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ABSTRACT
I ] \
o \

The Oligocene-Miocene Bluft Formation of Grand Cayvman Island 1s characterized by
numerous sol&;ion cavites, joints and skeletal molds which developed as a result of katst
-processes. Later precipitaton of calcite has occurred in many of these vords, creating a

-
remarkable senes of flow banded calcite deposits.  Where these banded caleites occur in the

~

larger (spelean) solution cavities, their volumetric abundu{lcc and morphological diversiy

ey stalagmites, stalactites ané nmstone 1s spectacular. -

The formaton and spatial disﬁi'bt;lion of the sbele;m;nv‘imnnwm can be related to the
geochemistry of the groundwater. The zone of active dissolution, which occurs at the
transition between the marine and meteoric phreatic zones, exerts a positive control on the
areal extent of cave formation. Since the chemically aggressive hydrological zone s
intrinsically linked to eustasy and/or vertical tectonic movements, these larger regional
events ﬁlu’mately control speleogenesis on Grand Cayman Island.

The original crystal morphology of the Caymanian speleothemic calcite 1s commonly
preserved in the form of inclusion rich growth bands. The variable morphology of these

. ®
growth bands, indicates that crystal moréhology changed Lhroughcx the ontogeny of the
crystal in response to the fluctuatirig physical and chemrcal conditions of the pore water.
The common dccurrence of algae, fgngi, bacteria and amorphqa$ organic materiai in the *
" speleothemic calcite, indicates that these speleothems are no‘t ti;ly abiogenic. Thé

common ass'ociation of organic material with (1) the nucleation of large calcite spherulites.
(2) the unusual predominance of length slow crystals at disconformity surfaces, atd (3)
marked changes in crystallite morphology, indicates that biological acg’vit)\ and organic -
material is an important controlling factor of crystal morphology. The presence of organic
material is also considered an important factor in the pigmémation of ihc banded flowstone,

. S . -~
as indicated by the lack of correlation between trace element content and colour.

- ’



Casmanian peleothenme calaiie i general C)'(hibi[S a wcz%k- cathodoluminescence,
rajor exceptons, however, being the occurrence of bright orange(luminescence 1n, (1)
\;><-l(‘(>x}fa-1111c calcie i the presence of organic material, and (2) late stage porbsity
~ccluding cements. The tormer indicates that important activator and sen$itizer trace
elements may be preferentially hosted in the ;)rgzmic material, while the latter indicates that

] ,
the trace element concentration may be the result of the influx of a chemically distinct water
catloenrichment).

Stable 1sotope geochemistry shows that speleothemic calcite was precipitated in the
meteoric diagenetic realm.  The 8180 and 8'°C ratios of individual caicifc Iaycrs varied by
up to + 2.3%0 SMOW and + 5.5%0 PDB, respectively. This is indicative of the .

involvement of a dynamic pore water system, the geochemistry of which fluctuated in

response to climatic, lithologic, hydrodynamic and pedologic factors.

vi
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I. INTRODUCTION |

The Ohigocene Miocene Blutt Formation ot Grand Cayman Island s characterized by
awell d(:vclnpcd karst terrain, S()lu(mn widened jomnts, shatts, rills, and a well developed
moldic porosity are some of the more abundant karst forms. Subsurface karst t'n?m.\‘ are
also well developed on Grand Cayman Island, including deep phreatic caves, and more
accessible vadose cave systems. Anamportant addinon to many of these karst features, is
the presence of a later phase of caleite precipitation. In general. these calcites can be
desenibed as speleothems (Moore, 1952), having tormed as a secondary nuneral phase ina
cave or cavity environment. They commonly posses marked colour banding, and a
convolute morphology. . ¢

The morphology. composition and stable 1sotope geochemistry of the speleothemic
calcite, will be a reflection of the physiochemical and biochemical conditions present in the
cavity at the time of precipitation. These vanables will be controlled by factors of varying
regional and local significance eg. Climate, tectonism, eustasy, lithology. and biological
acuvity. The documentation and interpretatgon of these deposits, and the environments in
which they formed, will provide vital evidence with which to unravel the post emergent
dragenetic history of Grand Cayman Island.

\4
A. AREA OF STUDY

The Cayman Islands, consisting of Grand Cayman , Little Cayman and Cayman
Brac, are located in the Canibbean Sea (Fig.1). Grand Cayman Island, the largest of the
three 1slands, 1s approximately 35 km long and between 8 km and 16 km wide. Located
257 km WNW of Jamaica, and approximately 240 km SW of the Isla de Pinas (Cuba),

'

Grand Cayman Island 1s separated from the other two Cayman Islands by approximately 97

km of open sea. The combined area of all the Cayman Islands 1s 264 km®.

/
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The subaerial nﬂxcfoflhc(‘uynnUIkauui§qn general s small, being onaverage less
than 20 above sea level. The maximum elevaton occurs on Cayman Brac, where the
Blutt Formaton rises some 40 m above sea level. By contrast, the submarnine rehef ot the

.
area is quite vast, falling rapidly away in the south 10 abyssal depths of 6000 m or more. 4

The majonty of samples collected for this studv came from Grand Cayman Island.
li.;xch sample collected 1s given a umque catalogue number which can be related directly o
the sample locality on the island (Fig. 1),

B. CLIMATE

The sub-tropical chimate of Grand Cayman Island 1s subject to distinct seasonal
vanaton. 'Ihrougt;oux the West Indies, the general cquaﬁili[y of the climate is modified by
vanation in elevation and exposure to the prevailing wigds. Grand Cayman Island. with uts
low reliet and open exposure to the ocean, has a diurnal temperature vanation ot only 8 °C,

and average winter and summer temperatures of 24 °C and 28 °C respecuvely (Sauer,

19¥2).

Rainfall at Georgetown averages 1740 mm per year (Hsii er al., 1972), with a distinct
dry season from December to April when rainfall averages less than 80 mm per monté:/\n
increase in rainfall from 12 mm per month, to 25 mm per month during the period of May
through November, constitutes a distinct rainy season’. In spite of its iow relief, Grand
Cayman Island has a considerable variation in rainfall distribution . Rainfall is distinctly

greater within a NE / SW trending belt which runs from the Old Man Bay area on the North

shore, to the Georgetown district. The region to the South of this belt, including Bodden

Town an&Old Isaacs, is conspicuously dry. To the North and NorthWest, the islands

considerable disruption of the Trade Winds passage often results in heavy tropical

»

convectional downpours. d



//\ 1. OBJECTIVES

The speleogenesis and speleothems of Grand Cayman Island provide a record of the

post emergent history of the Island. The genesis of the speleothems, and the envirohnrents

r

in which they formed, can provide a more thorough understanding of this period in the

Islands history. Accordingly, the objectives of this study were T

, | @
to study the caves presently found on Grand Cayman Island, with particular reference

to any diagnostic morphological features (Bretz, 1942) which might aid 1n the
N Y »
interpretation of their mode of formation, and hence théir relevance to the geological

history of the Cayman Islands. .

[0' determine the morphology and origin of calcitc\crysml morphologies which ocgur
in the speleothemic deposits of the Grand Cayman Island.

to describe and interpret cathodoluminescent zonation present in the calcite crystals,
with partiaular reference to the documentation of ;alhodolumincsccm signatures’
the speleothemic calcite (Meyers, .1974).

to determine (a) the ongin of the diagenetic fluids responsible for the preci;)it;umn of

the speleothems, and (b) what the controls of the stable isotopic gcochcmistfy of the

precipitated calcite were.



[ METHODS OF STUDY

A compl&e documentation and 'imcrprcm[ion of the speleothemic calclte which has
formed on G‘rund Cayman Island requires a muliifaceted approach which goes beyond a
simple description of the megascopic features. A detailed knowledge of the microscopic
characteristics and stable isotopic geochemistry of the speleothems will enable a significant
contribution to bc‘ made towards a more complete understanding of the these deposits. In .
Qrdcr to gain as much data as possible in the limited time available, the following methods ¢ k

of study were employed.

I.  doci\mentation of the megascopic speleologic features and their relationship to the

host dodemiuc formation.

2. study of 40 petrographic thin sections on both a conventional petrographic and a

™ -
Jenamed fluorescent microscope. : :
. . . . , A v N ™,
3. examination of cement micro-morphology using a 'Cambridge SICMS()

Scanning Electron Microscope (SEM). Both fractured samples and polished thin
scotior'ls were studied, the thin sections were first etched in dilute HC! to enhance the
relief of the scytion‘ All sammples were prepared with a gold conductive coating.
Qualitative elemental analyses were obtained through the use of the 'Kevex' X-ray
dispersive system attached to the SEM.

4. The cathodoluminescent zonation was examined with the aid of a TechnosynTM cold
cathode lumiﬁesencc microscope (Model 8200 MarklII). Operating procedures were
kept as constant as possible throughout this stud}, the following being typical
opérating pammc;crs, a) Voltage 15-20 Kv, b) Gun current 350-550 uA,‘ and ¢)
Operating vacuum 0.05-0.1 Torr. Polished thin sections were used predominantly
for this study, although un-polished thin sections performed adequately. For the

purpose of comparison with other published data, extreme caution is advised when



making qualitative comparnsons of lummescent colour and intensity. These
parameters may vary independently of the materal being studied. beng a tunction ot
the amperage and accelerating voltage :()t’ the cathode "gun’, ;md'xhc photographic
procedures employed. ' K
Trace element analysis of colour banded speleothemice calcite, was obtained by atonmice
absorption spectrophotometry (/AAS). A lgm sampte of spclcmhcmic calcite was put
into an acid (HC!) solution, and then analyzed in the AA unit. The results obtained
from the speleothemic calcite were calibrated with University ot Alberta laboratory
standards, all results being reported in the €andard parts per million (ppm)potation.
The stable isotopic geochemistry of the speleolhcms\was assessed W the following
way. Calcium carbonate samples (30mg to 50mg) were cxmlctcd from polished rock
slabs (Plate 17A) using a small electric hand drill, in a manner similar to that de-
scribed by Prezbindowski (1980). After sieving, the < 44 um fraction was reacted in
anhydrous phosphoric acid, using the procedure described by Walters et a;( 1972),
and modified after McCrea (1950). Isotopic analysis of the evolved CO, was carried
out on a VG Micromass 602D mass spec\tromctcr, using standard techniques (Craig,
1957). Unless otherwise stated, results are reported iri the normal & permill notation. .
relative to the Chicago PDB standard (Craig, 1957). =

Considering the dolomitic nature of the hogt Bluff Formation, care was
taken to avoid dolomite contamination of the talcite samples. To ensure that no
contamination had occurred, the mineralogy of each sample was dcu_trminéd by X:r:ly
diffraction. Operating conditions were kept constant throughout,/&ac;iation: Co
K& 1pha 1. Scaler: 1.10%, Multiplier: x1, Scan Speed: 1° 28 per min., Slit Width: 1°,
Scan Range: 26 = 25°-52°). §

In order to calculate d-spacing offsév_t due to Ca/Mg solid solution
(GQldsmith and Graf; 1960), each sample was 'spiked’ with pure quartz (Internal

standard, D-Quartz), producing a strong reference point (3.343 A) close to the major



calcite and dolomite peaks. If dolomite was found to be present in any of the
samples, then its percentage of the total sample was calculated using the method
described in Royse er al. (1971) . Final 1sotopic ennchment was established by a
602D micromass mass spectrometer. The limits of experimental €rror for 810 and

8¢ in this study are 0.2 %o.



IV. GENERAL GEOLOGY AND TECTONICS.

A. PREVIOUS STUDIES

The Cayman Islands, 1n pzmic'ular Grand Cayman Island, have been studied by
numerous researchers. The first geological description of the Cayman Islands, was by
Savage English (1912), who descri‘;cd Grand Cayman Island as, .. just a flat coral
covcréd summit of the submuarine ridge...so that its surface geology is of the sumplest ™.

Hydrick (1917), produced a brief geological répon of the formations occurring on
the Cayman Islands. It was not until 1926, however, vlhal Matley formally named two
t‘om'latjons. His observation of the geology on Cayman Brac, led to the introduction of the
terms 'Bluff Formation’ for the fine grained coralline Timestone’ of the iskand, and
‘Ironshore Formation', for the less consolidated Pleistocene rocks which lie |
unconformably above the Bluff Formation.

The Bluff 'Limestone’ is in fact a cream to tan coloured, dense, porcelancous
dolomitic unit (Folk er al., 1973; Jones et al., 1984) with ell developed moldic porosity.
Geographically, this formation dominates much of the east end of the Island (Fig. 2).
Corals from the Bluff Formation wc;rc originally dated as Miocene in age (Vaughan 1926).
with later foraminiferal studies yielding Oligocene-Miocene ages.

The Ironshore Formatjon is formed of poorly consolidated reef limestone which is
charactcristiéally "case.hardened”. Brunter al. (1973), Has divided the Ironshore
Formation into five distinct facies based upon the lithology and biota. The contact between
the Bluff Formation and the Iro}xshore Formation represents a 'buried landscape’

unconformity (Brunt et al., 1973), which is mbst pronounced in the south-west of the

Island (Fig. 3).
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Structurally, the Bluff Formauon appears as a massive, poorly stratified unit, with a
near horizontal attitude. Little evidence for faulting has been found on Grand Cayman
Island, although a series of parallel joint systems (Rigby and Roberts, 1976) 1s clear

evidence of some form of tectonic stress.

B. TECTONICS . \
The tectonic control of relative sea level may have greatly influenced the Tertary
depositional environment of the Cayman Islands. Any changc\ir)l sea level, could have a
profound effect upon the comgosition of the Qiagcnctic fluid in the Bluff Formation. Thus
the processes of speleogenesis and sul;sequcnt spclcbthcm deposition, must be viewed in
light of the tectonic controls of this region. .
Historically, the Caribbean area has been extensively raversed with bathymetric and
geophysical devices (Bowin, 1968; Molnar and Sykes, 1969; Erickson et al., 1972;
McDonald and Holcombe, 1978). iI‘hc: conclusion of these, and many other related works,
is the conception of a complex 'microplate tectonic' scenario for the Caribbean region (Fig.

4). This scenario places the present day Cayman Islands very close to the major active

boundary between the North American and the Caribbean plate.

—
~

The region is dominated by the Cayman Trench, formerly the Bartlett rench, which
extends 1600 km from the Windward passage to the Gulf of Hondura# It is a steep sided,
graben like-structure, approximately 150 km wide and up to 6000 m deep. It is bounded on
the north by the Cayman Ridge and to the south by the Nicaraguan plateau.

The Célyman Ridge, upon which the Cayman Islands lie, extends from the Sierra
Maestra of Cuba to within 100 km of the British Honduras continental slope. The southern
margin of the ndge, a prccipitoué fault orientated wall, shows both increased heat flow
(Erickson et al., 1972) and seismic activity, the result of left lateral motion ai?ng the Orient

fault zone.



: A “Bumas w101
caong:aunc_:nEA,‘n,uU::JA,udw:a.uﬂm:aE»mUAmUv.v:Em_:aE»aUncEO:UOV.mucﬂﬂ:mE»mUoF—..vv.:.u_,..

