissolution, calcite cementation,

jorats).
Sparry caleite cementation mfilled and surrounded the hollow dolomite rthomibs
producing a potkilotopic texture,
This poikilotopic texture has certaun charactenstics generally associated with
dedolonuization (in the sense of caleite concomitantly replacing dolomite). However,
the petrographic evidence indicates that these textares formed through time separated
processes of dolomite dissolution and passive calcite cementation.
Dedolomutizatnon in the sense of dolomite being concomitantly replaced by cilcite can
/ .
be recogmized by the presence of (1) rhombic calcite crystals, (2) palimpsest textures
™

cre the outlines of the original dolomite rthombs are highlighted by iron oxides and
otlger substances, and (3) polycrystalline rhombic pseudomorphs (;fczilcitc after
dolomite, or polycrystalline calcite cores surrounded by a rim of dolomite.
Vadose cements may be rooted oﬁ cither the dolomite or spar calcite, and are thus a
later diagenetic phase than both of these. Dissolution of spar crystals was also an
important process in vadose diagenesis.
Micrite has replaced both dolomite and calcite spar, by the processes of

dedolomitization and sparmicritization respectively. o
. L) PR ; N
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calcite dissolution to the formation of micrite by dedolomitization and sparmicritization,
records increasingly fresh porewaters and probably the net uplift of the Island. This is
probably the initial and only emergence of Grand Cayman since deposition of the Bluff

Formation.

*
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VI DOLOMITIZATION
-

AL ARAGONITE DISSOLUTION

Ornginally aragontue skeletal components have been preferentially dissolved in the
Blutt FFormation, while those onginally consisuing ot HMC have mostly been dolonutized
retamning their nmucrotextures, Where onginally aragonitic corals have been preserved as
dolomite, their texture has been largely obliterated . Sibley (1980) documented ximil‘;u
difterential preservation of onginally aragonitic and HMC constituents of the Scroe Donu
Formaton of Bonaire. Corals, pelecypods and gastropods are generally keached, but rarely
may be pseudomorphically replaced by dolomite. Red algae exhibit near perfect

preservation ranging to mere ghost structures, while foraminifera may be perfectly

N

preserved or dissolved. Ward and Halley (1985) also documented the preferennal
dissolution of coarser aragonitic components (as opposed to the mud matrix) in the Yucatan
dolostones, which occurred prior 1o and/or during dolomitization.

Many of the fossil molds in the Bl‘uff Formagon are lined with limpid dolomite
cement. The boundary between the cement and the dolomitic groundmass is distinct, and
on the cathodoluminescence microscope, the dolomite cermnents have dull luminescent cores
and brighter outer zones, whereas the groundmass has a brighter orange luminescence
(Plate 18F, G). 'ihus, aragonite dissolved prior to at least the dolomite cementation.

In some cavities there is no distinct boundary between the euhedral rh:mb faces
protruding into moldic cavities and the anhedral - subhedral crystals of the groundmass. In
addition, there is no difference in the lumiqftscent properties of these crystals. This
suggests that the crystals protruding into thc\cavitics and the crystals of the groundmass
have the same origin. The dolomite which replaced the CaCO; precursor formed a
xenotopic to hypidiotopic texture, with the crystals being niddled with inclusions that were

presumably derived from the lime mud. However, when the dolomite crystals that replaced
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the ongimal carbonate reached a cavaty, they were able to grow more freely and develop
cuhedral faces nto the void. Aragonite dissolution therefore, must have occurred prior 1o
or duning replacive dolomiuzation. \

Aragonite dissolution can occur in any region where solutions are undersaturated
with respect to aragonite. It had commonly been thought that HMC, being more soluble,
should preferentially dissolve before aragontte. However, Walter (1983) discovered that
HMC wath 12 mole % Mg was cqual in solubihity to aragonite, a much higher mole % Mg
than previously thought. If a solution is undersaturated with respect to both calcite and
aragonite, then zm:gonilg“ may preferentially dissolve (Walter, 1985). The main controls on
dissolution in this undersaturated solution are mucrostructural, in that aragonite grains with
the greater surfac‘c area per unit mass, may dissolve more readily than even the
thermodynamically less stable HMC (Walter and Morse, 1984).

Meteoric diagenetic systems may have the ca‘pacity to dissolve aragonite
preferentally, but only periodically. Walter (1985) emphasized (.h.c dynamic nature of such
systems, in which the dissolution of one mineral phase may cause the porewaters to evolve
i composition towards a different saturation state. In the Yucatan Peninsula, aragonite is
preferentially dissolving where Pleistocene limcslc;nc crops out in the mixing zone of fresh
and marine phreatic waters (Hanshaw and Back, 1980; Ward and Halley, 198S; Back er
al., 1986). Porewaters from marine environments may also be periodically undersaturated

.
with respect to both aragonite and calcite: thus, the potential for preferential aragonite
dissolution may arise e.g. in buried shallow marine sediments, aerobic respiration increases
pCQ; values enough to force the porewaters below saturation (Walter, 1985).

None of the fossil molds are filled by internal rﬁan'ne sediment. This lack of
sediment within molds implies that aragonite dissolution occurred away from the

rock/sediment - water intérface (Saller, 1986). Aragonite dissolution must have occurred

after at least some lighification of the substrate (to preserve the shapes of the molds) and



after the rock had been isolated from tf direct influence of the rock/sediment water
interface. Sinee aragonite dissolution occurred prior to or during ddlomitzation,
dolomitzation must also have occurred away from this interface. Dolonutization was

theretore not contemporancous with deposition

B. PERVASIVE DOLOMITIZATION

The following points are important to any discussion concermng the origin of the
pervasive dolomitization that affected the Bluff Formation -

(1) The dolomite originated through the replacement of a presumed galcium
carbonate precursor. This is amply demonstrated by the fact that many skclb fragments
hiave been replaced by dolomite.

(2) Many of the skeletal components were metastable duri ng dolomiuzauon. This
15 confirmed by the supposition that formerly aragonitic skeletal components preferentially ]
dissolved prior to and/or penecontemporaneous with dolomitization, while components
onginally of HMC are preferentially dolomitized. Such differential preservation indicates
that the limestones were not stabilized to LMC prior to dolomitization.

(3) The ;njcrotexturcs of the HMC skeletal components were retained despite
dolomitization (e.g. Plate YA, F; 10A). The dolomitization of HMC r—csults in the retention
of the grain's fabric and crystallographic orientation,.whereas the dolomitization of LMC
and aragonite usually results in grain destruction (Land and Epstein, 1970; Sibley, 1980)).
Had all the allochems been stabilized to LMC, then such diffc;cmiul preservation would not
be observed.

.

(4) Sibley (1980, 1982) argued that only metastable carbonates are likely to be

pervasively dolomitized, as LMC can essentially resist such pervasive dolomitization. P

(5) Sibley (1982) suggested that inclusion free dolomite crystals result from

replacement of aragonite, whereas cloudy, inclusion riddled dolomite crystals result from
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calaite replacement. Some of the corals which were ()x‘igillzflly aragonite have been replaced
by dolomite thatis clearer and coarser than that in the groundmass. ‘The inclusion riddled
finer dolomite may be due to a larger proportion of calcite in the oniginal carbonate mud, or
dug 1o the fine grained nature of the original lime mud. This differential style of
dolomutization thcrcforc also indicates that metastable carbonates were replaced.

(6) If, as h:lS been suggested, the BC values of the dolomites retain the carbon
1sotopic signature of the precursor carbonate (Dunham and Olson, 1980; Land, 1985),
rather than establishing a new one from the dolomitizing solutions, then the typically
marine values observed in the Bluff Formation dolomites reflect a precursor manne
carbonate phase. Most stabilization of limestones to LLMC occurs in the meteoric
environment, where carbon values are readily exchanged to equilibrate with the diagenetic
tluids. Had the precursor carbonate been LMC, then isotopically light carbon vuihcs would
be expected in response to the freshwaters that stabilized the limestone. This point however
must be considered equivocal due to the controversy surrounding dolomite isotope
Interpretations. |

The above considerations strongly suggest that dolomitization replaced a metastable
precursor carbonate. This suggests that dolomitization must have been early in the
diagenetic history of the rocks before the carbonates had a chance 16 stabilize to LMC.
Indeed, it has been postulated that ﬁncl_ry crystalline dolostone (less than 10 to 20 tm) may
be indicative of early dolomitizati;)n that hés replaced a metastable precursor (Morrow,
'1982b). Nichols and Silberling (1980) also argued that fine grained dolomite with good
texture preservation was indi;:ativc of early dolomitization (in that dolomitization occurred
within the influence of (hé depositional environment). It is apparent however, that
dolomitization in the Bluff Formation was not contemporaneous with deposition, as the

fossil molds formed prior to and/or during dolomitization contain no marine sediment.
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Although probably early, dolomitization occurred away from the direct influence of the
depositional environment, and away from the sediment - water interface.
The types of preservation found in these dolomites provide a clue to the nature of

this dolomitization process. The type of replacement is comparable to that which occurred

»
in the dolostones of the Bahamas described by Supko (1977) and Kaldi and Gidman
(1982), and Bonaire described by Sibley (1“)8(); 1982). The retention of microtextures
(e.g. mn the red algae), the preservation of crystallographic orientations (c.g. i the
foraminifera), and the replacement of echinoid spines and plates, cach by a single dolomite
crystal, all indicate that the replacement process was on a volume-for-volume, rather than a

mole-for-mole basis.