_siy
\Udmumdnp

“VSSA8Y
NVLVONA




thNI\’udr r’hm Platcau extends trom Honduras and Nicaragua to i, s \Ull[hn‘ﬁ
L PN :

margin dlﬁping ‘H ‘ndy towards the € ‘olumbia Basin, while the northern margin forms the
steep \ml(htrQ?wﬂ of the Cayman Trench Heat tlow and SCISMIC acuvity are now
concentrated dsound the Bonacca Ridge and the Swan Island Fault Zone (Fig )

Thé ccntr;ii ti'ﬁipn of the trench, m.'u‘kcd by clevated and jagged reliet which trends in
A N/S manner, forms the Mid Cayman Rise. There, mereased heat flTow (Enckson, 1972)
and increased seismic acuvity (Molnar and Sykes, 1969) are the direct consequence ot
active oceantc plate accreuon.
The origin of the Cayman Islands

A late Cretaceous change in the 'poles of rotation’, caused the South Amencan plate
10 rotate clockwise with respect to the North American plate (Ladd, 1976). The resulting
compressional regime, was feS()lved by a southerly dipping subduction zone beneath the
present Central Canbbean region (Perfitand Heezen, 1978). Partial melung ot the North
American plate resulted in a chain of volcanic islunds\smmunded by shallow water
carbonates and clastics. These form the Cretaceous ‘basément’ of Southermn Cuba. Hauu,
Jamaica, the Cayman Ridge and the Nicaraguan Plateau. |

By the early Tertiary, the South American plate had begun to move castwards with
respect to the Nortlr@&mérican Plate, imposing an extensional regime upon the cent
Caribbean region . A series of left lateral wransverse faults developed, separating @an‘nl
Province and the Cayman Ridge, ‘from the Nicaraguan Plateau and Jamaica. During. its
post Eocene development, oceanic crust leaked’ into the Cayman Trench nft zone, forming
an active spm&ding ndge at the Mid Cayman Rise.

The Cayman Ridge was predominantly a shallow carbonate bank during the early ,

Oligocene, but-by the end of the Oligocene, depositiop of deep water limestone is indicative

of extensive vertical tectonics. The shallow water Ohgocene Miocene Bluff Formation of

—— —



ey
'.\
the Caviman Islands attests to the tact that these were solated pranacles on the ndype i an
arca that was subsiding at riates up o 6 cm per vean thadd, 1976)
Finally, postimddle Miocene uphtr elevated the Cavman Islands, subaceralby

exposing the Blutt Formanon



V. SPELEOLOGY OF GRAND CAYMAN ISLAND

Speleogenesis encompasses all processes which atfect the creation and development
ot natural underground cavines (Moore and Nicholas, 1964 Bogli, 1980). This includes
such diverse elements as cliumate, tectonies, hithology, groundwater composition and flow
mechames, all of which may in some way atfect the creation or development of
subterranean cavites via corroston or erosion. While speleogenests sensu stricto does not
nclude the deposition clastic, orgzmic and chemical cave sediments, these speleothems are
nevertheless an integral part of the speleologic environment.

Large cave systems are common on Grand Cayman Island. Although access 1o some
is restricted, Pirate Caves, located at Boddentown on the south coast of the 1sland. and the
Old Man Bay Village Caves located on the north east side of the 1sland are casy to reach
(Fig. 1). In the Cayman Islands, interface and subsurface karst development is the result
of, (1) dissolution due to the downward percolation of meteoric watérs, and (2) dissoluton
of the bedrock in the marine or mixing zone phreatic realm. The passage of these
aggressive” waters through the vadose and phreatic realms, Creatéd numerous shallow and
deep cave environments on Grand Cayman [sland and Cayman Brac. The presence of deep
cave environments, has been interpreted on the basis of both groundwater recharge and

drill pressure data (Ng, 1985).

A.PRECIPITATION FEATURES (Speleothems) _
Sccondary‘mincml precipitates, formed in the cave environment, have been termed
speleothems by Moore (1952). With the exception of a few tiny water droplets on 1solated
stalaggitc tips (Plate 1B), the active formation of >spcleot\hcms in both the Pirate Caves and
Old Man Bay Village Caves is presently negligible. It is possible that these caves are still

active, with speleothem deposition occurring during periods of increased meteoric influx, a
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rain storm for example. However, the incredible diversity and density ot speleothems at
the Old Man Bay Village Caves (Plates 1 and ), cannot be reconcailed i this nanner.

In comparison with the Pirate Caves system, the density of speleothems i the Old
Man Bay Village Cavesas striking. These speleothems must have been produced at some
ume in the past, when the caves were under the influence of vastly increased rates ot
meteornc intlux.

The distinctuion between the Old Man Bay Village Caves and Pirate Caves may be
related to their differing depths below the surface, and the effects that this can have upon
the geochemistry of the vadose fluids. Passages which contain speleothems in the Old Man
Bay Village Caves, begin at approximately 3 m below the surface and continue to much
greater depths. This is significantly deeper than Pirate Caves, which mreiy exceed 3 m
below the surchc. This difference in depths may have a marked effect upon the saturation
state of the fluid éntcring the cave systcrhs. As meteoric percolates through the overlying
strata, dissolution of the bedrock will occur, and the fluid will eventually become saturated
or oversaturated with respect to calcite. Fluids entering the Pirate Caves probably remamned
undersaturated with respect to calciie, while those entering the Old Man Bay Village Caves
become saturated rwilh respect to calcite. Upon entering the Old Man Bay Village Caves,
the meteoric fluid with a higher PCO, will degass, and the precipitation of speleothems will
follow. N

The speleothems of any cave can be subdivided by their mode of formation nto
dripstone, rimstone and rimstone pool deposits, and flowstone.

Dripstone ,
The Old Man Bay Village Caves contain abundant dripstones (Plate 1C), many of the

cave passages being practically impassable by virtue of the density of stalactites,

.
.

stalagmites and stalacto-stalagmites (columns). The stalactites are locally so dense that the
roof of the cavity cannot be seen, and many of the individual stalactites have coalesced to

form composite fca!gres with interconnecting drapes (Plate 2B). There are abundant type



I stalacttes (Bogh, 1980) in these C;lV‘C.\’, many of which display distinctive concentric
Lunminae and a charactenistic central 'soda straw’ (Plate 1D). Type | stalactites, which also
oceur in the Old Man Bay Village Caves, are recognized by the lack of a soda straw’, and
a ‘drape’ or 'flag’ which commonly accompanies them (Plate 1B). One particular stalacute
at Old Man Bay Village Caves (Plate 1B) shows a small water droplet forming at the up,
thys individual stalactite is indicative of the presently subdued rate of speleothem
precipitaton in the cave as a whole.

. The fractured surface of many stalacutes (Plate lB); shows that their longitudinal
section commonly produces a near planar set of laminae. Consequently, when viewed as a
fragmentary particle, care must be taken not to confuse a vertical speleothem fragment as
part of a horizontal speleothem or flowstone. This point is especially pertinent, in view of
the fact that ‘clastic’ deposits of fragmentary stalactites occur in thesg caves (Plate 3A).
Such a deposit, the result of delicate stalactites being stripped from the ceiling and later
deposited as a coarse stalactite conglomerate, may be the result of natural causes, i.¢. a

g
catastrophic influx of water (hurricane 'surge’), or anthropogenic causes, i e vandals.

In additon to the smooth forms of stalactite, many of the stalactites and
accompanying flags ut that locality posses a highly serrated morphology (Plate 1A and 2E).
The formation of a serrated edge, or the crenulated surface of a flag, can be related to
increased CO, dcgassiné as water flows over surface protuberances (Bogli, 1980). The
initial growth of the surface protuberances on a smooth surface may be the result of
turbulence in the fluid flowing over the speleothem. Water droplets collect at the drape or
stalactite margin, where subsequent CO, degassing of the droplet eventually causes
precipitation of a ‘tooth’. When the droplet reaches a critical size, it will flow to the next
'saw tooth’, and continue the process until its size causes it to move on again. The
continued process will eventually lead to the beautiful serrated morphology.

The macroscopic distinction between stalactites ahd stalagmites in the rock record is

aided by their markedly dissimilar internal and external morphologies. A comparison of the



.

fractured surface of the stalactte (Plate 1D) with that of a stalagmite (Plate 2A), shows that
unlike the former, they do nédt possess a ccntr:;l "soda straw”. Furthermore, while the
constructive laminae of the stalactite are mr-lccnm'c, the laminae of the stulugmilc. are
distinctly disharmonic. The overall external morphology of most stalagmutes m the Old
Man Bay Village caves show disunctly rounded termunations (Plate 1C). This is indicative
of a relatively short fall for the water droplet; had the distance of fall been greater, then a
distinctive ‘splash cup’ would have developed (Franke, 1965).

'Eccentrics’, or vertical speleothems which appear to dety natural gravitational
control, are rare on Grand Cayman Island. The delicate helictites and heligmites of Moore
(1954), were not found in either the Old Man Bay Village Caves, or the Pirate Caves.

¢ There was, however, one large stal;;cti"t'c in the Old Man Bay Village Caves with a clearly
eccentric form (Plate 1C). This stalactite, over 1.5 min length, displays a marked growth
‘asymmetry towards its termination. The causes of asymmetrical growth are both vanied
and disputed (Bogli, 1980). For the more dcli\catc helictites, capilianty is the generally
accepted controlling factor. For this larger feature however, a process whereby
oversaturated fluids crystallize in.the central canal, and hinder or obgtruct the water
circulation (McGrain. 1942), is more plausible. This process diverts the flow of saturated
fluids, resulting in the uneven precipitation of calcite.
Rimstone

As water, satu‘ratcd with respect Ié calcite flows in a thin layer over dn irregular
surface, the point at which it flows over the irregulah'ty will be an area of increased CO,
degassing. The loss of CO, causes the precipitation of calcite which over a period of ume
constructs a calcite ledge, behind which water is dammed. In certain passages of the Old

“Man Bay Village chs, tens of square metres are covered by massive rimstone deposits«
(Plate 4A). Where the water has cascaded down a steeper gradient, the rimstone terraces
become small crescentic cups (Plate 2F), démonstrating the morphological control exerted

by the fluid flow dynamics. Where the gradient approaches 1:1, there is a clear transition
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from rimstone (iflowstone) to drpstone forms. This combination ot horizontal and verucal
\

~

speleothems (Plate 4A), forms what is commonly descried as a ‘Meduse-dnpstone’

(Bogli, 1980).
Flowstone

Near horizontal, smooth, banded deposits are rare in the Old Man Bay Village Caves.
Most of th::sc deposits have dg\;%lopcd calc-sinter bars and are more correctly described as
i rimstoﬁc deposit. One area of this cave does posses a near vertical flowstone acposit, n
the form of a sinter band (Plate 4D), the result of water flowing at a steep gradient along the
cave wallz This particular speleothem has been damaged, fortunately in this instance, for 1t
provides a view of the colour vanation whicl.l occurs throughout this speleothem.

The best examples of in situ horizontal flowstone are located in the Pirate Caves
(Plate 3G, H and 4B). There, well stratified flowstone fills former solution cut channels,
which are now exposed in the cave wall. The dominant controlling influence upon the h\
morphology of tﬁcsc bodies was probably the surface topography on which the ﬂo*«stonc
'z;plopcd. Where the flowstone has filled a férmer solution conduit, near horizontal
bands of flowstone have develo’pcd which abut against the conduit margin (Plate 4B).
Other flowstone deposits are distinctly curved (Plate 3G), possibly the result of saturated
fluids flowing over a topographic mound, coating it in a thick flowstone deposit (Fig. 5).
Ponding of fluids may have occurred, which precipitated horizontal flowstone around the
mound. This, accompanied with the growth of small vertical speleothems from the roof ot
the cavity, may account for the deposit exposed in the wall of the Pirate caves system (Plate
30).

In addition to the two large cave systems at Boddentown and Old Man Bay village,

v

-

much of the studied flowstone occurs in association wjth numerous joints, fissures and
small karst solution features (Plate 2D). Small exposures of vertical and horizontal
flowstone occur on the walls of prominent joint systems at widely spaced localities,

including Pedro Castle Quarry, Queen's Road, Cayman Kai and Blowholes (Fig. 1).
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Micro
stalactites - '

Bluff Formation

Curved ﬂowslonc' Horizontal flowstone
conforms precipttaied 1n

to the surface | ) a ponded fluid
topography

Figure 5. Genesis of an unusual flowstone body from Piratc Caves, which highlights the

morphological conurol exerted by the topograpy of the hozt dolostone,

Flowstone is rare at High Rock Quarry, although there was one boulder at this
locality which contained well preserved stalacutes (Plate '_’QC). Despite minor differences in
spatial distribution and-abundance, the associations between flowstone and the Bluff
Formation were the same at each locality. Flowstone appears as a deposit on the joint
surface, forming vertical or highly inclined layers of colour banded calcite approximately |
cm to 1.5 cm thick, or as completely filled ‘pockets’ of flowstone (Plate 2D). The common
occurrence of flowstone on the joint surfaces, indicates that these joints probably acted as
interface or subsurface conduits for the passage of groundwater moving through the vadose
;.bne, under gravitational control.

The prcséntly 'pitted’ and irregular morphology of these flowstones, indicates that

they are now in a phase of dissolution. Thus, where the joints once acted as conduits for a

fluid oversaturated with respect to calcite, they are now under the influence of fluids



¢

undersaturated with respect to caleite. The fact that these flowstones are found in
environments where active dissolution of calcite 1s occurring, indicates that at least one
major change in the pore water chemistry, or ‘diagenetic environment’, must have taken

place.

B>DISSOLUTION FEATURES (Speleogens)

Of the two cave systems studied, Pirate Caves (Fig. 1) contains the greatest
abundance of speleogens. The explanation for this lies in the fact that speleogenesis is
essentially a two phase process involving, (1) the formation of the cave system through
dissolution or C?llapsc processes, and (2) the formation of speleothems through
precipitation. At Pirate Caves, speleothems are limited to honzontal flowstone filling
solutional cavities, leaving a cave system that is essentially devoid of stalactites,
stalagmites, drapes or any other vertical speleothems. The original dissolution features are
therefore present t;) this day. Precipitation of speleothems at the Old Man Bay Village
caves, however, has been so great that the initial giissolution features have been totally
masked by later precipitates.

The speleomorphology of the Pirate Caves, suggests that this is a "two cycle” cave
system (Davis, 1930; Swinnerton, ib32; Bogli, 1980 Figs. 14.10. and 14.5 b), involving
at least one phase of phreatic and one phase of vadose dissolution. The prc;minem
'keyhole’ profile of the main cave passage (Plate 3B), is clear evidence of a vadose phase
of dissolution following a period of pl{reatic dissolution. The upper tubular portion
rep‘;rcscms the phreatic phase, while the lower notch represents downcutting under the
influence of gravitational forces in the vadose zone. Being a two cycle cave system, the

speleogens present can be categorized into those which have either a vadose or phreatic

origin.
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Phreatic speleogens

Throughout the cave system, there are numerous ‘ceiling solution pits’ or ‘inverse
solution pockets’ (Plate 3C, D), and 'solution scallops’ (Plate 3B). The origin of the large ‘
inverse solution pockets (Plate 3C), 1s made clear by the lack of vertical solution grooves
on the inside of the pocket. Had there been such grooves then this may have been a
"vadose solution pocket” of Franke (1963); their absence, however, indicates that this
feature formed through ¢ither, (1) the physical erosion of a strong eddying current, or (2)
Mischungskorrosion (Bogli, 1964). Both of these mechanisms require that the passage be
in the phreatic zone at some point in its development. The solution scallops which contour
the ceiling of this cave system (Plates 15B, F), provide corroborative evidence towards a
‘pcriod of phreatic dC\.'/c\lopmcm.

The shape of the phreatic tube is controlled by the fluid pressure gradient, and the
fabric of the substrate through which it cuts (Bogli, 1980). If the host carbonate is
homdécneous, then the tube morphology will be controlled solel)./ by the ﬂuia pressure
gradient. If the substrate possesses any weakness, however, then these will be explotted
and the morphology of the tube akered accordingly. Bedding planes or fault planes are
co'mmon sites of preferred erosion, and can thus control Lhc‘ morphology of the phrcaﬂc
tube. The effects of bedding plane control are not marked on Grand Cayman Island, since
the host carbonate, the Bluff Formation, forms a massive poorly bedded unit. However,
the phreatic tubes from Rirate Caves do show an elliptical form which may indicate a
poorly defined, sub-horizontal bedding plane attitude (Plate 3F).

Vadose speleogens |

The \ﬁ_adosc incision of the Pirate Caves phreatic tube has left a marked down cut
notch, or 'key hole' structure (Plate 3B, F), whﬁh\is perhaps the most prominent vadose
feature. At present, the downcut notch is approximately 1.5 m in depth, however, a later
fill of this notch through either natural or man made influences, may mask the true depth of

this feature. The distinctive stepped appearance of the incisio}NPlatc 3B, F) indicates that



the water table did not fall in one continuous motion, but that there was probably at least
two phases o}\dc‘clinc. R

A large vertical solution shaft (Plate 4C), is also a prominent vadose speleogen of the
Pirate Caves. This shaft, approximately 2.5 m ir: length and 70 cm wide, is formed by
chemically aggressive meteoric water entering through the ceiling ;)f the cave. Thisis a
"vadose Aﬂow feature” of Thrailkill (I‘)ﬁX): '(icmonstrating strong gravitatuonal control upon
the morphology. The prominent enlarged bowl at the base of the shatt probably resulted -
from enhanced dissolution due to the mixing of chc\mjcally dissimilar waters.

An indication of the'fictuating water table in this systcrhis given by the presence of

>

a shaft which has been created between two cave levels during the development of the
lower passage (Plate 4E). NQXithat the system is inactive, the exact origin of the shaftis
unknown. Depending upon the movement of the water table, either a swallow shaft, a
spring shaft or a piezometric shuft could have formcd.t Solution scallops which can he used
to identify the dominant water flow dirccu'or; in the shaf®, were not present. The simplest

explanation, is that water from an upper cave level has cut down to a lower cave level, in

response to a falling water table (i.e. a swallow shaft)

C. SPELEOTHEM DATING,

An important aspect of this study was to try and determine if a specific period of
speleothem deposiﬁon occurred, or if this has been a continual process since the emergg;tcc;
of Grand Cayman Island. It was'therefore necessary to try to date the speleothem | \*}
formations. Three possibilities existed which might be able to date the speleothems, (1)
radiogenic isotopes, (2) growth rates, and (3) field relatic'm‘ships.
Radiogenic Isotopes | ;
‘kGascoync et al. (1978) suggested that , "For precise, reproducible results, by the

20Th/B4U method, only impervious speleothems free of detritus and Contairiing >0.05

ppm Uranium can be used.” They also suggested that the primary source of Uranium and
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Fhorum i the geochemical cyele is the weathering of felsic igncous rocks. The distinet
fack of telsic igneous rocks on, or around Grand Cayman Island., leads to a scarcity of
Urantum in the geochemical cycle. These facts are in agreement with Woodrotfe er af
(19%3), whose attempts to obtain an absolute date from the speleothems via radiogenic
otopes, were unsuccessful due to a lack of Uranium in the samples.
(.’mwth‘ Rates

The establishment of a speleothems age from a comparison of its thickness and rate ot
¢rowth has proved éucccssful in tl;c past (Dreybrodt, 1979: Bogh, 1980). Dreybrodt
(1979) has provided the theoretical details of speleothem growth in sufficient detaid to
cnable a good approximation of active speleothem age to be made. From this theory, it is
apparent that stalagmite growth rates (and by analogy, flowstone growth rates) are
dependant upon g1) the Ca®' concentration of the source waler, (2) the rate of supply (or
drip rate), and (3) the temperature. Unfortunately, none of the above factors can be
measured in an inactive cave ;;ystcm, therefore, if growth rates are going to be employed N

a method of dating these speleothems, the following general assumptions must be made:

(1) from the high degree of permeability observed in the Iiiuff Formation, the rate of . Y
supply (lh.c drip rate) will be high (< 250 seconds).

(2) as part of a tropical karst system, the molar concentration of Ca’'is expected to be
high (Atkinson and Smith, 1976).

(3) for ease of calculation, a temperature of 25 °C is assumed, which corresponds well
with the measured water temperatures in the Old Man Bay Village Caves of between
25 °Cand 23 °C.
Combi;ﬂng the theory of Dreybrodt (1979, Figures 5, 6, and 7, p.101), thc_

assumptions made above, and the fact that some of the largest stalagmites in the Old Man

v

'

Bay Village Caves are approximately 1 m in height , a period of ‘growth of approximately
8,000 years is required. Unfortunately, this figure is very limited in terms of absolute



dating on Grand Cayman Island, for it is not known when speleothem growth ceased. At
the two extremes, this figure Coula place this particular speleothem of middle Miocene age
(shortly aftegfisland emergence occurred), or as recent as 8,000 BP.

When all of the variables between differing localities are considered, including 'drip
rate’, (332+ concentration, and the time of the host cavity formation, the use of growth rates
to establish a 'time frame' for the speleotherns is severely restricted.

Field Relationships

An examination of the flowstones in relation to the surrounding geology, may prove

to be the most informative in terms of acquiring an absolute date for the formation of the ‘

flowstones. -

&

. F .
On Grand Cayman Island, the following important flowstone associations were

observed:

(1) at East End Quarry and Breakers (Fig.1), flowstone is commonly interbedded with
ooid and pisoid grainstones.

(2) some of the pisoid grainstones at East End Quarry, contain small (< 1.5 cm) angular
clasts of l;lminatcd flowstone.

(3) at Blowholes, flowstone is common in the prominent joint ;ybstcm. These flowstones
are nearly always followed by a distinct generation of breccia.

(4) although the Bluff Formation has been éomplctely dolomitzed, the original calcite
mineralogy of the speleothems remains intact.

The importance of the first two points becomes apparent in light of the fact that the
presence of pisoids or ooids, has only been documented from the Pleistocene hera of Grand
- Cayman Island (Brunt et al., 1983). To date, neither the earlier Oligocene-Miocene Bluff
Formation, nor the recent sediments of the Grand Cayman lagoons, have shown any
~ presence of ooids. Consequently, the presence of interbedded flowstone and ooids,

suggests that a dominant phase of flowstone precipitation occurred during the Pleistocene.
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The presence of ﬂowsténc clasts in the ood fills, tfurther suggests that the tlowstone was
present prior to the onset of ooid formation.

At Blowholes, flowstone commonly appears as the first deposit on the joint surface,
forming layers approximately 1 cm to § cm in thickness. These are followed by muluple
gcncr‘aﬁlms of breccia, including an angular dolostone breccia with a red terra rosa matrix.
and a breccia containing clasts of flowstone. The latter cicarly post-dates at least one phase
of flowstone formation, but its relation with the dolostone breccia is unknown. Many of
the joint fill breccias are only semi-lithified, and are assumed to be of very recent
formation. This complex pattern of cavity and joint fills is thought to be the result of
cphtinued erosion and brecciation via the process of wave activity. As erosion of the wave
cut platform continues, pockets of flowstone or flowstone deposited on the wall of the
joints become uncovered. The flowstone is then brecciated in the on-gc;ing process and
deposited in the prominent joint sets. The association of flowstone with these breccias,
indicates that the active formation of flowstone has now ceased at this locality, and is now
in ,a destructive phase. ‘

The precipitation of the speleothems can also be placed in a relative time frafhe
alongside the process of dolomitization. Thefact that all of the speleothems retain a calcite
mineralogy, whereas the host carbonate has been completely dolomitized, indicates that
speleothem precipitation was a post-dolomitization event. Pleydell (1987) suggested that
dolomitization on Grand Cayman Island occurred as a ‘mixing zone phengmena’, either
contemporaneous with, or shortly after island emergence. Th:: theory of early
dolomitization does not significantly reduce the time span§uring which the speleothems
could have been precipitated. Consequently, as a method o solute dating, the
relationship between do'l%;mitization and spcleothcm precipitation provides poor resolution.

In summary, the field relationships do not provide an absolute age for any of the

speleothems on Grand Cayman Island. They do, however, suggest that a productive phusé
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ot lowstone deposttion occurred during the Plenstocene penod, one which has not been

umlxmu‘ff‘lhnmgh to the present day

£

D. A SPELEOGENETIC MODEL FOR GRAND CAYMAN ISLAND
Howard (196 3), stated that, "..a universaly applicable otigin of caves 1s umpossible,

unless one speaks 1 the vaguest and most nconsequential terms.” When restigted toa

hited peographical area however, an understanding of some of the basic principles

mvolved and the controls that they exert upon dissolution and precipitation, can provide a

toundanon upon which to build an acceptable l'nodc‘l of speleogenesis. Heeding the words

of Howard (1963), a speleogenetic model for the Cayman Islands 1s proposed. kccpmé n

mind the probleghs inherent with broad genetic speleological classificanons.

The fesures present in the Pirate Caves system forms the basis of the argument for
the overiding speleogenetic control on Grand Cayman Island. The :xssuhlpuon that the
mode of formation for this cave system is applicable to the whole island. 1s valid since:

(1) the limited gcographical area of the 1sland and the separation of the cave systems, is

small enough in comparison with the proposed sea level fluctuations as to be

negligible.

(2) there is no evidence to suggest that the island has undergone differential tectonic
activity, which might alter the’water table position on different parts of the island.
After initial cave formasion, which was probably in the phreatic zone, the Pirate

Caves system began a phase of development in the vadose zone, where horizontal layers ot

flowstone began to fill the cave passages (Plates 3G, 3H and 4B). An important feature in

deciphering the evolution of this cave system is the presence of this flowstone exposed in
the walls of the Pir% Caycs (Plate 4B). "These exposures demonstrate how the present ‘
cave passage has cuta pmf;cxisting passage in which flowstone had already been  «
prccipitatcd. A prominent phase of dissolution must therefore have followed a phase of

precipitation. The similar occurrence of exposed and eroded flowstone in an inverse L]
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solution pocket (Plate 3O, turther indhcates that this Laer phase ot dissolution must have
been in the phreatic zone at some pomnt. In summuary, it appears that the Prrate Caves
svstem, has undergone speleogenesis of a cveheal nature, with both vadose and phreanc
teatures apparently overprinting cach other. )

Palmer (1984) noted that a common tlaw in the analysis of cave onigins s the
uusinterpretation of the effects ot seasonal or short term tluctuations of groundwater tiow
Many cave systems record the passage of ephemeral phreauc events, where tor example
durning periods of high ‘run-oft”, vadose passages become temporary phreanc tubes
developing all the associated speleogens. In view of this, an alternauve theory is advanced
to explain the presence of phreatic speleogens in the Pirate Caves. These speleogens may
be the result’of fluctuations 1n the intlux of meteone water. which | dunng periods ot
‘tlood" may fill the solution cavities, producing an ephemeral phreatic regime. This mode
of formation suggests that the speleogens are in no way related to the permanent posituon ol
the water table. The applicability of this theory to the Pirate Caves system can be
discounted, since the main phreatic tube would require a minimum of 650 cubic metres ot
water simply to fill it. Based upon rainfall data for Grand Cayman Island (Hsi et al
1972), the hydrological catchment area 1s not C\:qublc of supplying such a quantty of
water. If the present meteorological data are a rcﬂectio;l of condiuons 1n the past, then 1ty
suggested that phreatic conditions were not due to ephemeral meteonc fluctuations, but t 4
rise in relative sea level, which raised the water table to such an extent that the Pirate Caves
became part of a permanent marine, or ‘mixed water’ phreatic zone.

Independent evidence for global fluctuations in sea level during this peniod 1s
presented in Vail and Hardenbol (1979) and Hallam (1984), while more specific evidence
for a fluctuations in sea level on Grand Cayman Island, is prcscnte(fi?l the form of
numerous marine erosional terraces above abd below present day sea level (Rigby and

Roberts, 1976; Emery, 1981; Woodroffe er al,, 1983). Emery (1981) suggested that six

marine terraces could be recognized on the south side of Grand Cayman Island, close to the



RS

Y
\

location of Pirate Caves,at 2,4, 60,8, 1L and 1S metres above sea level, While the validiny
of the higher two terraces s debatable (Woodrofte ¢ral . 1983), the presence of a wave cut
notch (Plate 4E), at approximately 6 m above present day sea level is clear evidence ot a
considerable nise in relative sea level in the past. Two wave cut notches are also found at
20 metres and 150 metres below the present day sea level (B. Jones pers. comm., [987),
suggesting that some of the caves on Grand Cayman Island may once have been 20 or 150
metres above sea level Ttis interesting to speculate on the effects this could have had on
the climate of the Island. One argument might be that such a substantial relief could hav
created an increase in orographic raintall, which cvénmally led to the precipitanon of tfe
speleothems. Although this provides an answer to many questions, an INCrease in
orographic rainfall 1s unlikely considering the limited areal extent of Grand Cayman Island.

Fluctuations t sea level could have profourlud impli(itions upon the speleogenesis ot
Pirate Caves, and for Grand Cayman Island in general\As the sea level rises, the
aggressive' transition zone which exists between the meteoric and marnine bodies ot water,
will rise accordingly. It has been well documented, that the mixing of chcrrﬂcally‘dissimilnr
bodies of water, which occurs in the mixing zone, can lead io the exténsivc dissolution of
carbonates (eg. Runnels, 1969; Plummer, 1975; Plummer er al., 1976, 1979; Bogli, 1980:
Hanshaw and Back, 1980a, 1980b; Palmer, 1984; B:;ck etal., 1986). The theoretical
details of the dissolution geochemistry are dealt with at the outset, so as io provide a
foundation upon which to further advance the éayman speleogenetic model.
Carbonate Dissolution Geochemistry

In any carbonate terrain, the process of speleogenesis and the presence of
speleothems is dependant upon a series of complex dissolution and precipitation reactions
(Krauskopf, 1967; Stumm and Morgan, 1970; Bogli, 1980). To demonstrate these
reactions, and the controls they exert upon speleogenesis, the simplest of carbonate

systems (CaCO; - H,0 - CO,) is considered first.



Calcium carbonate dissolution and precipitation s summarized by,

CO, + H,O + CaCOy & Ca®t + 2HCO, (1.0

This equation (1.0) 1510 fact five separate equlibnum reactions, all of which can be

treated as a separate entity, but never in total 1solatdn from one another.