C. NUMBER OF DOLOMITIZATION EVENTS

The number of dolomitization events in the Bluff Formation is important in
establishing the timing of dolomitization.

Isotopically, the dolostones fall into one region (Fig. 10), especially with a fairly
narrow range of oxygen values. This implies that dolomitization was either (1) a single,
although not in‘s‘tantancous, pervasive event, or (2) a number of repeated events produced
by similar processes. The general covariant trend of the dolomite isotope values (Fig. 10)
indicates a progressive change in the groundwaters during dolomitization, implying
dolomitization may have been a slow process. Machel and Mountjoy (1986, p. 203)
suggested that "If there is good fabric preservation and/or little or no intercrystalline
porosity, dolomitization must have been a piecemeal dissolution - reprecipitation process.
This indicates relatively slow replacement, which can be due to any combination of low

flow rates and low degrees of supersaturation.” Both good fabric preservation and little

intercrystalline porosity are observed in the dolostones of the Bluff Formation.



The dolomite cements were obvidusly precipitated after pervasive dolomitization as
these cements are rooted on a replacive dolomite substrate. Whether these cements are a
later phase dragenetic event or part of the progression of increasingly 1°0O and 12C enriched
groundwaters 1s unknown as they could not be physically separated for isotopic analysis.

It these cements represent the final stages of a single dolomitization event, then the process
must have been a long one involving the evolution of dolomitizing porewaters.

Cathodoluminescence shows that the dolomite of the groundmass is dully orange
luminescent, while the dolomite cements are non-luminescent, except where bright orange
narrow luminescent bands are visible towards the edges of the crystals (Plate 18F, G).

‘This consistency of the luminescent properties of the dolomitic groundmass supports the
contention that dolomitization was achieved by a single process. The consistency of the
zoning in the dolomite cements suggests that the cements were precipitated from similar

solutions at about the same time.

Due to the narrow range of dolomite values which encompass both the replacive
dolomite and the dolomite cements, it is most probable that these were either (1) part of the
same dolomitization process, albeit an evolving one, or (2) that the cements precipitated in a
later event, from similar solutions to those precipitating the replacive dolomites. The latter
possibility means that dolomi\tc cement was not precipitated in the first doiomitization event,

even though solutions were conducive to their precipitation. The former possibility seems

the most likely. In view of the assumptions made in the previous chapter i.e. that the

dolgmite cements prccipitz;tcd‘soon after the initial emergence of the island,.it is most

probable that the cements formed shortly after or immediately following pervasive

dolomitization. Thus, dolomitization was probably a single pervasive event, culminating in
. .

the precipitation of dolomite cements in porewaters less saline than the first replacive

dolomite crystals.
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D. DOLOMITE NONSTOICHIOMETRY

Dolomite nonstoichiometry (cxprcsscd as mole % CaCOyin the dolomite crystal
latce) may be 1ndxuuvc of the type of dolomitization process that was operative (Lumsden
and Chimahusky, 1980). Calcium is incorporated into the growing dolomite lattice with
relative ease, and thus the proportons of anions in the dolomitizing solution may affect the
type of dolomite produced.

The method of determining dolomite nonstoichiometry (or variations from ideal
composition) of bulk dolomite samples (Goldsmith and Graf, 1958) using the d104y values
of 2.886 A for 50 % CaCO; and 2.901A for 55 % CaCO_; is consistent with the values  f
used by Fiichtbauer and Goldschmidt (1965), Richter (1974) and Lumsden and
Chimahusky (1980). Land (1985) believed that this method of determining dolomite
nonstoichiometry is only “grossly useful”, as it is very difficult to distinguish the effects of
compositional changes from those of ordering in the crystal lattice. With this caution in
mind, the Mg/Ca data of the dolomite crystals can be presented (Table 10).

The Bluff Formation dolomites range in composition from stoichiometric dolomue,
with 50 mole % CaCO;, 10 more calcian dolomite, with 55 mole % CaCOs (Table 10). It
has been suggested that the degree of dolomite stoichiometry is controlled at least in part by
the chemistry of the dolomitizing fluid (Katz, 1971; Lumsden and Chimahusky, 1980).

Folk and Land (1975) speculated that the calcium excess in dolomite was controlled
by salinity. A decrease in salinity accompanied by a decrease in the Mg/Ca ratio of the
solution should result in a more stoichiometric dolomite than dolomite produced in higher
salinities with higher Mg/Ca ratios. This may be due to the slower precipitation in dilute
solutions, which would overshadow the influence of thc solution Mg/Ca ratio. It is more
popularly bchcvcd however, that there is, convcrscl)/ a positive dependence of the Mg/Ca
molar ratio in the dolomite crystal upon that of the’ solunon (Fiichtbauer and Goldschmidt,

1965; Katz, 1971 Richter, 1974; Sass and Katz, 1982; Spcrbcret;I 1984). Athlghcr
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salintties and higher Mg/Ca ratios, the resulting dolomite is more stoichiometric than
dolomite formed at lower Mg/Ca ratios, as the higher abundance of mg ions -compensates
for the rcldlxvc difficulty that dolomite has to precipitate from solution (Morrow, 1982b).

In sabkha environments ofsthe Pérsizm Gulf, Patterson and Kinsman (1974)
observed a decrease in the Mg/Ca ratio ()f\\lhc porewater with increasing depth in the
sediment. This was accompanied by a decrease inthe magnesium content and an inc'rcasc
in the calcium content of the dolomite crystals. This shows the positive dependence of
dolomite composition on that of the solution as a result of the increasing degree of isolation
of the system. Sass and Katz (1982) argued that an increase in the isolation of the system
during dolomitization could produce a decrease in the Mg/Ca ratio of the porewaters. This
results from the removal of magnesium from these waters, which then cannot easily be
rcplcn'ished owing to the restrictiveness of the system. This degree of isolation is reflected
in the Mg/Ca molar ratio of the dolomite: the more isolated the system, the more Ca-rich tﬂc
dolomites will be.

The stoichiometric to slightly Ca-rich nature of the Bluff Formation dolomites

indicytes that dolomitization occurred in an open to slightly isolated system. Dolomitization

Obably occurred away from the sediment-water interface, and thus the rocks were highly

pcrmeablé_a'md/or close to this interface during dolomitization. Finely crystalline modem
and ancient dolomite not associated with cvapbon‘tcs range from about 51 to 62% CaCOs,
while those associated with evaporites range from about 50-51 to 56-57% CaCO,

(Morrow, 1982b, Fig. 8, p. 102). The range of values in the Caymanian dolomites falls

‘most closely into the latter type.

<E. TIMING OF D()LOMITIZATI()N
cheral lines of evndence serve to constr'un the timing of dolomitization, the most-

obkus of which is the difference in composition between the Ironshore and Bluff
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formations. A distinct Contact exists at the uncon(onﬁily between these two formations:
the former being almost 100% dolomitized whereas the latter contains no dolomite (Jones er
al., 1984). This indicates that the Bluff Formation was dolomitized prior to the deposition
of the late Pleistocene Ironshore Formation.

Many breccias occur in the Bluff Formation, commonly with dolostone clasts as the
main C()xxlporlcxlt, which also help to constrain the timing of dolomitization. The most
common types are caymanite and terra rossa breccias, but flowstone, oolitic, and skeletal
limestone breccias are also present. The latter wpe have been described by Jones and
Kahle (1985), who refer to them as karst breccias. These occur on the east end of the
island, EEQ and BR, where they »ﬁll solution pipes. The cay nanite and terra rossa breccias
occur in all l()éalitics; the flowstone breccia has been found in EEQ and BH and the oolilic(

‘breccia is present in EEQ and BR.

- The terra rossa, flowstone, oolitic and skeletal limestone breccias 2’111 have a CaCO,
matnix. The presence of angular clasts of dolostone in these matrices indicates that
dolomitization occurred prior to the breceia fWgular clasts of dolostone also
occur in a fine caymanite matrix, commonly at the base of any one sequence. Even though
both clasts and matrix are composed of dolomite, the boundaries between these are distinct.
This suggests that recrystallization has not occurred since brecci;nion, and that the clasts of
host Bluff Formation rock were dolomitized prior to Incorporation into the caymanite
breccia. This is further substan/ti/ated by the fact that caymanite commonly fills cavities in
the Bluff Formation that had already been lined- with dolomite cement (Lockhart, 1986).
Cavities formed within the caymanite may be filled with a sequence of cements inferred to
be of early diagenetic origin (Plate 13C). Hence, at least some caymanite was deposited |
early in the diagenetic history of the rocks, and dolomitization occurred before at least some

»
caymanite was deposited.



The hypothesis that dolomitization occurred before the precursor carbonates were
fully stabilized also indicates that dolomitization may have been early in the diagenetic
tustory of the rocks. Shortly after deposition of the Bluff Formation, Grand Cayman
became emergent. This would have taken the rocks relatively through the mixed water
phreatic, the freshwater phreatic and the vadose diagenetic zones. By the end of this
regression, and probably sometime before, the rocks would probably have been stabilized
to LMC. This therefore constrains the timing of the dolomilimt"’xxo;l event, which would
have had to have occurred prior to the end of this regression. Sca‘lcvcl reached a minimum
in the mid-late Miocene (Hallam, 1984). In addition, isotopic evidence also indicates that
dolomi(iza;ion occurred under the influence of marine waters. Thus, dolomitization must

have occurred prior to, or early in this regression.
RSN

F. SYNOPSIS
Any model of dolomitization for the Bluff Formation must take the following points _
into account:
1. Aragonite dissolution occurred prior to and/or penecontemporaneous with
dolomitization,

2. Replacive dolomitization was pervasive, whereas dolomite cementation was localised,

3. The dolomite replaced a largely metastable lime mud,

4. Dolomitization occurred early in the diagenetic history of the rocks,

5. QQonllitiiation resulted in a cloudy dolomitic groundmuss,. with some of the euhedral
rhombs having a rim of clear dolomite and core of cloudy dolomite, and some being
more complexly zoned,

6. Thc dolomite is near-stoichiometric,

7. Replacement was on a volume-for-volume basis,



8. Dolomiuzation was probably a single process, which proceeded through evolving
groundwaters,

9. The depth of dolomitization is unknown,

10.Dolostones of the Bluft Formation also occur on both Cayman Brac and Little Cayman,

I 1.There is no evidence of evaporite minerals or textures,

12.The cement stratigraphy in the pores indicates progressively freshening porewaters,
probably associated with the initial emergence of the island,

13.The stable isotope data indicates precipitation in normal seawater.

G. MODELS OF DOLOMITIZATION
"Dolomite is thermodynamically stable in most natural solutions at carth surface
conditions and a thenmodynamic drive exists for the conversion of calcite and aragonite to
dolomite™ (Morrow, 1982a, p. 11). The process is hindered, h()wcvpnl, by numerous
PN

kinetic obstacles at low temperatures. The inability to precipitate dolomite from solutions

e
less than 100°C has inhibited direct interpretation of the physicat and q'hemical conditions

operative during precipitation of most dolomites. Dolomitization is t ermodynamically ;l}l(i
kinetically favoured at Jower Ca/Mg ratios, lower Ca/CO; ratios and 'lt higher temperatures
(Morrow, 1982a; Machel and Mountjoy, 1986). Massive dolomitization requires a large
source of magnesium and a pump mechanism to circulate the ions thfough the rock being
dolomitized (Land, 1985). The dolostones of the Bluff Formation have not undergone any
burial, and therefore, the gnly source of such a vast.quantity of magnesium is scawater
(whether modified or unmodified). Mashel and Mountjoy (1986) point1ed out that
dolomitization may be kinetically favoured in %y salinity. Hence, dolomitization of the

Bluff Formation may have occurred in three types of seawater: hypersaline, normal marine,

or diluted waters.
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A Hypersaline origin?

A
Environments of increescd salinity thermodynamically favour dolomitization due to
\

an increase in supersaturation (Machel and Mountjoy, 1986). The sabkha model, based on
the modern analogue in the Persian Gulf, has been one.of the most popular models for
large-scale dolomitization. Itis based on the idea that as seawater Increases its
concentration by intense evaporation, aragonite and gypsum will precipitate, thereby

[
causing an increase in the Mg/Ca raio of the remaining brine (Kinsman, 1966). The
precipitation of gypsum in such an environment also removes sulphate, which is thought to

be an inhibitor of dolomitization (Baker and Kastner, 1981). Other kinetic obstacles are

also removed, since the Mg ion is less hydrated at hig‘h(;r salinities. The resulting Mg ri¢

brine may then have the potential to dolomitize either by\ttﬂux (Adams and Rhodes,
or by evaporative pumping (Hsii and Siegenthaler, 1969). ‘\
Dolomitization in sabkha environments results only in\s‘mall quantities of dolomite,. -,
the process being small in scale and penetrating only to shallow dcpths Dueyo the
unstable nature of sabkhas, dolomite may not form at all (Machel dn& Moungoy* 1986)
Dolomites precipitated from hypersaline waters are generally ne&r stoxchmmemc
Ny

(about 50 to 56 mole % CaCOs), fine grained and associated with cvapomés (Morrow

A}

1982b). Although the first two criteria are satisfied in the dolomites of the Bluff

Formation, th&; latter is absent. Despite extensive study, no evidence has been found to
suggest evaporites were ever present in the Bluff Formation. In addition, no cvapbrites or
evaporitic textures have been found in the Ironshore Formation. In the sea spray zbncs
around the coast of Grand Cayman Island small insignificant pockets of salt have been

found in notches in the rocks. Hence, sabkha dolomitization cannat be invoked to be the ’ \
cause of dolomitization of the Bluff Formation. However, the finely crystalline, cloudy )

nature of the dolomite, and its stoichiometric to calcium rich (50 to 55 mole % CaC0O»)

composition, is consistent with the dolomite's formation from slightly hypérsaline waters.
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Normal seawater ?
[t is widely recognised that dolomite is the thermodynamically stable carbonate
. phase in seawater (e.g. Bathurst, 1975; Baker and Kastner, 1981). Seawater is dlSO an
infinite reservoir for the abundant ions rcquxred for dolomitization. In spite of the fau that
seawater 1s about 20 times supcrsaturatcd with respect to dolomite (Bathurst, 1975), very
little dolomite has been found on the seafloor. Kinetic factors such as the low activity of
the carbonate ion compared to that of the Ca and Mg ion (Morrow, 1982;15, or the inhibiing
effect of the sulphate ion in seawater (Baker and Kastner, 1981) may be responsible.
Additionally, there is the idea that simple immersion ih seawater for several millions of
years is insufficient to cause massive dolomidzation (Folk and Land, 1975). This may be
due to the inefficiency of static fluids to dolomitize (Land, 1985). Hardie (1987, p. 178)
suggested that given enough time "...normal seawater at normal oceanic temperatures might
accomplish the kind of massive, near-surface replacement dolomitization seen in the
Pleistocene-Upper Tertiary carbonates of the Bahamian-Caribbean buildups...". He also
~emphasized the importance of mass transfer processes required for‘dol‘omitization in
particular the need for a stable hydrologlc system. Therefore, a hydrological system lhdt o .
had the capacuy to pumnp seawater through the rocks and sustain thns circulation for . |
thousands of years must be found. Obv1ous}y, such properties as the permeability of the
carbonates will dctcrmmc how effective the pump system is, and this mdy explain the lack
of massive dolomites in deep sea sediments that accumulagcd slowly in seawater.

Sass and Katz (1982) rc;poned an example of large scale pcneconiemporancous
dolommzanon by normal saline to hypersalmc waters, whxch affected the Crctaccous Sorcq
" Formation of Israel. This has been termed the dxagcnetxc model' or the ‘shallow- subudal
model by Machel and Moungoy (1986) who pomtcd out that all models of dolomitization
are diagenetic. These Israelian dolostones consist of (1) laminar dolomites devoid of |

skeletal grains, (2) hcterogcncous dolomites with moldit] porosity, and (3) homogcncous



stenile dolomutes. Crystal size ranges from 1o 100 pum, wath the coarsest crystals
associated with the heterogencous dolonutes. The diftefing depositional textures of the
Soreq and Blutt formation dolostones make 1t ditticult to compare the resulung diagencete
textures. Both dolostones are commonly over 959% dolomitized.

Two dniving mechantsms have been invoked to account for dolomitizaton by
cesentially unmodified scawater: (1) downward or plume retlux, and (2) upward (or
thermial or Kohout) convectuon,

Downward plunging plumes of shightly hypersaline (dense) bank/lagoonal water
overlying highter porewaters can dolomitize to depths of hundreds of metres provided there
are no obstructive aquicludes (Simrns, 1984). Iivapori(csinccd not be tormed by this
process (Stmms, 1984).

The ‘thermal convection’ (Machel and Mountjoy, 1986). 'upward convection’
(Aharon er al., 1987) or 'Kohout copvection' (Simms, 1984) model of dolomitization
operates in the reverse direction to the rgiux model. Simms (1984) expanded the work of
Kohout (19()5) and Kohout et al. (1977) based on convection patterns in the Floridan
Aquifer. A density grndiént, developed between warm platform interior waters and cold
surrounding seawater, causes seawater to enter the platform at depth. This tlows laterally
towards the interior, displacing the warm waters upwards. These warm waters may
dolomitize and then exit to the sea via geothermal springs (Fanning e al., 1981). Saller
(1984) proposed a similar small scale mechanism, whereby cold séuwutcr enters an atoll at
depth, 1s warmed Within the atoll and rises, dolomitizing the limestone en route. Aharon et
ai. (1987) proposed the same mechanism for the dolomitization of the atoll at Niue in the
south Pacific. The geochemical evidence indicated dolomitization by normal seawater, and
the upward convection modcl was chosen rather than the reflux model owing to the
ciistribu(ion of non-alkaline elements in the dolomites. Fe, Cu, Mn and Zn distributions

derived from the volcanic basement, showed that seawater must have been moving
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upwards. Aharon eral (1987) supgested that many ot the Pacific atolls were probably
dolonitized in the same way.