COye = COsap (11
COay + Hy0 & H,CO, (1.2)
H,COy & H' + HCO, (13)
HCO, & H' + COY, (14)
CaCO, & Ca®t+ COJ ~ (15)

~ Five equilibrium constants determine the rate at which these reactions proceed, cach

constant being dependant upon temperature ar_xd pressure (Bathurst, 1975).
PCO, is a very important variable (1.1), which determines the rate at which r.cuclmn

(1.0) proceeds. The ani‘(;unt of dissolved CO2 (CQy,)) will be dependant upon the imtial
CO, concentration of the water and the extent to which. this CO; can be replenished by
exchange with the gas phase (COy,). A system which is unable (o exchange with the gas
phase is said to be "closed”, and the amount of CaCO; that can be dissolved is limited by a
finite source of CO; . If the system can exchange with the gas phase, then PCO, will
remnain constant; resulting in a greater amount of CaCb3 dissolved.
/\'he vadose speleogenetic processes on Grand Caym.:;n Isiand will have occurrad n
an open system. For the phreatic speleogenetic précessés, it would be natural to assume a
closed system, this, however, may prove to be incorrect. Holland et al. (1964), Back et al.
(1970), and Langmuir (1971) dcmc;nstratcd that despite being confined, mdny limestone

aquifers maintain CO, exchange with the atmosphere for considerable distances. Active

-



dissolution can theretore occur in the phreatic zone, allowing speleogenesis to conunue
/

below the water table.

The natural system: The assumpuon that karst terrain and assoctated caves on
Grand Cayman Island are developing in the system (CaCOy - H,O - CO;,) s, however. tar
too simplistic. First, the host carbonate the Bluff Formation is not a limestone but a
dolostone. Although the dissolution of dolomite is analogous to that of calcite (Drever,
1982) the rates are muci; slower. \ri’hitc (1984) made a comparatve study of karst
denudation rates in both limestone and dolostone terrains. An important cqnclusmn of his
study, based on research by Busenberg and Plummer (1982), was that as groundwater
approaches saturation with respect to dolormite, the dissolution rate becomes immeasurably
small. Consequently, meteoric waters can infiltrate into a dolostone terrain, and travel
extensive distances through the fracture system before attaining equilibrium. The rapid
decline in the dissolution rate as the saturation index approaches -2 (Fig. 6), will slow

down the rate of karst denudation on Grand Cayman Island.
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Figure 6. Dissolution rates of dolomite as a function of the saturation index (SIp). After White

(1984).



Second, 1t 15 unreasonable to assume that the composition ot the groundwater remanns
constant. The small groundwater system on Grand Cavman Island 15 v a constant state ol
dynamic equilibrium with underlying manne waters, causing many of the groundwaters
characteristics eg. 1onic strength and PCO, to vary on a diurnal basis (Ng, 1985). Bogh
(1964) in developing his theory of Mischungskorrosion, recognized the importance of the
mixing of two diss.imilur bodies of water. He demonstrated that when two bodies o water
of dissimilar PCO, are mixed, the resulting fluid (Fig. 7) 1s comﬁmnly one which is

undersaturated with respect to calcite (i.e. an "aggressive” water) .
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Figure 7. The theory of Mischungskorrosion: When two dissimilar bodics of water (W1, W2), /
saturated with respect to calcite are mixed o a ratio of 1:1, the resulting water (A) will be

undersaturated with respect to calcite. Water "A’ requires only 23 ppm CO; at equilibrium,

therefore, there is an excess CO, (A-C). The excess CO;, will result in the additional

dissolution of 65 ppm calcite. After Bogli (1980).



The lhcory‘of Mixclmngs:orrosinn can be expanded beyond simply CO»
considerations, to include the effects of many independent vanables. Runnels (1969),
suggested that, " the solubility of rock forming minerals is a non-hnear function of such
independent variables as salinity, partial pressure of gases, temperature...” Thus, the
system "PCO, - CaCO1" is only one in which (;IC non-linear function of the solubility curve
allows Mischungskorrosion to occur. An equally viable scenario for mixing corrosion
results in the mixing of two bodies of water, where it is not the differing PCO,, but the

‘diffcring salinities which 1s the cri[-ical factor (Plummer, 1975).

The effect of mixing two bodies of water of differing salinities, 1s best illustrated if
the groundwater composition is first reduced to a very simple chemical composition, H,0 -
Ca®* - CO%’. If this groundwater were mixed with a fluid of similar composition, then the
increased Ca’*and CO%’ ion concentration product will drive reaction (1.0) toward the
precipitation of calcite. If, on the other hand, an 'uncommon ion'’ is supplied as for
example with the influx of sea water (Na“, Cl'), then the "Shielding Effect” (Picknett,
1977) will cause an increase in solubility, driving reaction (1.0) to dissolution. Shielding
is the result of each ion attracting a cluster of opposingly charged igns. The resultng
electrochemical shield is enough to prevent the Ca’* and CO? ions coming together and
forming the precipitate CaCOs; the solution is effectively undersaturated. This apparent
increase in the solubility is approximately proportional to the concentration of the electrolyte

" eadded (Krauskopf, 1967).

"The molar concentration of ionic species, or the Ion Concentration Prq\duct (ICP),
provides a good approximation of the solubility of the solution, but does not take into
account the important effect of the charge of the ionic species in solution. The abundance
of mutivalent ions in sea water can have a profound effect upon the dissolution and
precipitation rates, the rate of change of mineral solubility being a function of the change in

ionic strength (Plummer, 1975). This effect can be given'a quantitative value by measuring

the ionic strength of the solution, and the actiyity of a specific ion;’or ion pair.

\I



The activity of an 1on can be thought ot as s effective concentration in solunon. The

acuvity of an 1on is determined by the tollowing relationship (Drever, 1982):

Where:

,

(2.0)

a, = Activity of an 1on

m; = Molar concentration of an 10

v, = Activity coetficient of an 1on ,’

/
As the molar concentration of dissolved 1onic species approaches zero, the activity

coetficient will approach one. Consequently, l; groundwater with a low molar

concentration of dissolved ionic species, the apparent and actual concentration of 1ons 1s

very similar. If, however, sea water is mixed with the groundwater, then v, will become

. - . - 2 e
less than one (Plummer, 1975). The effective concentration of Ca”"and ( 07 15 now

N

reduced, leading tg(an apparent undersaturation (Fig. 8), and the dissoluton of limestone.
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Figure 8. Changes in the saturation index of calcite as a function of varying pH and percent

seawater, as demonstrated by the mixing of seawater with a carbonate grounwater. After

Plummer (1975).
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The degree of undersaturation can be very large, for example, ationic strengths as
low as ()'.'4; l@cﬁ‘cctivc concentration of Ca’'and (,‘()i is reduced to 74 % of their
actual concentration (Krauskopf, 1967). The net result 1s the rapid dissolution of linestone
in the ‘muxing zonc;, which could greatly enhance the process of speleogenesis.

Plummer (1975) expanded these basic principles and concluded that the amount of
undersaturation which occurs as a result of the mixing of seawater and carbonate
groundwater, is a function of Pco,, temperature, 10onic strength, saturation index (€2), and
the pH of the end member solutions prior to mixing. Calculation based upon the mixing of

. :
both artifieial and natural solutions from Florida and the Yucatan Peninsula, indicate that
the mixing of high ionic strength, low PCO;, saline waters with near saturated, low
temperature, high Pco, carbonate groundwater, favours the formation of increased porosity
and pcrmcabiliéy. Succinctly, the mixing of marine and carbonate groundwaters will

B

commonly lead to the formation of a geochemical environment which favours the formation
of deep coastal phreatic caves.
Developing dle speleogenetic model

The development of phreatic solution conduits on Grand Cayman Islgnd, is probably
the direct result of increased chemically aggressive water occurring at the interface between
a fresh \;vfater lens and a relative highstand in saline water (Fig. 9). Fresh water migrates
from the interior of the island to its margins, where it mixes with saline fluids creating an
‘aggressive' zone of active dissolution in the phreatic regime. The presence of some of the
phreatic conduits above the present day water table (eg. Pirate Cavcs), may be related to a
similar situation recorded by Myl?e (1984) on the Bahamas. He documented the presence
of many abandoned solution cavities exposed at approximately 6 m above present day sea
level, and described these caves as, "... classic phreatic tubular conduits that exhibit later
vadose iggision features.” The Bahaman éxamplcs contain relatively few collapse features,

asdo d e Pirate Caves, and botx\ contain well developed speleogens, including ceiling 9

pockets.
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Palmer (1986), noted the significance of lhc; halochne, or the tr;msi(i'on zone between
the freshwater lens and the underlying sea water, as a mechanism for controlling the
sgclcogcncsis beneath Andros island. Palmer (1984) alm; suggested that this zone of

“Yaggressive water might be responsible for the predominance of fossil kens based c;llvcx,
which, "...prcsjumably represent Plcismc(e;lc custatic sull stands. " on the island ot North
Andros.

A similar scenano was probably responsible for the regional pattern of speleogenesis
on the Cayman Islands. Mixing corrosion, which occurs at the base of a fresh water lens,
in the trzmsi\tion zone between the marine phreatic and the meteonc phreatic zones,
produced a senies of lens base phreatic tubes (Fig. 9). In response to eustatic changes,
vertical tectonic movement, or a combination of both, large scale movements of this
transition zone occurred. In effect, as sea level rose so the lens base and the transition zone
rose, and a new series of phreatic tubes developed stratigraphically higher in the formation,
leaving the former cavities as deep coastal phreatic caves. Pirate Caves is one example of
phreatic system developed duning a sea level 'high stand’, producing caves which are now
above the present da;?ca level. Finally, as the cycle completes itself, the sea level declines

x : /
and phreatic cave systems are left ‘perched’ in the meteoric phreatic and the meteoric \
vadose zones. Itis in these perched cave systems that the cyclical dcvclopmcn['of' phreauc
speleogens overprinted by vadose speleogens, and vice-versa, commonly'occurs. In this

manner, eustasy, and/or tectonic activity can be seen to control the regional pattern of

speleogenesis on Grand Cayman Island.
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Figure 9. Summary diagram to illustrate the regional speleogenetic controls on Grand Cayman
Island. The three diagrams represent a chronological sequence, during which the Caribbean sea
~ level rises (2), and then falls (3). Four hydrological zones are represented on each diagra}n, A=
Meteoric vadose, B.= Meteoric phreatic, C = Mixed water phreatic, and D = Marine phreatic.
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E. DISCUSSION

The model proposed for the regional speleogenetic control on Grand Caymin Island
appears to correlate well with the observed cave localities. Locally, however, there appear
to be more subte controls acting upon speleogenesis and in particular on the formation ot
speleothems. The abundance of speleothems in the Old Man Bay Village Caves, and the
paucity of speleothems in the Pirate Caves, raises the question of (1) what is the source of
the calcite saturated fluid which precipitated the speleothems at the Old Man Bay Village
Caves, and secondly, why do the Pirgte Caves %)t posses the same density of speleothems
[t 1s possible that a local lithological control may be superimpased upon the larger regional
model for speleogenesis.

Source of the CaCQ5: There are a number of equally viable posstbilities to
account for the presence of the oversaturated groundwater in the Old Man Bay Village
Caves. A lack of evidence from the presently inactive cave system doc§ not permit an
individual cause to be singled out, the possibilities are nevertheless explored.

In the Old Man Bay Cave system, most of the easily accessible caverns with a dense

speleothem growth, are no more than 5 m below the present surface. Consequently, all of

2 2. : : .
the necessary Ca”" and COj ions, have to come from the dissolution of no more than 5 m
!

4

of overlying dolostone.

To calculate thc density of speleothems, and relate this to the amount of dolostone
dissolution and its potental for providing the necessary Ca’*and COg' is not a realistic
proposition. Such a calculation could easily be an order of magnitude in error, and would
serve only to confuse rather than clarify. If there is any uncertainty as to the ability of the
present overlying dolostone to create the necessary oversaturated ﬂuid,1thcn it is feasible to
suggest that the thickness of the Bluff-Formation aone the caves, was gkcatcr at the time of
speleothem deposiu'on.\’[his is quite possible, since from the time of emergence (middle .

Miocene), an indeterminate amount of the Bluff Formation will have been removed through

erosion.



There is an alternative scenario which involves the Pleistocene Ironshore Formation.

t

This formation, which unconformably oVéflics the Bluff Formation (Fig. 3), 1s essentially
\y '

a limestone containing much unstable biogenic CaCOs, which could have acted as a ‘source
rock’ for the necessary Caz+and CO%‘ tons. It is quite possible that Pleistocene sea level
fluctuations were such that the Ironshore Formation was deposited above the Old Man Bay
Village Caves. In this situation, percolating meteoric waters would first have to pass
through the Ironshore Formation, where much of the metastable aragonite and high
magnesium calcite would be placed into solution. This fluid, which rapidly became
oversaturated with respect to calcite, then precipitated the speleothems in the cave system

already developed below.

Unfortunately, neither the increased thickness of the \\Bluff Fom:\atzon, nor the
presence of the overlying Ironshore Formation, could be cxpéc;cd to be locality specific.
Therefore, a further explanation for the dichotomy observed betv\§'¢cn the Old Man Bay
Village C;vcs and the Pirate Caves i1s sought. Perhaps the regional‘\spcleogcncx\/ic control of
sea level fluctuation, has created the dissimilarities between the two caye systems.: The

\

evidence in the Pirate Caves is quite clear, in that a phreatic phase of disgolution, fgﬂowcd

a period of speleothem precipitation in the vadose zone. This phase of diss\\of‘ution, the
result of a rise in sea level, may have removed all of the vertical and many of &;: horizorhal
speleothems in the Pirate Caves. If this later phase of dissolution did not extend to the Old «

Man Bay Village Caves, which are at a higher elevation, then it is conceivable that the

Pirate Caves may at one time have been very similar to the Old Man Bay Village Caves.

&



VI. PETROGRAPHY OF CAYMANIAN SPELEOTHEMS
AL/\}INTRODUCTI()N

The speleothemic calcite of Grand Cayman Island includes a complex array of
megascopic and microscopic morphologies (Plates 5 and 6), the result of an equally
complex interaction between physical, chemical and biological factors. Accordingly, the
petrography of the Caymanian speleothems is approached from two viewpoints, (1)
speleothemic features which are of an abiogenic origin, and which have been controlled by
physical and chemical p'aramctcrs, and (2) speleothemic features which are related in some
manner to biogenic processes. ‘

The precipitation of calcite speleothems is typically regarded as an abiogenic process,
involving cave waters oversaturated with respect to calcite (Moore, 1962; Thrailkill, 1976;
Kendall and Broughton, 1978). Varation in the morphology of constituent calcite crystals,
is commonly attributed solely to the fluctuation of chemical and physical parameters (Katz,
1973; Folk, 1974; Lahann, 1978; Dreybrodt, 1979; Mucci and Morse, 1983; Given and
Wilkinson, 1985). However, the presence of algae, fungi and bactena in snany caves,
indicates that the speleologic environment is not abiogenic (Claus, 1955; Caumartin, 1963;
Mason-Williams, 1969; Lefeure and Laporte, 1969; Cox, 1977; Draganov, 1977). The
role that such microorganisms might play in determining the crystalline stmcturé of
speleothems, has been highlighted by recent studies which demonstrate the role that
bacteria play in the formation of travertines (Chafetz and Meredith, 1983; Chafetz and Folk,
1984; Folk er al., 1985; Chafetz, 1986). Similarly, Jones and Motyka (1987) have
demonstrated how the distinct morphology and composition of some Caymanian stalactites

may be attributed to the presence of algae and bacteria.