A more extreme view involves hydrothermal eirculation near Mid Oceanic Ridges.
This can result i mass transter of 1ons (Mol and Holland, 1975) as well as a releiase of
war seawater. What influence such hydrothenmal arculation, assoctated with the oceante
ndge just south of Grand Cayman, has had on the Bluff Formauon cannot be determined.
butat best iwmay have reduced some of the kincuc obstacles by heating the water,

The stoichiometric 1o Ca rich nature of the dolomites in the Bluft Formation can be
expluned by a partially closed system, with solutions of normal marine 1o lly;)(‘r'xxlllllt‘
waters. The stable 1sotope data indicates that dolomitization occurred i waters with strong
manne athiniies. The nomnal marine depositional components and the lack of evaporites
preclude strongly hypersaline waters, but do not preclude early dolomitization in shghtly
hypersaline waters. Thus, dolomitization from essentally normal marine waters, away
trom the sediment-water mterface in a partially closed system, seems plausible. The
dolomiutes on Grand Cayman reach a depth of at least 20 m. The Bluff Formation extends
to a depth of about 400 m, but it is not known l;ow much of this is dolomite. Until the
depth relations are studied, it is indeterminable which process (upward convection or plume
retlux), if either of these, may have been operative. Temperature predictions from stable
1sotope data (Fig. 12) indicate that the oxygen values could be a result of precipitation from
normal marine to slightly hypersaline waters (assuming SMOW H;0 0 to +2 5%¢) at
temperatures ranging from 25° to 36°C (for the average dolomite value) or from 21" 10 41°C
(for lhé minimum and maximum dolomite values).

A mixed water origin ?

Hanshaw eral. (1971) launched the mixing zone dolomitization idea by

documenting small dolomite crystals on the walls of caves in the "boulder zone” of the

Floridan Aquifer. Badiozamani (1973) formulated the Dorag nfxing model based on the
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assumpuion that dolonmitization of caleite will occur m waters undersaturated with respect (o
calette, but supersaturated with respect to dolomite. This is based on the idea that the
mixing of two solutions saturated or supersaturated with respect to calerte but at differing
'O, pressures may produce a solution that is undersaturated with respect to calcne but
supensaturated with respect o dolomite (Bogh, 1964; Howard, 1966: Thrailkill, 1968:
Badiozamani, 1973; Plummer, 1975: Wigley and Plummer, 1976). Equally, if two
solutions undersaturated with respect to caleite are mixed, the resulting solution may b
supensaturated with respect to caleite. This is due to the non-linearity of the solubility curve
(Runnells, 1909). Matthews (1971) noted that the mixing of seawater with freshwater
could result 1n a brackish solution undersaturated with respect to calcite.

Most nuxing zones, however, are not supersaturated with respect to dolomite
and/or undersaturated with respect to calcite (Machel and Mountjoy, 1986). Thisis aresult ,
of the dependence of the mineral saturation levels on temperature, pCO,, pH and meteoric
water composttion, which will differ from one mixing zone to another (Plummer, 1975;
Piummcr etal,, 1976). In addition, the thermodynamics of the Dorag model were
calculated for ordered dolomite rather than for Ca-rich, less ordered dolomite that is
typically formed at surface temperatures (Hardie, 1987). This further constrains the
application of the model.

The schizohaline mixing model described by Folk and Land (1975) is based on the
1dea that the mixture of seawater and its evaporated brines with freshwater, may result in
the retention of a high Mg/Ca ratio and a decrease in salinity. This was based on the
unsubstantiated assumpt;on that a low salinity favoured dolomitization, even with Mg/Ca
rauos as low as 1:1. Machel and Mountjoy (1986) however, argued that dolomitization is
kinetically favoured at low as well as high salinities, and at higher Mg/Ca ratios.

The major stumbling block for the mixing models is the lack of a modern analogue.

Most of the studred active coastal mixing zones in carbonate rocks exhibit no
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dolomitization, and where dolomite is found, these are small numerically isignificant
cement erystals (Hanshaw ez al, 1971; Steinen and Matthews, 1973; Plummer et al., 1976
Steinen’er al., 1978; Gebelein eral ., 1980; Hanshaw and Back, 1980 Budd, 198.4).
Waters of the mixing zone create porosity and permeability needed to provide
.
conduits for the dolonutizing sojutions, but "It would be a unique chemical environment in
which the rate of dolomite growth equalled the rate of limestone dissolution.” (Plummer,
1975, p. 234). Carpenter (1976, p. 254) further argued that " the mix‘ing of sc:lwul«‘r
with groundwater will generally act to inhibit dolonmtization and that any dolomite which
may form in the zone of mixing is produced despite the mixing rather than because of it
Thus, in no way can the minor dolomitization found in a few of the modern mixing zones
be compared with the pervasive dolomitization present in the Bluff Formation.

Mixing zone dolomites in the Pleistocene of the Yucatan Peninsula have been
inferred to have been precipitated from almost 100% seawater (Ward and Halley, 1985).
The rare dolomite, which is of mainly primary origin, is localised to permeability conduits.
This constitutes the most plausible example of ancient mixing zone dolomitization, and
occurs 1n much higher salinity watex;s than those postulated by Folk and Land (1975).

Certain features of the Caymanian dolostones are thus inconsistent with the mixed
meteoric-manne dolomitization model:

1. The Bluft Formation is almost 100% dolomitized. This is inconsistent with the volume
of dolomite observed in present day mixing zones.
»
2. The isotopic compositions indicate predominantly seawater affinities (normal to shghtly
hypersaline), rather than meteoric.
3. The céntemion that dolomitization was early in the diagenetic history of the rocks, prior
“ —

to the stabilization of the precursor carbonate, suggests that dolomitization occurred prior

1o extensive meteoric influence.
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4. The dolonute nonstoichiometry (50 to 55 mole % CaCOy) also precludes dilute solutions
with low Mg/Ca ratios, although the dependence of the dolomite composition on that of
the solution 1s somewhat equivocal.

In C(){nmsl, the later diagenetic cement stratigraphy can be accounted for by mixed
waters. The impid dolomite cements in cavities in the Bluff Formation may be of a mixing
rone onigin. They only occur locally and are volumetrically insignificant. Folk and Land
(1975) argued that hmpid dolomite was a result of prccipilaaon infdilute solutions.

However, 1t has also been shown that this type of dolomite may for ite saline

waters in the mixing zone (Ward and Halley, 1985). Aulstead and Spencer (1985) évcn
demonstrated that vein-lining, clear dolomite precipitated from concentrated brines,, Thus,
the type 1 and 2 dolomite cements of the Bluff Formation probably precipitated from the
most saline waters of the mixing zone after the pervasive dolomitization event in more
saline waters. The type 3 dolomite-calcite alternating cemenys probably precipitated in
slightly more dilute waters of the mixing zone in chemically fluctuating conditions. A
schizohaline environment could give rise to such fluctuations and result in the successive
precipitation of the two minerals. As one mineral precipitates, the porewaters consequently
evolve resulting in the precipitation of the other. The calcite cements were precipitated in
mixed to dilute, freshwaters. This sequence of cements which records progressively
treshening groundwaters is c'ompamrble to the sequence of cements described by Ward and
Halley (1985) and interpreted to represent the passage of the rocks through the mixing
zone.

The lack of any dolomite in the Pleistocene Ironshore Formation is problematic as
these have passed through at least one mixing zone in their history. Possibly,
environmental conditions have changed resulting ina mixing zone not conducive to any

<

dolomite precipitation, or the passage through the mixing zone was too rapid and
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coniditions oo unstable at this time. The absence of dolomite supports the wdea (\;u mixing

zones are not always conducive to the formation of dolomite.

H. A DOLOMITIZATION MODEL FOR THE BLUFF FORMATION ?

To make a C()nplusion concerning the origin ()t: the Bluff Formation dolostones ‘by
detault’ 1s unavoidable. 1t is apparent that burial, sabkha hypersaline and mixing zone
dolomitization can be ruled out for the pervasive dolomitization. The latter however, could
account for the cement sequences found in the Bluff Formation which succeed replacive
dolomitization. Thus, essentially unmodified seawater must have caused the pervasive
dolomiuzaton. This idea is supported by the following observations:

L. The fine grained (5-10 pm) and cloudy nature of the dolomite,

2. 'The enriched carbon and oxygen isotopic compositions, )

3. 'The stoichiometric to Ca-rich nature of the dolomite, ~
4. The lack of evaporites,

5. The normal manne precursor carbonates,

6. The early tming of the dolomitization process, before the precursor carbonates were

stabilized.

Plume reflux and thermal convection have been postulated to account for
dolomitization by normal marine walcrs,:nost notably in Pacific atolls. Further work,
when core is available, may elucidate which of these mechanisms is most plausible, or if
another mechanism may be invoked. Any gradational changes in the petrography or the
geochemistry of the dolomites may elucidate in which di{eclion the dolomitizing solutions
were moving. It may be pertinent to mentior the similarities in the physiography between

atolls, small carbonate islands perched on volcanic ridges and pinnacle reefs in the rock

~
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record. Fluid movements within these features may have been similar and on a similar
scale.

Other factogs such as plate tectonic influence (Mottl and Holland, 1975), changing
seawater compositions (Mackenzie and Piggott, 1984), changing seawater temperatures or
changing climate may all have played a role in dolomitization. It is possible that there is not
one identifiable model to account for the massive dolomitization. This replacement process
may have come about as a result of a number of factors. It is apparent that in terms of

dolomitization, 'the present is not the key to the past’.

1. COMPARISON WITH DOLOSTONES OF OTHER CARIBBEAN AREAS

Sibley (1980) outlined the similarities of the dolostones of the Pliocene Seroe Domi
Formation of Bonaire with those of the Pleistocene Hope Gate Formation of Jamaica, and
the Pleistocene Bahamian dolostones of San Salvador. Jones et al. (1984) n(’)ted the same
similaritiés, and included the Plio-Pleistocene dolostones of Great Abaco Island (based on
the description of Kaldi and Gidman, 1982) and the Bluff Formation of Grand Cayman.
Sibley (1980) suggested that the similan'tics indicated dolomitization events common to the
entire Caribbean area, relatgd to sea lcvc{ and/or climatic controls. Despite the similarities
in the diagenetic features of the dolomitjged limestones of the Yucatim Peninsula with the -
other dolostones, Ward and Hach\y (1985) refuted the idea of a Caribbean-wide regional
dolomitization event.

In many respects, the dolostongs of the Bluff Formation resemble those of the other
Caribbean areas documented, especially in superficial terms. Jones et al. (1984) drew
special attention tothe 'striking' resemblance between the Bluff %omlation and the Hope
Gate Formation described by Land (1973a). However, the Hope Gate Formvation is not
. pervasively dolomitized (only 30 - 40%), whereas the Bluff Formation is:- a major flaw in

any comparison of dolomitization events! Likewise, the Yucatan dolostones are at a



maximum only S0% dolomitized, while bulk analysts indicates less than 20% dolomite
(Ward and Halley, 1985). Most of this is represented by dolomite cements. No tigures are
given for either the Great Abaco dolostones (Kaldt and Gidman, 1982) or the Seroe Domi
‘l‘k)nn;ui()n dolostones (Sibley, 1980). The latter are composed of 80 pm dolomite crystals,
much larger than the typical Bluff Formation dolomites. The dolostones of Great Abaco
Island bear a remarkable resemblance to those of the Bluff Formation, in which preterential
dissolution has removed the aragonitic c“omls to leave molds containing natural casts of
Entobia. Similarly, the crystals have an average size of 30 pm and are very inclusion rich.
The dolostones of San Salvador, Bahamas (Supko, 1977) are on the other hand, 100%
dolomitized, and have similar petrographic features to the Bluff Formation dolomites.
Those Caribbean dolostones analysed isotopically, all exhibit similar composition ranges,
and this has been emphasized in the comparisons of the dolostones. However, these
isotopic similarities should be used with caution, in view of their highly equivocal nature.
Thus, in terms of pervasive dolomitization, only lhos;c dolostones of San Salvador
and possibly Great Abaco Island can be confidently compared to those of the Bluff
Formation, and probably formed from similar processes. However, even these three
dolomitization events cannot be synchronous. 'I“hc Bluff Formation dolomitization is
interpreted to be very early in the diagenetic history of the rocks, before the first relative
passage of the rocks through the mixing, freshwater and vadose zones. Grand Cayman
Island emerged shortly after the middle Miocene (Perfit and Heezen, 1978), corresponding
to a major sea level fall at this time (Vail and Hardonbol, 1979; {1allam, 1984). 'ch:nhcr |
two dolostone formations are Pliocene to Pleistocene in age and therefore had not even

been deposited at this time.
<
More convincing similarities can be drawn between the ccsuing cement sequences
of many of these formations. Certainly the regressive sequences documented by Land

(1973a) for the Hope Gate Formation, by Kaldi and Gidman (1982) for the Great Abaco



dolostones, and by Ward and Halley (1985) for the Yucatasp dolostones are directly
comparable to that of the Bluff Formation. These are interpreted to reflect the passage of
the rocks from the mixing zone, through the freshwater phreatic zones. Again, these
sequences are not synchronous but are a result of similar diagenetic processes due to a
relative fall in sea level. The cement sequences of San Salvador dolostones and the Seroe

w
Domi Formation are more complex, but this is probably due to variations in hydrological
and climatic settings, original carbonate properties ete. Even these latter two are interpreted
to represent mostly mixing zone diagenesis.

Dolomitization events were therefore not synchronous in the Caribbean region, and
some may not have even formed from the same processes. The cement sequences record
progressively freshening porewaters as a result of the passage of the rocks rc.lativcly
through the mixing zone and freshwater phreatic zone. Most sequences also end up in the

freshwater vadose zone. These cement sequences, although having formed from similar

processes, are not correlative.

)
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VII. CONCLUSION

The sediments of the Bluft Fomml'iz()vn})f Grand Cayman Island were deposited in
normal marine waters in a backreet to lagoonal setting, during Oligocene to middle
Miocene umes.
Casts of borings made by endolithic organisms of the original environment occur in the
skeletal molds of the Bluft Formation, and are responsible for an average of 38% of the
coral molds.

A
Entobians dominate the boring assemblage, and constitute about 75% of the borings.
Trypanites, Gastrochaenolites, Maeandropolydora, Talpina, Caulostrepsis, new
ichnogenera A and B, and microborings are also present.
Bioerosion by middle Tertiary times was comparable in terms ‘of the organisms

involved and the scale of damage to bioerosion in modern reefs.

a

\ . . A . S ‘
. Grand Cayman Island became emergent following the middle Miocene, resulting in the

passage of the rocks from the marine through the mixing and freshwater phreatic to the
vadose zones (Fig. 14). This is reflected in the diagenetie textures present in the
dolostones.

Dolomitzation occurred away from the sediment-water interface, but under the
influence of normal to slightly hypersaline waters, before the island became emergent,
and before the carbonates were stabilized to LMC. The dolomites have an average <

8180 value of +2.4%oc and 813C value of +2.0%o, relative to PDB, indicating that the

- 7

dolomites are in equilibrium with carbonates formed in normal seawater.

BN

"Aragonite dissolution occurred prior to or penecontemporaneous with dolomitization.

With the influx of meteoric waters as the island emerged, a sequence of zoned dolomite
and calcite cements were.precipitated, as a response to increasingly fresh groundwaters.
The precipitation of zoned dolomite with cloudy cores and clear rims in the mixing zone

was foll(;wed by preferential dissolution of thc'cloudy cores to produce hollow

146
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rhombs. Sparry calcite cementation occurred in fresher waters of the mixing zone and
freshwater phreatic zone. A covariant trend towards increasingly depleted 8180 and
d13C values of the calcites indicates progrcssivcfy fresh porewaters as they precipitated.
This calcite commonly filled and encased the hollow dolomite rhombs, producing a
poikilotopic texture. This can be considered a process of dedolomitization by distinct
titne separated stages of (1) dolomite precipitation, (2) dolomite dissolution and (3)
calcite cementation.

Y. Vadose diagenesis, which followed dolomite precipitation and some sparsy calcite
-\c"cm‘en(ation,v is represented by (1) dissolution features: spiky calcite, knobbly textures,
4 (2) CaCOs cén1—enls: columnar crystals, calcified filaments, acicular crystals,

: nlﬁjc"rosﬁilactﬂilic tement, ax‘ld.(S) @plzxccmcm products: dedolomitization (by concomitant

- dolomite dissolution and'calcite precipiration) aid sparmicritization textures.
f » .o . - N N

IQ.\'I‘be\regrés_svivc_ seq.uéqce bfdl;*d»génctié features is probably a result of the initial
.emex_:‘gcncc.of Grand (}dyman Island"following the middie Miocene. “Since this time, the

rocks studlcd hcrem havc rcmamcd predommdmly in the vadose zone.

1. Supcnmposcd on thls regrcssxvc scquencc 1s thc dcposmon of caymanite, terra rossa

- »

d.(ld spelcothcm deposxts whxch may have bcgun forming smcc the emergence of the

‘ “ . 1slzmd Caymamte dep()smon is mfcrrcd to haVc stancd vcry soon after cmug.,wcc

¥

begém as' semc cav'mcs in caymanne conlam the rcgrcssnve cement sequence.
12 D&spltc the snmll'amcs of Tcmary and Quatcrnary dQlosmncs of othcr Canbbcan areas,
dolommzauon cvcnes Wen: ncxther synchronous nor necesmnly a rcsult of the wmc

| proccsses The later ccmcm séquences in the dolestones resulted from progrcsswcly
fmshenm g porewaters an('i‘thUS formred fr;>m Simxl.ar processcs as a 1esponse 1o
f"lgftufﬁn g sea ieyel and/or tecttamc movemcn;s Thé developmcm of these regressive
ze;nent sequcnces was not hOWCver a qynchronc)u‘; evcm ;n the Canbbcan

. ’\" . . . _ <



VIII. PHOTOGRAPHIC PLATES

Plates 1to 18

Plates 110 8

Plates captions contain reference to locality by abbreviation (refer to Figure 1B) for field
and hand specimen photographs. Hand specimens have University of Alberta Type
Collection numbers, and specimens are housed in the University of Albenta,

Paleontological Collections, Edmonton. Field photographs have locality reference only.