——
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B. NOMENCLATURE
Calcate erystals, as seen i petrographic thinsection, are commonly descnibed as
) ”

being bladed, acicular, columnar, pahisade, needles and fibrous (Folk, 1965 Fricdman,
1965; Kendall and Broughton, 1978; Braithwaite, 1979). Unfortunately, these terms have
commonly been used synonymously, and without reference to any specitic dumensions.

Son)é of the crystallographic and morphologic descriptions applied to calette crystals
have been sufficiently well defined such that reference to the onginal description provides
ample morphologic and crystallographic informauon. For example, with caretul
petrography, ‘fasicular-optic’ (Kendall, 1977), 'radial fibrous’ and ‘radiaxial fibrous’

(Bathurst, 1959, 1975; Kendall and Tucker, 1973) should be readily identifiable. These

terms, however, apply to crystals with very distinct crystallographic features. Commonly,

a crystal will not fit into such a 'pigeon hole’ classification, at which point a more
tundamental building block of description is required.

Friedman (1965) suggested that the dcscri[‘)tion of the single crystal should be based
upon terminology founded in igneous petrology. Crystallization textures are assigned the
familiar terms of anhedral, subhedral and euhedral. While this classification is useful, it
commonly requires further enhancement to fully convey an image of the crystal being
described.

Folk (1965), established a four fold classification based upon the crystals origin,

shape, size and foundation. He stated that "...seen in thin section there are two endpoints:

either the calcite is equidimensional or it is fibrous.” An intermediate group he named
bladed "...for lack of a better word.” To delineate these three end members he assigned
cach a specific length:width ratio (Table 1).

Kendall and Broughton (1978) established a rigid set of cnitena for the terms
columnar ahd acicular. Thc): defined columnar crystals as being, "...elongate but wider

than 10 um...", and acicular és "...(markedly elongate and pointed) crystals that are less

than 10 um wide."” (Table 1). Their use of the term columnar to dcscribe crystals observed
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in two dimensions 1s somewhat misleading, as three /dlmcnsmn.\ are implicit i the term,
Consequently, observation ot these crvstals on the Sim can lead to some
msunderstanding,

Kendall and Broughton (1978) separated the terms fibrous. spheruline and palisade
from the unit crystal descnipuions, suggesting that they be used only as tabric descriptions.
Their use of the term tabnc, to describe the mutual relationships which exists between more
than one crystal, i1s consistent with that of Friedman (1965), who reterred to these as
crvstallization fabrics. The terms fibrous, spherulitic and palisade should always be
employed as tabric descriptions, where (1) fibrous describes closely packed acicular
crystals, (2) spherulitic descnbes radiating closely packed acicular crystals (if the crystals in
the spherule are > 10 um wide, the fabnc 1s terme\d radiaang columnar), and (3) palisade
descnbes a group of closely spaced, elongate cry#éa{s > 10 um wide, that are aligned
parallel to each other.

Descriptions of the unit crystal morphology, are commonly based on the appearance
of lh:‘: crystal in cross polanzed light. For example, planar faces, crystal width and crystal
terrmunations are all more readily identifiable in this way. This method, however, relies on

the assumpuaon that each distinct zone of extinction represents a unit crystal. This

assumption is commonly invalid, for in many crystals the presence of unusual or uniform
~

extinction patterns is-duc to the prcscncé\of subcrystals which result from crystal
subdivision.

In relation to speleothemic calcite, a subcrystal can be created by (1) the emplacement
of a lattice discordance in the growing crystal, or (2) through the deposition of material on
the growing crystal surface, such that growth of discrete crystallite faces occurs.
Following Kendall and Broughton (1978), the term subcrystal is employed for the former,
while the latter is described as a syntaxial overgrqwth crystallite.

In addition to the more commonly observed drystal habits, calcite crystals in the

—

Caymanian speleothems also disfrkiyed either a trigonal or an asymmetrical morphology.
e
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Trigonal calcite crystals have previously been documented from (1) tresh water lacustnne
environments (Binkley eral.. 1980), (2) spelean environments (Kendall and Broughton,
1978), (3) surfac; springs (Braithwaite, 19798; Schreiber ef al . 1981, (4) pedologic
zones (Chafetz er af.. 19859), and (5) shallow manne environments (Given and Wilkinson,
1984). Asymmetnical crystal morphology has not recerved a great deal ot attenton,

although Kendall (1985) has bnefly discussed their genesis.

C. ABIOGENIC CALCITE

Inclusion Patterns and Growth Banding

\

bands of inclusion and organic rich calcite (Plate 7C, D, E, F, ). These disunct bands ot

A very common feature throughout the speleothems of Grand Cayman Island, are

calctte range from 150 um widc> (Plate 7D) to 5 um wide (Plate 7 G, H).
Characteristically, they will define former crystal faces, presenting a lasting record of how
the morphology of the crystal has changed over ime (Plate 8C). In view of this, the
inclusion patterns are commonly referred to as growth banding.

To simplify the description of the Caymanian growth bands, the classification system
defined by Kendall and Broughton (1978) is used. This classification systemn (Table 2)
defines six types of growth banding (_[%'pc V1is omitted from the table, being inclusion
free calcite), based upon whether or not (1) the growth band defines a former crystal face,
and (2) the individual inclusions can be resolved with (hc'petrographic microscope. -

Sample 728c displays a series of growth bands (Plate 7C) developed in small
crystallites which have coalesced to form a large (2 mm) crystal (Plate 7C). Close
examination of the growth bands (Plate 7E), shows that most of the constm'xcm inclusions

are too small to be resolved. According to Kendall and Broughton (1978), this type of

growth banding is described as being a "type II".
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INCLUSION PATTERN SHAPE COMPOSITION

Smooth Rings Lincar inclusions
Smooth Rings Pscudopleochroic
calcite
I
Defines former calcite Pscudopleochrotc
crystal faces calcite
Defines former calcite Linear inclusions
crystal faces :

Thich, inclusion rich
growth layers

gl "'!"' |
v ‘\\|5l| :"1 'n\.\)”\?

Table 2. Growth bands (types I 1o V) as classified by Kendall and Broughton (1978), can be

recognized by their overall shape and the nature of the constituent inclusions



Sample EEQ 726, a stalactite. shows an unusual pattern of type 11 growth bands
(Plate 9B) in which the growth of sucessive layers of calcite appear to form in (iil“t‘crc;ll
orientations. This distinctive fabnc is probably the result of varving tluid tlow rates over
the extenior of the stalactite. These growth bands have a pseudo-pleochroic colour scheme,
varying frmxl brown to light brown, depending on the onentation of the thin section. This
pseudo-pleochroic nature may be due to the wide separation of the two refractive indices in
the consttuent calcite.

The morphology of growth banding does not always remain constant throughout a
singlé growth phase. Transitions from rhombohedral to rounded (Plate 8C), and tlat to
rhombohedral (Plate 9YC) growth bands are common. The flat growth bands, which
develop at right angles to the crystal c-axis, contain inclusion which can be resolved.
Although not strictly a type IV growth band, it is a modification of this form, herein termed
a "linear type 4 growth band”. -

In sample EEQ 728c there 1s the type V growth band, which is in etfect a broad zone
of inclusiorkrich calcite. This zone of type V inclusion nich calcite (approximately Imm
wide), is juxtaposed with a zone of type VI inclusion free calcite. The transition from
inclusion poor to inclusion rich can be very abrupt. Inclusion nich calcite may follow a
crystal growth disconformity (Plate 7A), or it may succeed well developed, inclusion tree
palisade calcite (Plate 7B).

Inclusions: The constituent elements of a growth band are the inclusions in the
calcite. Individual inclusions can be resolved in type I, IV and V growth bands with the
petrographic microscope. In the Caymanian speleothems these inclusions are commonly
inclined at a slight angle to the former crystal faces which are defined by type III growth
bands (Plate 7G, H). The orientation of these inclusions appears to be parallel to the
principal growth direction (c-axis) of the host crystal. Examination of the inclusions on the

SEM, shows that many of the inclusions are needle or spindle-like in shape (Plate 8D),
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approximately 50 um long and 5 pum to 10 um wide. Many have a disunctve elliptical
opening about half way along their length (Plate 8D).

SEM examination shows that the lack of inclusions observed in type Il and type 3
growth bands, is not a question of being able to resolve these features. A considerable
amount of growtﬁ banding is the result of detrital organics and sub-micron sized calcite
crystals being deposited upon crystallographic faces (Plate 8F, G). Commonly, etching in
dilute HCI prior to SEM examination removes the organic material and many of the growth
bands then appear as voids defining former crystal faccg (Plate 8H).

Interpretation: Growth of a crystal begins with the 'seeding’ of numerous small
overgrowth crystallites. Since each crystallite posses the same parent crystal, each of them
will possess near identical lattice continuity.. This crystallographic similarity, enables each
of them to laterally coalesce with its neighbour as growth proceeds. Intercrystalline void
space, present at the initial seeding, may be totally removed by coalescence resulting in
inclusion free calcite. Alternatively, if lateral coalescence is less than dbmplete, then as the
growth front advances beyond them, fluid or organic (mpurities present at the time may
becpme &appcd between the crystallites, resulting in an inclusion rich calcite. The
ellipacal openings that occur in many of these {nclusions, may represent (1) a fluid escape
structure, either liquid or gaseous, or (2) an inclusion bifurcation followed by a re-
coalescence, and continued growth as a single inclusion. Conclusive evidence for either is
not apparent. Although rare inclusions do bifurcate in the direction of growth, the angle of
divergence is approximately 30°, and there does not appear to be any sign of re-
coalescence.

Asymmetrical Crystals
Examination of spelco.t‘hcmic calcite from Cayman Brac (sample 1252), shows an unusual
growth form that is characterized by a mottled or patchy extinction pattern (Plate 10E).
Closer scrutiny of the crystals (lPlatc 10F) shows the prcserice of sheaths of columnar

v

calcite with distinct curved crystal boundaries. The degree of curvature is approximately

LN

%



40° 1o 45° (Fig. 10). The mottled optical extinction, charactenistic of this erystal form, may
have resulted from crystal growth ;1$ynlxllc(ry. Imually, the c-axis of cach crystal 18
orientated normal to the substrate (Fig. 10). As ume progressed however, the principal axis
of growth deviated from a normal orientation becoming farther inclined as growth

proceeded

maximum

cxtinction

Patchy

. cextinction N
Position of
polanser and
analizer

100 um

Figure 10. Growth asymmetry and the resulting curvature of the crystals leads to the development

of a characteristic ‘'mottled’ optical extinction pattern.

In order to explain the propagation and growth of these asymmetrical crystals,
attention must be focussed upon small crystallites (Maleev, 1972; Kendall, 1985). As the
crystallites grow up from the substrate, their direction of growth is partly controlled by the
forces exerted by neighbouring crystallites. If there is a differential rate of growth across
the growing surface, then some crystallites will overtake their slower neighbours. The
trystal with the fastest rate of growth, will deflect laterally to partially occupy the free space
generated above the slower crystallite (Fig. 11). If the crystallites further subdivide (Fig.
11), then those growing away from the slow rate of growth, wili be truncated by their

2

- faster growing neighbours. This process naturally selects for those crystallites progressing
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towards the slow rate of growth, further promoting the overall asymmetry of the crystal as

a whole (Kendall, 1985).

Growth asymmetry towards
slower crystallite growth

Crystallites

‘CRYSTALLITE
Faster A
<— Faster G OwTHRATE SlOWer —®

Figure 11. Differential rates of crystal growth can account for the marked asymmetry of the crystal

morphology of the speleothemic calcite crystals. After Kendall (1985).

\
Crystal Junctions

When viewed with crossed nicols, a common featurc: of the coarse columnar calcite
are the interpenetrant margins with digitate processes extending in the direction of growth
(Plate 10G, H). This "ragged" intercrystalline boundary, can be explained in terms of
variable crystallite c-axis orientatons. Overgrowth crystallites will base their ¢c-axis
orientations upon either, (1) lattice iﬁformation attained from the ‘parent’ or master crystal
upon which they are seeded, or (2) their own inherent lattice information. If the surface
upon which the crystallites are sccdcd is flat, then the preferred orientation of the crystallite
optic axis will match that of the 'parent’ crystal (Fig. 12). However, if the 'parent’ crystal
has a curved growth surface, then the preferred\oriemation of the crystallite optic axes will
not match that of the 'parent’ crystal (Fig. 12)’. To resolve this problem of incompatible
lattice information, the crystallite will compromise its own c-axis orientation, wﬁith that of

the 'parent’ crystal. The result is the further subdivision of the crystallites, and the

appearanée of ragged, interpenetrant crystal margins (Plate 10G).
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_ Figure 12. Ornentauon of the overgrowth crystallites s strongly dependant on the crystallograptue
]
! lattice information derived from the ‘parent’ (or substrate). Overgrowth crystallites developed on

a crystal termination (A) tend to parallel the parent c-axis, while overgrowth crystallites

developed on an organic body (B) tend to grow normal to the substrate.

A detailed SEM examination of the relationship between the parent crystal and the
crystallites, shows that if a crystallite is seeded upon a well defined crystallographic face
(Plate 11B), the parent crystal lattice information is doﬁ_nmt. The crystallites do not grow
normal to the growth surface as suggested by Broughton (1977), but instead show a s'tmng
tendency to parallel the growth of the parent c-axis. Any apparent divergence of the
crystallites, 1s probably due to their di;tal expansion. By comparison, v:/hcn crystallites are
seeded upon an organic host (Plate 11B), or when a thin layer of organic matenial 'masks’
the crystalline substrate, then the controls on growth morphology are quite different. In
this situation, it is apparent that it is the inherent lattice information of the crystallite and the

irregular durface topography, which control the overall growth morphology. The inorganic

substrate can assert no direct crystallographic control by itself, and the crystallites will not

3
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be in optcal continuity with the substrate. Even when seeded upon an apparently tlat
parent crystal, some crystallites may not coalesce completely, and an homogeneous
extinction pattern will not develop. This failure of the crystallites to fully coalesce is
demonstrated in sample EEQ 728 (728.4) (Plate 11B). The lower zone of laterally
coalesced 'supercrystals’ (Braithwaite, 1979) contrasts sharply with the upper fibrous
growth morphology. The upper zone appears to be where the coalescence of the
crystallites has been incomplete. This change in morphology is also apparent in plane
polarized light, the b;)undary between the two zones being marked by the change from
inclusion nich to inclusion poor calcite (Plate 11F)

A possible interpretation for this change in morphology, is based upon the presence
of length slow calcite crystallites at the junction between the two zones. Length slow
crystallites growing upon the disconformity surface can be recognized by their contrasting
relief and highly in;lincd extinction angles. Moore and Nicholas (1964) and Folk and
Assereto (1976) interpreted similar occurrences of length slow calcite as being due to a
pause in crystallization that may have been a period of ‘drying out' or even a phase of

Aissolution. Regardless of the cause, any crystallites subsequently seeded upon this zone
of assorted length fast and length slow crystals, will be presented with highly‘variablc
latdce information from the substrate. Consequently, the degree of c-axis misalignment,
inherent from the substrate, would not allow the crystallites to coalesce completely. The
result is a distinctly fibrous habit, defined not by the usual presence of inclusions, but by
variation in crystallite extinction patterns. The absence of inclusions in the upper zone
suggests a lack of impurities in the medium at the time of precipitation which permits the
crystallites to grow in close proximity to each other.
Trigonal Crystals 9

The trigonal prismatic crystals in the Caymanian flows;one (samples EEQ 726, EEQ
728, and CIQ 1252), which range in size from 50 to 300 um in maximum dimension, have

distinctive growth bands which can be traced laterally between individual crystals (Plate 11
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C, D). Smaller trigonal crystals, 50 pm in maximum dimension, are commonly
interpenetrant with the larger crystals, apparently truncating the growth bands of the larger
g“fystal. When viewed with crossed nicols, each of the tngonal crystals is detined by an
individual optical extinction pattern (Plate 11D). This indicates that each crystallite has 1ts
own unique lattice onentation, the smaller crystallites probably being seeded on the surtace
of the presendy expanding larger crystal. A scanning electron micrograph of a stmilar arca
of well developed trigonal crystals (Plate 11F), details the manner in which this unusual
crystal growth progresses. Once growlh of a 'host’ tngonal prism 1s established, then
smaller ‘parasitic’ crystallites may seed onto the side of the tirst formed crystal (Fig. 13).