Plates 9 to 18

Plate captions contain reference to locality by abbreviation (refer to Figure 1B), followed

by catalogue number of the samples.
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\ PLATE 1
Hand specimen and field photographs of Entobia in coral molds.

(A) E.new ichnospecies A. Note style of branching and density of galleries. No. UA
7793, from locality CK. Scale bar = 2 cm.

(B) £.new ichnospecies A and Trypanites (7). Note vaguely camerate galleries and buds,
which may be beginnings of new branch. No. UA 7794, from locality HRQ. Scale bar =

2 cm.
(C) E.new ichnospecies A. No. UA 7795, from locality HRQ. Scale bar = 2 em.

(D) E. geometrica Bromley and D'Alcssandro, in Agaricia mold. Locality HRQ). Scale

bar = 2 ¢cm.

(E) E. geomerrica Bromley and D'Alessandro, in Agaricia (1) mold. Locality HRQ.

Scalé bar =2 cm.

(F) E. cateniformis Bromley and D'Alessandro, in Stylophora mold. No. UA 7796, from
locality HRQ. Scale bar = 1 cm. Photograph courtesy of Brian Jones.

(G) E. cateniformis Bromley and D'Alessandro, in Sryloph&ra mold. Note, part of /
boring (bottom right hand side) is xenomorphic after Trypanites. No. UA 7797, from -
locality HRQ. Scale bar = 1 cm. -






PLATE 2

Hand specimen and field photographs ot £ nobia

(A) £ laquea Bromley and D' Alessandro, in Agaricia mold. Note the development of

triangular shaped chambers. Locahity HRQ  Scale bar - 1 em

(B) E mammillara Bromley and D'Alessandro (m), £ paradoxa (Fischer) (p). F ovula
Bromley and D'Alessandro (0) and F laquea Bromley and D'Alessandro (1) 1in stvlophond
mold. Atleast one other Entobia sp. in this mold, but not readily visible i this

photograph. No. UA 7798, trom locality HRQ. Scale bar - 2 ¢m

(C) £ mammillata Bromley and D'Alessandro (ma) to the nght, non camerate £
megastoma (Fischer) in rest of photograph. No. UA 7799, ffom locality HRQ. Scale ba

=2 cm.

(D) Crowded E. laguea Bromley and D' Alessandro and Trypanutes weiser Localiy EEQ

Scale bar = 2 cm. Photograph courtesy of Brian Jones.

(E) Ribbon-like E. mammillata Bromley and D'Alessandro, with flattened branches and
numerous apertural canals connecting to the wall of stylophorid mold. NO. UA 7800, from
locality HRQ. Scale bar = 1 cm.

(K) E. ovula Bromley and D'Alessandro, growth phase D, characterised by boxwork of

spherical chambers. No. UA 7801, from locality HRQ. Scale bar = 2 ¢m.

* (G) E.ovula Bromley and D'Alessandro, which is xenomorphic after Trvpanites sp.

Trypanites weisei and E. laquea (top left) also present. Locality EEQ. Scale bar = 2 em.
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PLATE 3

Scanning electron micrographs and hand spectmen photographs of Encobua

(A) Scannming clectron micrograph showing xenoglyphic sculptue (x) trom Sevlophora

spooncastot £ ovula Bromley and D'Alessandro. Scale bar - 1 mim

(B) Scanning electron micrograph showing scalloped surface of E ovida Bromley and
D'Alessandro. The scallops are a negative impression of the pitted microsculpture
produced during boring as a result of the removal of chips of substrate. Scale bar - 200

fm. \

(C) £ ovula Bromley and\D'Alcsxandro, growth phase C, characterized by open
branching network of spherica! to sub-cylindrical chambers. Chambers are separated
generally by a weak constriction, in contrast to the tight constrictions’or inwercameral canals
of growth phase D. No. UA 7802, from locality HRQ. Scale bar = 2 ¢m.

N
(D) E. ovula Bromley and D'Alessandro, growth phase C, with strings of chambers
generally running parallel to the long axis of the stylophond'mold. No. UA 7803, from
locality HRQ. Scale bar = 1 em.

(E) E. paradoxa (fischer) (p) with large irregularly shaped chambers. Also £ ovida (0)
and £ laquea (1). No. UA 7804, from locality CK. Scale bar = 1 ¢m.

(K) E.volzi Bromley and D'Alessandro, showing dense boxwork of small spherical
chambers and wide subcylindrical apertural canal (top right). No. UA 7805, from locality
HRQ. Scale bar=1cm.

N
(G) E. paradoxa (Fischcr).ﬂNo. UA 7806, from lodality CK. Scale bar = 1 ¢m.
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PLATI 4

Hand specimen and field photographs of new ichnogenus A.

(A) Large new ichnogenus A in massive coral mold, which has been completely leached.
No. UA 7807, from locality HRQ. Scale bar = 2 em. Photograph courtesy of Brian

Jones.

(B) Slab impregnated with fibreglassing resin to show section through new ichnogenus
A. No. UA 7808, from locality PCQ. Scale bar = 1 ¢m.

(C) Clusters of new ichnogenus A in massive coral mold. Locality HRQ. Scale bar = 2

CIm.

(D) Enlargement of one new ichnogenus A from 14C. Note long apertural canals.

Locality HRQ. Scale bar = 1 ¢cm.

(E) New ichnogenus A removed from mold. No. UA 7809, from locality HRQ. Scale

bar = 1 cm.

() Small new ichnogenus A, with numerous apertural canals, in branching coral mold.
Associated with entobians. Locality EEQ. Scale bar = 1 cm. Photograph courtesy of

Duncan Smith. .
=

. H

(G) Small new ichnogenus A in stylophorid mold associated with E. cateniformis (¢) and

stenomorphic E. laquea (in Background). No. UA 7810, from locality HRQ. Scale bar =

I cm.
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PLATE 5§

Hand specimen and field photographs of Gastrochaenolites and new ichnogenus B,

(A) G. wurbinatus Kelly ar Bromley (g) in branching coral mold. Also Trypanites
solitarius. No. UA 7817, frommiecylity HRQ. Scale bar = Smm,

/ e
(B) G.torpedo Kelly and Bromley, removed from massive coral mokd. No. UA 7812, (
from locality HRQ. Scale bar = 1 ¢

(C) G. 1orpedo Kelly and Bromley, removed from massive coral mold. Note constriction

Just before aperture. No. UA 7813, from locality HRQ. Scale bar = 1 ¢m.

(D) G. rorpedo Kelly and Bromley (g) in massive coral mold. Also tunnel-like boring (p),

where branching is at right angles to the main tunnel. Locality HRQ. Scale bar = 2 ¢m.

(E) New ichnogenus B in'massive coral mold that has been comblctcl} leached. The two

borings at the front are G. rorpedo. Locality HRQ. Scale bar = 5 ¢m.

(F) New ichnogenus B in massive coral mold. No. UA 7814 -5, from locality HR().

Scale bar =4 cm.

(G) New ichr:z%cnus B with slightly ovate aperture. No. UA 7816, from locality HRQ.

Scale bar =2 dm.

(H) New ichnogenus B with rounded base and circular aperture. Locality HRQ. Sca(: :

bar=1cm.






PLATE 6

Hand specimen and field photographs of Trypanites, M(u’uvn‘dropnl)'d()ra and Talpina .

(A) Trypaniutes solitarius (von Hagenow). No. UA 7817, from locality HRQ. Scale bar
=1cm. ’

(B) Trypanites sp. Torpedo shaped boring comparable to recent borings of sipunculids.
No. UA 7818, from locality HRQ. Scale bar = S mm.

(C) T. weisei Migdefrau and T. solitarius (von Hagenow) in small coral mold. Locality
HRQ. Scale bar = 2 cm. !

(D) Maeandropolydora cf sulcans Voigt. No. UA 7819, from locality HRQ. Scale bar =

I cm.

(E) Coral mold lined with T. weisei Ma'gdcfrau_and T. so?itari:u (von Hagenow).

Locality HRQ. Scale bar =3 cm.

(F) M. cf. sulcans Voigt, Maeandropolydora sp. aud Trypanites sp. Locality HRQ. Scale
bar = 1 cm. . : -

(G) Talpina (eduliformis 7) in Stylophora mold. Also broken Trypanites. No."UA 7820,
from locality HRQ. Scale bar = 1 cm. ' -

(H) M. cf. sulcans Voigt‘ (m), Trypanites sp. (t) and Entobid ép. (e). No. UA 7821, from

locality HRQ. Scale bar =1 cm.. /)
N
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PLATE 7

DY

&

H: md specimen, field photogr: 1phs and scanning electron nucrographs of Caulastrepasis,

problematica bormz:,\ and mi¢ rubormp

AA) Caudostrepsis cf cretucea Voly n large Lomplucl\ Ieached (m.xl mo]d I\m(
flatiened cross section that distinguishes this uhnogu]ux from 7/\[)(1/11[( s. Locality QR.
Sé’dlc bar = 15 mm. - ) N

(B,D) Problematicyy Ldrgew/mcl -like bormp No. U/\ 7822 3, fr()m locihity HR()
Scale bxr for both = 15 nun. :

(C) Caulostrepsis cf. ('reta(‘('(i.\/oigl. Locality HRQ. Scale bar = 15 mm.