The boundary between the first crystal and the parasitic crystallite, does not represent a

~

truncation of the growth bands, but a compromise boundary developed as the two crystals
grow coevally (Plate 11G). The 'parasitic’ crystallite and the 'host’ crystal posses differing
morphologies. The latter appears to grow from a central location at a constant rate of
growth. The former, however, cannot grow at a constant r_ﬁte,on all crystallographic taces,
for lit abuts against the host crystal. Consequently its morphology reflects an uneven rate ot
growth away from the point of initial nuclcatio;l (Fig. 13). The marked contrast between
the two dimensional c-axis view, and a three dimcnsionai view ortentated at a high angle o
the principal axis, highlights the problem of employing two dimensional morphological
terms, to crystals which clearly hage a third dimension. At such an oblique angle, the third
dimension of the crystallite is now apparent, each forming a trigonal prismatic column (Fig.
13) with a rhombohedral termination. Composite trigonal crystals formed of rising
columns of crystallites which taper to a pointed termination occur in the Caymanian
samples (Plates '7.H and 8A), and appear outwardly very similar to those described by
Chafetz and,B;ﬁler (1983). Examination of a polished and etched slab (1 to 1.5 mins in
dilute H"CL), shows a number of diagnostic 'etch-figures’, or small (< 5 pm) dissolution

'pits’ which reflect the internal crystallograph’ﬂc structure (Hohness, 1918; Grigor'ev,

1969). A section cut perpendicular to the c-axis of the crystallites shows a zone of



promunent dissolution at the juncture between two crystallites (Plate 12C). A more detailed
view of this structure (Plate 12C) shows that dissolution occurs both at the crystal juncture
and at 90° to this line, producing a 'carina’ structure (Grigor'ev, 1969). The dissolution
which produces the carina is expressed as a line of individual solution pits (Plate 12D).
Each solution pit is where kinetic and thermodynygmic constraints, combine to produce a

zone of maximum reactivity. This might be the resultf crystal imperfection, the

adsorption of impurity ions, or as demonstrated here, the presence of a well defined basal

cleavage.

—
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Figure 13. Trigonal crystal development is commonly accompanied by the growth of ‘parasitic’
crystals, which are seeded on the side of a 'master’ or "host’ érystal. Due 1o the physical
confinement of the ‘'master’ crystal, the ‘parasitic’ crystal tends to grow asymmetricaly away

from the 'master’ crystal.

The overall trigonal morphology of the crystallites will lead to the creation of

distinctly shaped intercrystallite void space, which could be described as an etch figure.
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Viewed perpendicular to the c-axis, crystallites which are closely spaced will present
intercrystallite void space with a corresponding trigonal morphology (Plate 12E, G). As
the ‘angle of cut’ becomes more oblique to the c-axis, so the pore space will become more
elongate (Plate 12H), eventually forming near linear inclusions commonly filled with
organic detritus. ’

One example of a possible screw dislocation was observed in the Cayman samples
(Plate 12B). This crystal, approximately 15 um across is viewed looking down the c-axis,
and shows a marked trilete form with a well developed centrally located pit. This figure is

similar to those shown in Folk er al. (1985, Fig. 10.B, p.365) which propose to show the

termination of screw dislocanons.

B. INTERNAL SEDIMENT

In addition to the thin (<10 pm) coatings of organic material commonly developed on
crystallographic faces, considerable accumulations of similar material form layers of
‘internal sediment’ up to I cm in thickness (Plate 5). Commonly, these layers are I mm to
2 mm in thickness, and may be either (1) laminzkd, with zones of ‘chaotic’ organic rich
calcite (Plate 9E), or (2) homogeneous, opaque zones with no calcite present (Plate 9F).

The relationship of the sediment to the substrate varies between samples. The
sediment may occur as (1) layers of uniform thickness, covering a considerable lateral
extent (2-3 cm), and showing signs of erosion of the substrate (Plate 9E, F), (2) layers of
variable thickness, being 'draped’ over crystal terminations (Plate 9G), or (3) isalated
pockets of organic material developed between crystal terminations (Plate 9H). SEM
examination provides a detailed view of the way in which organic material collects in the
intercrystalline spaces (Plate 10C, D). |

The internal sediment exerts both a destructive and a constructive influence upon the

speleothemic calcite.



Destructive Influences The substrate below the thick accumulations of sediment
commonly exhibit blunt or square termmnated ervstals that may represent a phvsically
abraded, or scoured surtace. The removal ot the former crvstal termimnations, was by the
intTux of a physicaliy abrasive and/or chemucally aggressive thuid, which ‘planed ott
existing crystal temmnatons,

There 1s, however, an altemative explanaton for the presence of square termunated
crystals. Surmular structures have been interpreted by Folk and Assereto (1976), Assereto
and Folk (1980) and Mazzullo (1980) as relic structures after aragonite. In descnbing
‘paleo-aragonite crusts’, Assereto and Folk (1980, p. 384) stated that, ".__they are
charactenzed by crystals of uneven length with square ends...and are now a mosatc of
equant '().()1 0.1 mm sparry calci(c\ On first appearances, a companson of crvstals
describedin this study (Piate 9E, F,G) with those d'd by Ao sereto and Folk ( 1980,
Figs. 13a, 14¢) show remarkabie simil;mﬁcs. The crystals in the Caymanian samples
posses ragged, bluntly terminated growth forms of uneven length. The crystals have a
bladed habit, averaging 40 to 50 pm in width, and at maximum 300 pm in length. Despite
the outwardly similar morphologi®, there is a distinct lack of corroborating evidence to
suggest that rhe.Cayman examples possessed an aragontte precursor. There was no
evidence from the X-ray diffraction studies. to suggest that aragonite was present in any of
the speleothems. Even if former aragonite had been completely replaced by calcite, some
arag,onitc relic structures might be expected. However, there were (1) no linear aragonite
relics (Folk and Assereto, 1976, Figs. 8.9 p.492-493), (2) no 'ghost fibre bundles’
indicating the presence of former aragonite crystals (Mazzullo, 1980), and (3) no well
dcvcl;)pcd aragonite needles, as seen in Assereto and Folk (1980, Fig. ‘14¢, p.386). In v
view of this, the process of physical abrasion is considered most likely.

Constructive influences: Calcite crystals developed above a layer of internal
sediment commonly display, (1) a length slow crystallographic habit, (2) a reduced crystai

size (Plate 10B), and (3) a xenotopic crystallization fabric (Plate 9H). This is ifcontrast 1o
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the surrounding cnvatals, and indicates that the erpame matenal exerts a distinet
*
morphological control on caleite crvstallizanon

D. DISCUSSION OF ABICOGENIC DATA
Early work in the ticld of crystal morphology dates back to Bravais (1886), Friedel

(1907), and Donnay and Harker (1937), who studied crystals from a geometncal viewpot

and provided the foundanon on which more recent genetic morphological interpretauons

are based (Wells, 1948; Grigoniev, 1965, Koster, 1968: Dowty, 1976, Sunagawa,

1977.1981.1982; Rodnguez-Clemente, 1982). These studies proceeded on the prenmse

that (1) varying crystal habits are the result of different combinations of crvstal taces, (2)

the external form (habit) or morphology, 1s controlled by the relative rate of growth of cach

of the crystallographic faces (Rodnguez-Clemente, 1982), and (3) taces with highér
normal growth rates will eventually disappear, while those with lower growth rates expand

at the expense of others (Sunagawa, 1982, Fig. 6, p.131).

The main controls which act upon crystal growth are (1) structure of the calcite
crystal, and (2) the medium in which the crystals are precipitated.

Structure: This involves all aspects of the atomic lattice, and any defects that might
be prcscnti These are of great importance to the crystal growth rates and morphology,
because the precipitation and dissolution of calcite is controlled by the attachment z.xnd
detachment of ions at kinks in monomolecular steps (Fig. 14) on the crystalline surface
(Bemer and Morse, 1974). The existence of kinks depends upon the presence of 2 step.
Possibie sites for the formation of a new step, in order of importance are:

(1) arapre-existing step, as for example in the form of a screw dislocation surface
termination (Fig. 14) edges and comers are also sites where the probability of step
propagation 1s very high.

(2) at crystal edge disloc;rions or point defects, although these are energetically less

favourable.
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(%) on pertectly tlat, two dimensional erystal surtace, although cnergeticallv thisas the
least tavourable site for step propagation

The prominent dissolution teatures seen in the etched speleothenuce calaite (Plate 128
C, ) occur along crystal junctures, where edge dislocations or point defects are
commonly found. These structural defects can result in preferred dissolution and the
formaton of the etch figures.

The screw dislocation (Fig. 14) commonly provides a preferred growth site, and will
exert a strong morphological control upon the calcite crystal. Sunagawa (1982) stated that
the morphology of the screw dislocation (growth spiral), would ultumately control the
crystal habit, by determining the direction of preferred growth. Howevér, despite their
importance, screw dislocations in the Caymanian samples were rare, only one possibie
example being found (Plate 8B).

Medium: This involves all the physical and chemical characteristics of the solution
from which the calcite is precipitated, including pH, ionic concentration, temperature and
fluid dynamics. The importance of the ‘medium’, is highlighted by the work of Given and
Wilkinson (1985), who on the basis of earlier research (Dormeus, 1958; Sippel and
Glover, 1967; and Lahann 1978), challenged the long held belief that calcite morphology
was controlled solely by the Ca:Mg ratio of the medium (Katz, 1973; Folk, 1974: Muca

-and Morse, 1983). Given and Wilkinson (1985), suggested that calcite morphology was a
Kinetic or rate controlled phenomena. If Given and Wilkinson (1985) are correct in their
assumptions, then both the saturation state of the medium and the fluid dynamics become
important controlling factors in calcite morphology. Consequently, variationggn crystal
morphology (recorded as a succession of growth bands) can be related to changes in the
‘medium’. Transitions ‘fr}n acute to rounded growth bands present in some of the
Cayman samples (Plate 8C) record a change in the growth or dissolution rate of specific
crystals. In extreme cases of undersaturation, the removal of material can create crystals

which become ﬂat:ym right angles to their principal growth axis (Plate 9C). The

»
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transition trom cuhedral crystal terminations, to rounded termmatons, and finally crystals
terminated at Y07 to the c-axis, can be explained i terms of a decrease i the saturaton
state, which leads to loss of matenal from areas of highest free energy ¢ junctions

between crystal faces and apical termunatons. This 1s inagreement with more theoreucal
- !

studies (Burton and Cabrera, 1949; Cabrera and Burton, 1949: rank, 1949). all of which
<
. . . ‘/\ .
suggest a similar process, whereby growth (or dissolution) rates at specitic sites are

dependant largely upon local 'free energy’ considerations.

e P i

(1 i
L //
g% ¢’
///1///// //
W
/////(
10294
LT 1] |~
34D %%
0%
///
L~

Figure 14. Schematic illustration of a screw dislocation (s). Growth upon the crystal face is
achieved in a 'step like’ manner, such that upward growth can be achieved by lateral growth
around the screw dislocauon. The path A through E dctines the growth spiral, the distance

between A and E, is the 'step’.

Besides controlling the overall crystal morphology the nature of the medium may also
determine the presence of inclusions in the calcite. Sunagawa (1982) suggested that in
natural fluid environments, fluctuations in the saturation state of calcite are common, and

that this can lead to the phenomena of regrowth and dissolution cycles (Sunagawa, 1982,
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Fig.de, p.131) He stated that these cycles lead to, ".perturbed growth, during which
mterface morphology will be modified and inclusions will be captured.” These cycles in
the calcite saturation state could feasibly account forThe repetition of growth bands, which
clearly define the ontogenetc stages of the crystal.

Jannsen-Van Rasmalen (1977) suggested that under certain hydrodynamic
conditions, inclusions are formed on the ‘near’ side of the crystal due to the turbulence ot
the medium. Interesungly, many of the rhombohedral terminations in the Caymanian
examples have an asymmetrical pattern of inclusions (Plate 8 C). When one side of the
crystal termination shows a more disseminated pattern of inclusion development, this has .
been interpreted (Jannsen- Van Rasmalen, 1‘)77) as the result of uneven flow conditions
around the crystal termination .

Where ponding of a saturated fluid occurred, free growth of crystals results in well
tormed rhombohedral and scalenohedral apices. If this saturated, quiescent environment is
maintained, calcite crystals will grow to form large 'petal’ or 'shrub’ like aggregates.
Ponding appears to have led to the features in sample EEQ 1219,where large (1 cm) shrubs
(Plate 9D) display well defined scalenohedral terminations parallel to the c-axis (made

apparent by abundant growth bands), and trigonal prisms perpendicular to the c-axis.

E. BIOGENIC ASSOCIA"I‘IONS

Throughout the study of the Caymanian speleothems, numerous enigmatic structures
were found which are not immediately attributable to tnorganic processes. The composition
and morphology of these structures was such that two distinct groups were discernible, (1)
subrounded agglomerates o&organic mat€rial, and (2) rafted calcite bodies. Although it
was rare to find both in cloge proximity, neither type of structure was exclusivc\to any one
sample. The elongate bodies in particular were restricted to zones of dense )
occurrence,while the organic agglomerates were more widely distributed, it was rare to find

both in close proximity.
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Petrographic analysis of samples CIQ 1250, CIQ 1252, EEQ 728: EEQ 726, ClQ
1249, EEQ 1220 and CIQ 1253 show the presence of numerous brown, opaque to semi
opaque bodies. These agglomerates, 100 um (Plate 13C) 10 400 pm  (Plate 13G) in
diameter, are (1) solid, rounded to ellipucal (Plate 13C, A), (2) solid, subrounded, with an
ire gular outline, (3) circular ring’ structures (Plate 13B), (4) ellipucal 'ning’ structures
(Plate 13E, F), and (5) incomplete, irregular structures (Plate 13 D, H).  Their light brvn
colour 1n thin section 1s probably the result of finely disseminated organic matenial (Lighty,
1985), although Jones and Motyka (1987) have suggested that similar bodies appear
opaque in thin section as a result of their Fe and Mn content. The assumptions of Jones
and Motyka (1987), would only be correct if the Fe and Mn were in an oxidized form, a
fact which has not been conclusively demonstrated. In the course of this study, selected
samples of speleothemic calcite were prepared for Atomic Absorption Spectrophotometry
(AAS). An insoluble residue which formed as part of this process indicates that these
samples were carbon rich. It is therefore suggested that it is the carbon content which gives
nise to the light brown; colour. .

The spatial distribution of all the organic agglomerates is such that they rarely occur
1solation, and are commonly associated with one or more of the differning morphological
types. In particular, the small (100 pm) spherical bodies are commonly clistered together
as an intercrystallite fill (Plate 13C), or as a dense accurnulation (Plate 13B). The opaque,
rounded bodies are commonly occur as "free floating” forms, encased in radial-columnar
calcite, immediétely succeeding crystal growth diconformity surfaces. Amorphous organic
material, which commonly forms a distinct band at growth disconformities, may be related
to the growth of the large ovate bodies (Plate 13A). Similarly, a large (400 um) opaque
body with an irregular outline, is developed in close association vx/ith a very dense %one of
amorphous organic material (Plate 13G). The larger 200 pm to 400 m ovate ring
structures, are commonly developed above a dense accumulation of smaller organic bodies

(Platqd3G).
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The etfect that these organic agglomerates have on caleite crystal morphology 1s
profound. In general, the effect of the organic material was to disrupt any former crystal
morphology. More specifically, as the surface morphology of the organic bodies s
commonly rounded, columnar crystals developing on the substrate assume a divergent
radiating pattern (Plate 13F, ()

In addition to the <‘iiscrete organic bodies, amorphous organic matenal commonly
coats crystal terminations (Plates 13A, 10A, B, C). This coating may be (1) of uniform
thickness (approximately 50 pm ) covering both the crystal apex and intercrystalline space
alike (Plate 13A), or (2) preferentially developed at the apex of the crystal termination
(Plate 14A, B). In some cases, the latter can be so pronounced as to produce a crystal
termination with all the organic material accumulated at the apex (Plate 14 C). This is most
unusual considering the effect that normal gravitational processes should have on the
organic material i.e. filling the intercrystalline spaces first.

Calcite 'Rafts. : ’

PEtrographic analysis of samples EEQ 726, CIQ 1249 and EEQ 728 showed the
presence of large accumulations of elongate bodies, which collectively form dense rafted’
zones up t6 3 cm in thickness (Plate 17D).

Individually, each elongate body is up to 200 pm wide, and up to 1 cm long. The
length of each body is aAhighly variable parameter, dependant upon the ‘cut’ of the thin
section and the orientation of the body itself. Closer observation shows three distinct
morphological zones in each elongate body, (1) a central semi-opaque line, which is
detined here as the ‘core’, (2) a zone of xenotopic microspar, commonly organic rich
(Plate 14F), and (3) a zone of euhedral rhombic calcite, which may posses well defined
organic rich growth bands (Plate 15A). | |

The core, although well defined at lower magnification, becomes increasingly
obscure at higher magnifications. In many cases, there is nothing to-suggest the nature of

its origin besides a zone of xenotopic microspar. Scanning electfon microscopy did, -



however, show the presence of a small microbial filament at the tenminaton of an clongate
body (Plate 14G). This filament, which was not calcitied, was less than 34 pim wade,
approximately 40 pm in length and showed no evidence of branching (Plate 141D, The
surface morphology was iregular, with many randomly spaced surface protrusions
approximately | pm in size. Surrounding the core is a zone of ill defined microspar which
grades into larger (> 10 pm) spar calcite (Plate 14G). In this example the spar calcite does
not posses any growth banding.

The spatial distribution of‘Lhc elongate bodies is such that they rarely occur in with
any of the previously described organic bodies. Only one example of organic
agglomerates in close association with a filament was observed (Plate 14D)>.

Uncalcified and Calcified filaments

Two very distinct types of fillament occur in saﬁnplcs ClQ 1249 and EEQ 726, (1)

uncalcified, convolute branching forms (Plate 15 C, D), and (2) calcified, linear non-

branching forms (Plate 16A, B).

The branching forms, attached to the surface of etched trigonal calcite crystals, appear

to be colonial. The individual filaments, less than 10 m in diameter, show an irregular
branching pattern, cc;mplicatcd by the convolute nature of each filament (Plate 15D). The
surface morphology of the filament consists of fairly regularly spaced (10 um) collapsed
Ting structures’ (Plate 15D).

The linear calcified forms (Plate 16A) are of a highl){ variable length, but rarely
exceed 10 um in diameter. These ﬁli}mc‘nts commonly employ endolithic, epilithic and

chasmolithic modes of life, hence measurement of filament length is highly subjective.

Overall, the filament is isodiametric, although local protrusion of the calcite sheath (Plate 16

A) may obscure this fact.
Calcification of these filaments involves irregularly shaped crystals, ranging in size
from submicron to 3 pm in length and width. Although not well developed, some of the

crystals appear to be orientated with their long axes perpendicular to the filament (Plate 16



B). The degree of calcification appears to remain the same along the entire length of each
filament and between each filament.

Microborings

Microborings less than 10 pm in diameter occur in some of the large speleothemic
calcite crystals. The bornings are strarght or shightly sinuous, attaining lengths in excess of
200 pum (Plate 16C). In cross section, they vary from circular, through 'heart’ shaped. to
irregular (Plate 16D), all in close proximity to each other. A common association was the
\

presence of microborings and small calcified spherules (Plate 16C).

Calcified Spherical Bodies
) Spherical bodies, ranging in size from 5 um to 20 pum were attached to the
speleothemic calcite in clusters of between 5 :1;171 10 individual spherules (Plate 15E, F).
Each spherule is an agglomerate of near equidimensional, micron sized subhedral calcite
“crystals. Sections through these spherules (Plate 15E) shows a number of significant
diffcrcﬂcés to those described in the literature, namely that there are, (1) no distinct nucle1
of bactenal remai.ns (Chafetz, 1986, Fig. 2F, p.814),land (2) no marked change in ctystal
size towards the core of the spherule (Maclntyre, 19L5, Fig. 1B, p.l%)‘)). These spherules
are outwardly very similar to Type [ bodies’ described by Jones and Motyka (1987), who
strongly suggested, "...that the opaque bodies (spherules) and rods in the Caymanian
stalacites were of bacterial ongin."

F. DISCUSSION OF BIOGENIC DATA

The precipitatioh and dissolution of calcite is not always the result of exclusively

.jnorganic processes. There is a growing field of knowledge concerning the role that algae,

fungi and bacteria play in carbonate diagenesis (Schmcdér, 1972; Golubic, 1973;
Schneider, 1977; Krumbein, 4979; Golubic er al., 1981; Chafetz and Merédith, 1983;
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Danielle and Edington, 1983; Folk and Chafetz, 1983; Chafetz and Folk, 1984; Folk ez a/,,

1985, Chafetz, 1986). Of particular relevance to this study being the research concerning
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the microflora and fauna of the troglobitic (cave) environment (Claus, 1955 Caumarun,
1963: Lefeure and Laporte, 1969) and the controls they exent on carbonate diagenesis.
Microorganisms and their criteria for recognition

Many unusual structures in the Caymanian speleothems may be of algal, tungal or
bacterial origin. However, before any such asserton 1s made, the inherent problems of
algal, fungal and bacterial recognition are discussed.

Klappa (1979, Table 1) suggested that certain features, or a combination ot
morphological features, could be used to determine the affinity of filaments and borings.
Although a viable approach, Klappa (1979) noted that there were numerous exceptions to
the rule. Size is commonly used as a criterion for distinguishing between algae and fungt.
Filaments and borings < 4 um being assigned a fungal ongin while those > 4 um are
regarded as being algal in origin. Again exceptions to this rule have been noted, with
fungal filaments reported up to 10 um in diameter (Klappa, 1979) In trying to separate

algae from fungi, Edwards and Perkins (1974) suggested that 1-4 um borings (filaments),
should only be assigned a fungal affinity if sporangia and conidia are found with the
filaments. .

The supposed dependency of algae upon photosynthetic processes led Klappa (1979)
to sug.i_est that light conditions in the environment of deposition could be employed to
distinguish algae and fungi. This assumption is incorrect for many autotrophic ulgac are
capablc of sustaining life in low light conditions via thc metabolism of organic substances
(Nagy, 1965; Lefeure and Laporte, 1969; and James, 1972; Joncs and Motyka, 1987).
Evidence presented in this study is in agreement with these authors, showing the presence
of bacterial and algal associated structures in the low light spelean environment.

"The morphological characteristics of bactenia-have ‘civcd less attention than algae or
fungi, although they are commonly accountable for many enigmatic ‘organic structures’ in
carbonate rocks (Chafetz and Meredith, 1983; Chafctz and Folk Y984; Folk et al. Q985’

Bacteria co nly occur as rods or chi¥ns of spherical bodies, usually less than 1 gm in
] ’

”



diameter. Beyond these basic pzi{iimctcrs, little 1s known of the morphology of bactena in
the geological environment.
Micro-organisms In Caymanian Speleothems

The confident identification of microorganisms in carbonate rocks is extremely
difficult. This is particularly true in ..."the near surface environment and surface vadose
environments which typically contain an abundant, and diverse array of micro-organisms.’
(Jones, in press). Despite the limitauons, the affinities of certain enigmatic str'ucturcs in the
Cayr}mnian speleothems to specific microorganisms are suggested.

Organic agglomerates: The organic agglomerates found in the Caymanian
speleothems are very similar to the 'bacterial’ clumps' described by Folk and Chafetz
~ (1980) and Chafetz and Folk (1984) from meteoric travertines. Chafetz and Folk (1984)
and Chafetz (1986), liken these 'clumps' to the controversial ‘'marine peloid’ (Macintyre,
1986). Chafetz (1986) utcd the presence of a cloudy nucleus, similanty in size (20- 60
um), a rim of clear euhedral crystals, the colour of the nucleus, and the presence of
‘bacterial remains’ in both the marine peloids and the travertine examples, as evidence for a
similar genesis. The similarity in morphology and composition of the clumps (Chafetz,
1986) and the small organic agglomerates from the Caymanian speleothems (Plate 13C),
leads to the cqnclusion that both have a similar genesis i.e. that the small organic
agglomerates are of bacterial ongin.

It is tempting to relate the larger ovate agglomerates and 'ring’ structures to the
calcified filaments of Schroeder (1972, Figs. 2, 3, 12). These structures bear many
resemblances to the Caymanian examples, except in size. Schroeder (1972) quoted a
variable diameter range of 15 pm to 300 um, where the central core of each filament did not
exceed 20 pm. “Unlike the examples of Schroéder (1972), the Caymanian examples attain
. diameters up to 300 pm in the central core alone (Plate 13E, F). Based upon thé size of the
core, these structures are not of either algal or fungal affinity. Moss tufa, described by

Irion and Miiller (1968), provides a possible explanation for these large agglomerates. A
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transverse section of a moss stalk (Irnon and Miiller, 1968 Fig. 10, p.165 and Fig. 12,
p.167) bears striking resemblance to the Caymanian examples (Plate 13 A, 6) and (Plate 13
F), suggcstfng that these larger Caymanian organic bodies are of similar onigin = The
density of biogenic structures in thc moss tufa is, however, far greater than that found in
the speleothemic calcite. It is therefore unlikely that the Caymanian example represent a
‘moss tufa. If indeed the large agglomerates are moss stalks, then they may represent
isolated examples derived from a nearby source.

Calcite rafts: The calcite rafts represent a ‘middle ground’ between abiogenic and
biogenic structures. The encrusting calcite crystals of these rafts represent the abiogenic
aspects, their presence being controlled by physiochemical parameter in a manner similar to
that described by Klappa (1979, Fig. 4, p.965). The initial site of nucleation, the central
core (Plate 14F), is probably composed of organics or organic rich calcite, and in certain
examples hosts algae (Plate 14 G, H). The core, therefote, represents the biogenic aspects

of these rafts.

Based on the diameter and lack of branching, the ungualcified ﬁlamc;p\t found in close
association with an elongate bodies (Plate 14G, H), is probably of blue-green algal affinity.
This algal filament may act as z; centre for calcite nucleation, where nucleation is both a
physical response to the stable substratc, and a chemical response to the suppressed calcite
sarur.ation index of the microenvironment surrounding the filament (Berner, 1971; Chafetz,
W86 p.814). The resulting calcified algal filament, when viewed as a longitudinal section
(Schroeder, 1972, Fig. 12, p.tKlappa, 1979, Fig. 4, p.965) is similar to the elongate
bodies in the spcleothems (Plates 14E,v Fand 11A). There is, however, a lack of filaments
seen in cross section to support this suggeston. It is rﬁost unlikely that an accumulation of
algal filaments should always produpc longitudinal sections (Plate 14E). Therefore, it is
suggested that these features represent sections through plate-like bodies, as opboscd to

rods.
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Gines eral. (1981) dcscn‘ribcd the formation of such a ‘plate-like’ body, or calcite ratt,
as thin flakes probably nucledted on "... mucilagcnous‘organiclmutcrial", with a flatupper
surface due to the fact that precipitation occurs below the air-water interface.

This mucilagenbus mat, the biogenic component of the raft, may additionally host
other microorganisms. Although more plausible, this explanation does not suggest why the
elongate bodies are encrusted on both sides. Perhaps encrustation began on the lower
surface (Fig. 15), eventually decreasing the buoyancy of the raft until precipitation could
occur on both upper and lower surfaces of the raft. Finally, the weight of calcite
encrustation caused the raft to settle to the bottom of the reservoir, where it formgi
complex rafted zone (Plate 17D). There is no reason to assume that calcite precipitation
should be exclusive to the surface of the fluid reservoir’. The formation of a crysial
compromise boundary, which occurs at the advancing crystal grqwth front between two
juxtaposed 'rafts’ (Plate 15B), indicates that crystal growth contir;i.lcd on the rafts after they -

had accutnulated on the floor of the reservoir.

/ |  :
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VIE COLOUR BANDING : .

Calente an it pure torm s colourless. The presence of colour many ot the caleite
speleothems, must thereforeindicate the presence of impurniies. Varving degrees ot colou
banding occur in flowstone from Grand Cayman Island. This 1s nota umque teature, since

simlar colour banded tlowstone has been docvmented elsewhere (Folk and Assereto,

..’\}“7 To. White, 1981). The colours 1in the Grand Cayman tlowstone, vary from white,

- ‘ _ - \ . ~

through tan, to umber, and finally to a pitch black. In addinon, bands ot a sinular colour

' . . o . - N o
nuty eXxistin varving degrees ot opacity . Band thickneSs N of the order of 5.0 mm to 25.0
mm (Platc 17A, B, C. D), and individual bands may be laterally consistent over many
metres (Plate trom Pirates cave). The cavaty into which they are precipitated limits the final
lateral extent of the flowstone. : . )

Although the exact gause of pigmcmutig has vet to be ascertained. 1t may bedue to

- . ~ //

(1) physical controls, (2) chemucal controls, or (3) a combinaiion of both.

Physical controls: Krdl (1971), suggested that crystal charactensucs control the
colour of the speleothem. Degrees of wregulary in the crystal structure would scatter hight
by differing amounts, the degree of scattenng controls the spectra of emitted light. This N

’ N
opinion s substantiated by Beck (1978), who concluded that the variation in colour of Ky
' - - -

“fried egg” stalagmites, was the result of crystallographic (physi'cal), not chemical factors.