' : ‘, (
(E) Problematica tunnel-like bori‘ngs M and new ichnogenus B (ib) in large coral mold.
New ichnogenus 'B.‘No. UA 7816. .Locality HRQ. Scale bar = 1 ¢cm. '

(F) Scanning electron micrograph shewing microboring encrusted with small subhedral 10

cuhedral dolomite crystals. Microboring on septal mold of Diploria. Scale bar = 4 um.

t

(G) Scanning electron mi¢rograph showing hollow microboring. Scale bar = 50 pm.
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PLLATE 8

Intobian borings 1n molluscan and coral substrates.
¢
(A) E.ovula phase C n bivalve mold. Locality HRQ. Scale bar = 2 ¢\,
'

(B) E.ovula in gastropod mold. Locality HRQ. Scale bar = 1 ¢m.

(C) Entobia sp. with apertural canals penetrating between septal molds. Scalg bar = 1
&

minn.

(D) E. ovula (arrow) following the meandering morphology of Diploria . Note the

inverse preservation of the coral. Scale bar = 1 cm. Photograph courtesy of Brian Jones.
.

e

(E) Entobian (e) encircling corallite mold (¢). Scale bar = I mm.

(F) Entobian branching around and avoiding small corallites (¢) of Stylophora. Scale bar

= 500 pm.
™
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PLATE Y

(A) Photonucrogiaph ot well proscrved dolomitized red alpac QR 1181 Scale b

100

(B) Photonucrograph ot dolomitized red alyac with evidence of lea hing (¢ caviy)

HROQ 520 Scale bar = 200 .

. g
(€) Photomucrograph of cavity (¢) n red atgae which has been lined with hapad dolomte
cement. Note that dolomite crystals have hoHow cores. PRQ 1060 Scale bar 200 fm
A\
(D) Scanning electron micrograph of dolomtized red algac The sheleton has been
replaced by small subhedral dolomite thombs, while the conceptacles have been hned with

farger, cuhedral dolomite rhombs. HRQ 801, Scale bar ¢ 10 jum

(E) Photomicrograph of parually preserved, doloniuzed toranumitera adjacent to leached

toramunifera (¢ = cavity) in dolomuc groundmass. QR 1182, Scale bar - 200 jm

(F) Photonucrograph of well preserved, dolomitized foraminitera in dolonnue
groundmass. EEQ 1221, Scale bar = 100 ptm.
L
(G) Photomicrograph of echinoid replaced by dolomite. A single dolomte crystal has
‘
replaced the spine, while smaller dolomite crystals have precipiated in the ongimal void

v

spaces of the spine. HRQ 52. Scale bar = 200 pm.

(H) Photograph of dolomitized Montastrea. The interior of the corallites and the void
space between the individual corallites have been preserved as revérie molds (‘inverse
porosity’ of Supko, 1977). HRQ. Scale bar = 17 mm.






PLATE 10

-

(A) Photomicrograph of dolonuuzed Amphisteginid torammmifera which has retuned the
crystallographic onentation of 1ts wall structure. Crossed mchols. PCO 1243 Scale ba

100 pm.

(B) Photomicrograph showing peloids in coral cavity. Peloids overlie isopachous
crystals that coat the coral structures. Both peloids and isopachous crystals are
dolominzed. BH 1229, Scale bar = 200 pm.
-
(C) Photomicrograph showing coral structure filled by internal sediment (s) and coated by
1sopachous crystals. Whole field of view 1s composed of dolomite. Crossed mchols. B
1229, Scale bar = 200 um.
A
L
(D) Photomicrograph of coral septal structure partially filled by dolomitized, geopetal
internal sediment (s). Dolomitized 1sopachous cement (ic) overlies this internal sedunent,
but does not occlude cavity (¢). Dolomitized isopachous cement also coats and lines coral
structure. A dark dolomicriuc outline (see arrow) represents the edge of the original coral
structure. The 1sopachous cement both within and outside the coral structure is in optical

continuity, and overgrows the dolomitic outline. BH 1229. Scale bar = 200 jum.

(E) Phatomicrograph of coral structure outlined by dark dolomicrite, filled by internal
dolomitized sediment and coated with dolomitized isopachous cement. Crossed nichols.
BH 1229. Scale bar = 100um.

(F) Red algal drape (arrow) well developed on one side of leached stylophorid coral.
HRQ 59. Scale bar = 3 cm.

.
(G) Photomicrograph showing limpid dolomite cement (d) lining cavity. The dolomite is
filled and encased by poikilétopic calcite (c) which occludes the cavity. The sparry calcite
in the centres of the dolomite rhombs is in optical continuity with the calcite surrounding
the rhombs, but not with the dolomite. PCQ 1240. Scale bar = 35 um. ‘

[NEN
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PLATE 11
Scanning clectron micrographs of dolomite cements (all HRQ 801). '
(A) General view of Ist generation limpid dolomite cemeng haing, cavity wall. Teaching,
is apparent in many of the dolomite crystals. Dolomitic groundmass in the lett of
micrograph is finely crystalline. Scale bar = 20 pum.
(B) Detailed view of 1st generation dolomite cement showing the ¢tched cores. Scale bar
= 10 pm.
() Complex intergrowth of st generation dolomite cxysmls./\\}culc bar = 100 p. B
T L 4

(D) General view of 2nd generation limpid délomite,cement. Euhedral thombs are not
intergrown with each other. Scale bar = 40 pm.
(K, F) Chasmolithic (?) algal or fungal filaments that have been encrusted with dolomite

rhombs. Scale bar for both = 20 um.
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PLATE 12

Scanning electron micrographs of Teached dolomite rhombs and porkilotopie calete.
¢
(A) Leached dolomite thomb. HRQ 1208, Scale bar = 10 .

(B) Hollow dolomite thomb. Note also recent fungal (7) hilament. HRQ 832 Scale b

=4 um.

() Hollow dolomite thomb surrounded by partially etched dolomite crystals. HRQ

1208. Scale bar = 20 um.

(D) General view of cavity lined by large calcite (¢) crvstals that are encasing smaller
dolomite crystals (arrow). Cavity occurs in finely crystalline dolomite (d). HRQ 1212,

Scale bar = 100 pm.

(E) Enlarged view of euhedral dolomite (d) crystals encased by a large poikilotopic caleite
(¢)
crystal. Note that some of the rhombs show evidence of etching. HRQ 1212, Scale bar =

20 pm.

.

- -

(F) Detailed view of etched dolomite (a) rhomb surrou.aded by calcite. HRQ 1212, Scale
bar = 10 pum.

v






PLATE 13

Colour photomicrographs ot dolomite cement and poikilotopic calcite. The thin sections
were impregnated with blue epoxy and stained with alizarin red solution. ‘Fhe red is

theretore calcite, the unstained portions, dolomite, and the blue, porespdee. Note, some
i .

white areas within the blue epoxy represent parts of larger cavities that wére not totally
AY

tilled with the epoxy. \

\

-
(A) Cloudy-centred, clear-rinuned dolomite (arrow) and hollow dolomite rhom&»\lmmg
cavity. Such a juxtaposition of the thom¥s implies that the cloudy centres were less stable

than the clear rims, and were theretore leached. PBQ 1060., Scale bar = 1() g,
(B) Hollow dolomite rhombs lining cavity. PBQ 1060. Scale bar =50 pm.

(C) Sequence of dolomite dnd calcite cements in cavity in dolomitic caymanite (d).
Unzoned limpid dolomite (Id) lines the cavity. Much larger calcite spar crystals (cs) are

rooted on the dolomite cement. The cavity is nat occluded by these cements. QR 1184,
Scale bar = 30 um. o \

(D) Poikilotopic calcite encasing and filling delorhite thombs. Note some of the dolomite
rhombs“appcar to be floating in the calcite.- HRQ 1195, Scale bar = 100 um.

(k) Porous dolostone. with microvuggy porosity, adjacent to cemented dolostone. The
dolomite (d) 1s poikilotopically enclosed by cuicftc spar (c) in the right of the photo. This
calcite has rot occluded the porosity '(p)- in the left of the photo, producing a soft, porous
dolostone. HRQ 1212 Scale bar = 50 ;:m. |

-

(F) Dolomite thomibs with clear rims, filled and ericased by calcite spar. HRQ 1208.
Scale bar =15 ym:






PLATE 14

]

Scanning electron micrpgraphs of dissolution features of calcite spar cement (all PBQ

1063). ‘

.
4 ! L3
~

|

(A‘) Well developed spikes i spar caleite crystal. Scale bar — 20 pum,

L .
(B) Spikﬁclopcd alg);lg microcrack (cleavage plane?) of culti(c\spalr crystal.” Spikes
are develeped on both upper and lower surtaces of the microcrack, and may even join
across this crack. Note that well developed spikes in the left of the micrograph grade into
more stunted pillars on the right. The whole spar crystal 1s shown (;11 bottom halt of Plate
14C. Scale bar = 100 um. )

S\ .

(C) GE:ncral view of spiky calcite. Lower spar crystal shows well developed \plk(\ m
murocrdck (enlarged in-Plate 14B). Upper spar crystals is more extensively spiked. Scale
bar = 400 um. ' T '

b

(D) View of extensively splkcd Lrysml (+marks position on Plate 14C). Original

»

dislocation Crackjust visible acrosy centre éf crystal. Scale bar = 400 um.
(E¥ Knobbly texture developed on two faces of spar crystal. The same spar crystal has
spikes on other faces. Note the alignment of the textures, being in different directions on -

cach face. Scale bar = 100 pm, o

s v .
- . L4

(h;% Detailed view of distinct knobbles that grade from the knobbly texture of Plate 14,
Micrograph of same crystal face as left hand face onf4E (Just off the micrograph to.the

left). Knobblcs ot 'monticuli’, are alrgned and have begun to form triangular tcnmnduons -
towards ng,ht of mlcrograph Scale bar = 20 Hm. ‘ : "

. N T . . \a ) »
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PLATE 15
Y o -
- . - R .
Scanning’elgctron micrographs of 'monticuli’, columunar crystals and acignlyr crystals,
/5 . .- . A
(A) Enlargementof elongate knobble or ‘monticuli’ from centre of Plate 141, PR 1063,
Scale bar = 2 um. . . >
o ’ .
%olummr calcite crystals growing from calcite substrate into cavity. Note the distinet
»boundary bc(wccn the substrate and crystals. Orientation indetenminable. PB() 1060,
Smlc bar = 4() pm.
(C) Dense lining of columnar calcite crystals facing into cavity. Note the pointed
terminations of the crystals, which give them a teeth like appearance. Arrow points to = -‘“

broken columnar crystal which exposes the internal structure of the crystal (séc Plade 15D).

PBQ 1060. Scale bar = 50 pm. ‘ : - . *ﬁf’h" !
Y o

. e : R ' . s )

(D) Enlargement of broken calcite crystal from Plate 15C. Seven crystallites surround a N

central cavity to form the single columnar crystal. PBQ_1060. Scale bar =10 pm. ) .

(K,F) Calcified fungal (7) filaments with acicular crystals growing pcrpcndlcular to the
substrate. PBQ 1060. Scale bar for both 4 pm
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PLATE 16 . N

Scanning clectron nucrographs ot acicular crystals that occur 1A coaungs on the boring casts

and as Iimmgs in the coral molds.

(A) Lublinite type needles arregularly oriented. Associated with Fe ;1;(1 Mn rich coating
on borngs. Note the apparent en echelon stacking within cach crystab—CK 1176, Scale
@ ,

bar - 5 pm.
1

(B)  Detailed view of fublinite type crystal, having a bladed morphology. CK 1176

Scale bar 2 .

» b
»

(( ) Lublinite type crystals breuking down into rectangular shaped micnite particles. CK

F176. Scale bar :'4 um. .

(D) Needle-fibres associated with the lubliniléftypc crystals. Note the jagged

termunatons, bladed morphology and central axial depression. CK 1176, Scale bar = 2 -

[ <

[

»

(1) General v'cw of urregularly orienged needle-fibres associated with the lublinite-type

crystals. CK 1176. Scale bar = 10 pum.

() Dense needle-fibre bundles as coating on boring cast. HRQ 1213, Scale bar = 20)

tm. .
; . ’ F
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PLATE 17 A
F-d

(A) Sc .mnnm clectron micrograph of needle- h?c bundles enlarged fmm Plate 16F. Fine
micrite bmdx needle fibre bundles. Needle-fibi€ crystals comppsed of a number of fibres
(thus needle fibre bundles). In cross section these are equidimensional, in contrast to the

bladed needle-fibres illustrated n Plates 16 and 16E. HRQ 1213. Scale bar = 5 pm.

~

(B) Scanning c¢lectron micrograph showing enlarged needle-fibre bundle bound and

coated by fine micrite. IHéQ 1213, Scale bar = 1 pum. . _ -

(C) Scanning electron micrograph of acicular crystals associated with black Fe and Mn

rich coating on boring. Crystals oriented perpendicular to substrate, irregularly shaped and

“much more stout than needle-fibre erystals. CK 1174, Scale bar = 10 pm.

(D) Photomicrograph of microstalactitic cement rooted on a fine dolomite (d) substrate” A
tew larger impid dolomite rhombs also act as a substrate. Microstalactitic cement is
composed of calctte (¢) andis developed hanging from the roof of cavity. The larninae —
tollow the contours of the cavity wall, with protuberances in the wali reflected in the
" bulbous morphology of the microstalactitic cement. C}E 1171. Scale bar = 100 pm.

$
() Photomicrograph showing microstalactitic cement under crossed nichols. The cement
exhibits a characteristic sweeping extinction. CK.I171. Scalé bar = 100 pm.
(F) Rock slab showing Lx\r}ﬁxfued mxcnnc body, aswell as 1rreguldr patchcs of d.irk
mucrite, in the host dolostonel. HRQ 1208. Scale bar = 2 cm.
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PLATE 18

Colour photomicrographs of vadose features and cathodoluminescence photomicrographs
of the dolomite. For explanation ot colours see Plate 13, .

. ("
(A) Needle-fibres (nf) hining cavity in the dolostone. Needle-fibres are rooted on dark
micrite (m) and dolomite (d). BH 1227. Scale bar = 25 pm,
(B) Microstalactitic cement (mc) hanging from cavity roof® The microstalactitic cement 1s
rooted on dark micrite (m), calcite spar (¢s) and type 3 dolomite cement (d). BH 1227,

Scale bar = 100pm. : -~

(C) Dark micrite (m) replacing calcite spari(cs). The sparry calcite has pdikilotopically
enclosed and filled dolomitquhomhs (d). HRQ 1208. Scale bar = 50 um.

]
(D) Dark micrite in centres, and embaying into edges, of dolomite thombs. HRQ 1194,
Scale bar = 30 um. A
(E) Clotted micrite (cm) apparently replacing calcite spar (cs) that lined a cavity in the
dQlomnic groundmass (d). HRQ 1208. Scale bar = 100 L

(W Limpid dolomite (Id) lining a cavity in dolomitic groundmass (d). Photomicrograph
taken under pkt(c light and to be compared to Plate 18G. HRQ 287. Scale bar = 100 pm. -
(G) Same as Plate 18F, but taken under cathodoluminescence. Note, the orange
luminescence of the groundmass and the zoning apparent in fhc limpid dolomite cements.
"The cements have a dull, non-luminescengpcore, but bright orange luminescent rims. The
boundary between the cements and groundmass isdistinct. HRQ 287. Scale bar = 100

pLm.
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X. APPENDICES

Appendix |

Glossary of ichnological terms used in this study (for more extensive glossary see Ekdale
ctal, 1984y

Biocrosion : this term was first introduced by Neumann (1966) as an abbreviation of
‘brological erosion’. The process of penetrating and croding hard substrates by

biological acuvity: This activity includes borings, raspings, gnawings, scrapings
and brtes.

Biogenic: biologically produced.

Boring: penctration of a hard substrate (including rock, shell, wood), by mechanical and/or
chencal means. No purpose of boring is implied.

Burrowing: penetration of a soft, unconsolidated substrate. For discussion of the terms
boring and burrowing see Warme (1975). Obviously, penetration of substrates that
are transitionary ¢.g. firmgrounds, raise problems with such a distinction (Ekdale

B eral, 1984). Disunction is generally based on whether grains or cement have been
”
transected or not.

Chasmolith: an organism that lives within a cavity in the substrate, also termed
chasmoendolith by Golubic er al. (1981).

Endolith: an organism that lives within a hard substrate. This is used as a very general term
(see Golubic er al, 1981)

)’/nlith: an organism that lives on a hard substrate. ‘

Euendolith: an endolithio organism that bores its own cavity (Golubic er al, 1981).

Idiomorph: the uninhibited, full morphological development of a trace fossil.

Stenomorph: a trace fossil whose morpholgy is physically restricted or influenced by
heterogeneities in the substrate.

Xenomorph: a trace fossil whose morphology is controlled by that of a pre-existing trace.

Xenoglyph: a sculpture produced on the wall of a trace fossil by the characteristic fabric of
theshost substrate, as opposed to a bioglyph, which is ornament produced on the
trace wall by the activity of the organism itself. Xenoglyph is a non-biogenic
sculpture or ‘fremdskulptur’ (Voigt, 1971). Bioglyph is a biogenic sculpture.

\
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Appendix 11

Table showing caleulated temperatures of dolomite formation usmg,
average, minimum and maxmum Bluff Formation dolomite values,

usimng average USINE minimung using maxunum
T dolomite v;huc dolomite vatue dolomite value
WATER 3,}.} (SMOW) 1 32 31SMOW)| 34 2 (SMOW)
(SMOW) TeoC ToC ToC
4 43 47.5 38.5
3 38 42 34
-2 335 37.5 29.5 K
1 29 33 25 -
s
<
0 24.5 29 21 r',
. 7 ll)
1 T 205 245 17 ©
oy
2 17 205 13.5 5
o]
i s
l -3 13 16.5 10 é
-4 9.5 13 6.5
-5 6 9 3
6 3 6 0
-7 -0.5 2.5 -3
\
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