Chemical controls: Advocates of the chemucal c’ontrol of pigmentation, suggést
that the colour arises from cithcr.tr;xce element 'suebstituti(on in the crystal lattce, or from
impurities betweensthe crystals (Sergeev er al., 1974; Hill, 1976). White /und Van Cundy .
(1974), demonstrated that I.\Ji2+ subdtitution for Ca®* imp;ns a yellow coloration.

However, for mpost tan to umber coloured spelcothems, Gascoyne (1977) concludes that,

"...there is no obvious relation between colour and trace element content.”, and thai_tl_ly' .
¢ N .

" colour is due to organic pigments, possibly humic or fulvic acid. This opinion is shared by

I'Q;Whitc (1981), who after completing a reflectance spectrometric study of similarly coléured .

¢

[
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material, noted a tack of comrelption betweei colour, and concentration of known prgments
He concluded that the common colours observed i caleite speleothems are not due to the
oxides and oxyhvdroxides of irom, but to a single pigmenung substance which s dispersed
through the calcite grains as well as over gram surtaces. His retlectance data, feads
indirectly to the conclusion that organic prgments are meost likely responsible

It 1s noteworthy that colour banding in cavimanite (Rigby and Robernts, 1976, Jones 1
al 198 3), a hithology closely associated with the tlowstone, has been attnibuted to bactenal
concentration of manganese and ron oxides (Lockhart, 1986). In order to ascertain i the

o
colour banding nrthe tlowstone was the result of similar manganese and tron
concentrations, or one of the mechanisms outlined above, three samples of varied colow
Al

were analysed using atomic absorption spectrophotometry (AAS). The absorption
wavelengths of Fe, Mn, Pb, Ni. Cu. Cr and Zn were scanned, as they have been proven to
be, pigmenting agents in other speleothems (Sergeev er al . l(‘974; White and Van Gundyv,
1974: Hill, 1976). The results frem this analysis (Table 3), suggests that there 1s a
tundamental differenccA exists between the colountng of caymanite and that of flowstone

N \
. X . N . \ .
Unlike the caymanite, the pigment for these particular flowstones. docs not appear to be an

oxide ()tjci[hcr Mn or Fe. The Mn content for all the samples ranged trom 8.5 u&.:/g o

22.0 ug/g ( for comparative purposes, dark caymanite has upwards of 3% Mn). The
sample with the highest Fe content (100.0 pg/g), sample EEQ 1219, ws remarkably a = &
whire calcite; clearly the Fe was not acting as a pigment in this instance. The answer may
lie in the.form of an insoluble residue, which forms in HCI as part of the AAS process.

This residue, following ﬁlttation and ignition 1in a furnace, looses its charactenistic -
coloration and becomes completely soluble in the acid solution. A comparison of the trace
element content of the solution before and after removal of the residue, shows littlét
variation (=8.0 ug/g). This appears to suggest, in agreement with the work of Gascoﬁc

(1977) and White (1981), that the pigmentaton was probably the result of an organic

carbon component, which can be selectively removed in the ignition process.



SAMPLE
1219 726 1257 1220 {1257 1en] 1220 1en
Fe 100.0 1119 ] 715 625 | S7.5 65.0
— Mn 18.5 22.0 5.5 10.0
7 Pb 35.0 335 | 335 | 350
= 1 Mg 071%
ot Ni 50.0 500 | 500 500 | 500 | 500
— Cu | oS 6.5 5.43 6.5 6.5 6.52
= I a fwe 286 | 286 e | 286 | 2%6
Zn 6.5 6.5 5.9 5.9 5.9 7.1
Co 333 06 | 278 30 6 30 6 278

Table 3. Results of the atomic absorption spectrophotometry on three flowstone samples of varied

colour. Sample 1219 (white), 726 (blonde), 1220 (dark brown), and 1257 (black). Samples
1220 1gn and 1257 1gn, refer to those samples in which the insoluble organic residue was

nited paor to AAS. All results are reported as parts per mullion for the element, except tor

Mg which 1s reported as percent elemental composition.



VIIL CATHODOLUMINESCENCE

A. INTRODUCTION

The realization that the distnbution of lununescent zones in calgite erystals can be
related to the development of ambient pore water chenustry has led o the increasing use ol
cathodoluminescence in the study of ancient strata, in what has been termed “cement
strangraphy” (Evamy, 1969; Meyers, 1974). Cement strangraphic studies rely on the
premise that in a particular pore space or around a partcular gramn, there will be a thad
system, the pore watet. In the phreatic diagenetic environment its presence 1s wtal, while
in the vadose environment air may take 1ts place.

Pore water chemustry 1s a dynamic teature and will change in a body of rock
according to a number of vanables (Longman, 1980), the most influential of which is
probably sea level fluctuation. As sea level changes, 1ts passage will result in a series of
chemically and physically distinct hydrological zones, which are herein referred to as
"diagenetic environments”. The passage of a parucular diagenetic environment will be
recorded as a senes of chemically and luminescently distinct cements. If the luminosity
remains constant 1t i1s assumed that the pore water chemistry remained constaptthroughout
the precipitation of that cement zone. A vanation in the luminescence, resulting from a
variation in the concentration of impurity ions, is an indication of a change in the chemistry
of the pore ﬂtixidsk(n;hi‘ch‘may or may not be caused by a change in the diagenetic
environment). A persistent combination Of, zones with distinctive, morphology and
luminescence, is termed a "ll.xmincscent signature” (Meyers, 1974; Ca'xpevntcr and Oglesby,

1976). ¢ . ‘

There is a fundamental differernice between the cement stratigraphic studies of Meyers
(1974) and Evamy (1969) who dealt with ancient strata, and the present study on the,
Caymanian speleothems. These speleothems are geologically very young and it is pos;siblc

(based on growth rates from recent caves) that they formed within recent history.
_ : _ ..
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Consequently, they probabiyv have not passed through many differing diagenetc
environments. Despite these considerations, some of the speleothemic calcutes display

. . \
complex luminescent zonation.

B. THEORETICAL CONSIDERATIONS

Luminescence is the phenomenon of electromagnetic radiaton in excess of lhemmi
radiation (Marfunin, 1979). Luminescence may be regurdc&} as a way of converting many
different kinds of energy input, optical, nuclear, mechanical, chemical, into a light emission
output. Excitation by one or more of these sources is a prerequisite for luminescent
emission. lonizing irradiation by electrons 1s a common method of excitation, the resulung
emmision being known as cathodoluminescence.

Cathodoluminescence is the end product of a very complex senes of energy storage
and trzmsitiéns in the irradiated substance, involving complex semi-conductor theory
(Marfunin, 1979; Levrenz,1948). Nickei (1978), suggested that the entire process of
cathodoluminescence could be simplified into three distinct stages, (1) absorption ofl energy

N
or excitation, (2) temporary storage of energy, and (3) emission.
All three stages will be dependant upon both impurity 1ons incorporated into the
owing crystal lattice and atomic lattice distortions. The elemental nature and valency state
e impurity ion involved will determine the role that the ion plays in the production of a
luminescent sp,éctr& Such an impurity ion may perform one of three functions,
(hH és an activator it is capﬁble of absbrbing the energy provided and later releasing it
" as a photon cmissibn; or luminescence.
(2) As asensitizer the jon is capable of absorbing a specific wavelength of energy that
1s xvavailable to a second ibn by virtue of the position of its absorptioﬁ band. The
energy is then transferred to a second activator or 'acceptor’ ion, which can then

relea§p the energy in the form of luminescence. The method of energy transfer will

Yy



vary, depending upon the nature of the impurity 10n, and the mode of excitation
(Martunin, 1979).
(3)  As aquencher the 1on 1s capable of reducing the emission from an activator or
sensitizer/activator pair. ' y
The concepts of sensitizing and quenching are of great importance to this study, tor
they provide an explanation for the patterns of cathodoluminescence observed in the

speleothemic caleite.

(. RESULTS
Most of the spclco(hcn‘lic calcite, and in particular the inclusion free vanety, 1s non-

luminescent. Under electron cxciialion these calcites appear as black or blue-black, wi\lh no

apparent vanation beyond this (Plate 18 D). Where luminescence does occur, it 1s !

commonly of one of two forms. |

(D) | Bright orange, sharply defined "hairline” luminescence (Plate 20), forming a
succession of zones or narrow bands. The emission intensity throughout each zo'nc
is usually homogeneous, which reflects the constant chemical composition of that
zone. The morphology of thcsz zones often corresponds to different staégs of crysm‘l-
growth (Plates 19A and 20B), reflecting the spatial distribution of ﬂhc activator and
quencher ions throughoutithe ontogeny of the calcite. This luminescent pattern is
typical in inclusion (organic) rich calcite (Plate 19D, F) or porosity occluding cements
(Plate 18B). "

(2) Dull to moderate orafge, broad transitional zones, ‘Lhc intensity and colour of which
are commonly inhomogeneous, varying between duil ora‘ngc to moderate orange/red

luminescence, These zdnes typically occur in dolostone clasts of the Bluff Formation

(Plate 19B), or organic agglomerates (Plate 18B).



'hlc luminescence in the secondary porosity occlugiing calcite is very distnctive (Plate
1813, 1), with well detined transitions from bright to dull orange luminescence. No
conclusive match could be made with luminescent zones from similar cements in any one
lsamplc, or from comparison with other samples. The failure to recognize a luminescent
signature can be related to the highly individual physical and chemical characteristics which
develop within the pore spaces, anq the speleothemic environment in general. It appears
that luminescent calcite will evolve very different luminescent charactenistics in two closely

‘ r
.

Some luminescent zones mimic the inclusion defined growth banding common in the

.\'pn;‘cd pores (Plate 18B).

(‘a%;nzmian speleothems (samples EEQ 726 and PCQ 1241). Although retaining the same
morphology as the growth bands, the luminescence is commonly displaced to either side
(Plate 19D). Although a causal relationship appears to exist between the growth banding
and the luminescence, it is not always the organics contained in the inclustons which
actually emit the lumjgescence.

In order to interpret these luminé®ent patterrss, it is necessary to rationalize the
morphology of the luminescent mncs‘in relation to the physical and chemiical controls.
which are acting upon the luminescent zonation. Some of the more distinctive luminescent
zones comprise numcrous“vcry bright orange, 'hairline’ luminescence (Plates 19A and
20B). Individually, these 'LmSly (1) rapid incorporation of trace elements responsible for

_either sensitizing or activation,'and (2) a limited supply of those ions. A repetition of the
hairline zones (Plate 19D), further sug,gests a diagenetically "o_pen" system which allows

for the periodic replenishment of the appropriate trace elements. Tﬁc rcbé?ition of these

zones, which commonly mimic the growth bands, infers that ogganics are inm'nsically

-

linked to L_hé‘ luminéscence. .



D. DISCUSSION OF DATA
Dolostone Luminescence
The dull to moderate orange/red luminescence of the Blutt Formation clasts (Plate

19 B) is a common phenomenon that occurs in'many luminescent dolostones (Sommer,

19724; Pierson, 1981), the apparent luminescent colours being the result of the moderate

Fe quenching of Mn activated luminescence. The common occurrence of these colours

being attributable to the higher Fe’' contents of many dolostones (Machel, 1985).

Organics - Their Influence On Luminescent Properties
- The common occurrence of bright orange luminescence in association with organic
accumulations may be an indication of the ongin of the impurity 1ons responsible for
activation and sensitization. It 1s common to find both 1n close proximity to one another A
(sample 728b, 1291) (Piate 18C and Plate 19D, F), suggestung that the luminescence may
be the result of the uptake of activators and /or sensitizers from the organics. Both di;ny
munerals and ofganic matter are known to preferentially host race metals (Parekh eral.,
1979), however, since X-ray studies of the speleothemic calcite did not reveal the presence
of any clay minerals, only the trace metals commonly hosted in organic matter are
considered. . Machel (1985) suggested that these were Ag, Cr, Cu, Ga, La, Mn, Mo, Ni,
Pb, with minor‘ Euand ‘Co; some of which are important activators and sensitizers (Table
4). Throughout diagenesis these trace elements are released into the ambient fluids and
incorporated into the groMng calcite lattice aécording to the partitioning coefficient of each
element (Hem, 1972; Pingitore, 1978; Brandt and Veizer, 1980). Thus, calcite precipitated ‘
» in association with orgarfics may possess distinctive luminescent proper;ies as a direct_ ‘

result of the differential release of trace elements into the ambient fluids. 1n view of this, a

-
~

numPcr of equally viable scenarios are possible for the production of the common
lumines¥ent pattern, whereby organics are followed by a hairline zone of bright

luminescence, which then gradually hecays into a dull luminescence.

’
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ACTIVATORS SENSITIZERS QUENCHERS

Mn ' ph2t Fe*
}’bz’ ("sz Cc4+

REE's (Eu>* Tb’*)|  Several REE's
o e
Z.nz’
Agt
Bt

Table 4. Some of the more common impurity ions which are involved as activators, sensiuzers

and quenchers in luminescence in calcite. Modified after Machel (1985).

-

(1)

~

. - . . 2
If the release of activators from the organics, (eg. Mn

"and Pb""), was initially very

rapid and then began to decline, this could account for the distinctive luminescent

pattern

" 2
If the observed luminescence is Mn“"

. . . 2
activated, then the increased release of Ni "

over time, will result in a similar subdued luminescence in later calcite.

2
that Ni“*

) 2
If :he cathodoluminescence was Pb

"activated, then Medlin (1959) has suggested

may sensitize the luminescence. Consequently a depletion in the Ni?*

content over tiffie could also produce this cathodoluminescence pattern.

The nature of the trace element host and the effect tha, partitioning coefficients may

play can be speculated on, the practicalites of testing such theories are, however,

prohibitive. Firstly, there are the minimum effective concentrations to consider, which

hgve been the source of much debate in the past (Schulman et al., 1947 Pierson, 1983:

Fairehild, 1983 Machel, 1985). Mn® acuvated luminescence has becn reported with

Mn?* concentrggons between 20—40 ppm (Richter and Zinkernagel, 1981), but wher‘

segsitized, Mn2+

concentrarion§ need only be 10-20 ppm. Machel (1985) quoted a Mn®*

concentration figure required for luminescence as low as Sppm. Quenchers, such as Fe?*

-#

-
P

14
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become active at concentrations of approximately 35 ppm, while Co™ and Ni©* are

effective at stll lower concentrations (Machel, 1989).
When variation in the wavelength and intensity of cathodoluminescence ts controlled

by concentration changes in the order of 10 ppm, 1t becomes important to realize the

expenmental limits of the sampling techniques employéd. Although both organic rich and -~

organic poor calcites were studied using an x-ray dispersive analysis unit employed in
conjunctuon with the scanning electron microscope, the detection limits ot this techmque
are of the the order of 1 wt %." Thus, the presence of important activators, quenchers and
sensitizers below 1 wt % can not be rcmrdcg with any degree of accuracy.

In an attempt to try to .rcsolvc. this problgm, four samples &)f calcite of varying organic
content and colour were prepared for atomic absorption spectrophotometry (AAS), which
X "has detecton limits within 10 ppm. Despite analyzing samples of varying organic content,
cencentrations of Fe, Mn, Pb, Mg, Ni, Cu, Cr, Zn and Co, were remarkably 1(){and con
sistent (Table 3). Only Mn and Fe displayed a significant variation between samples, with
the trace element content decreasing with increased organic content. This was not the ex-
pected result if indeed the or'ganics were prefefentially hosting certain trace elements. This
apparent discrepancy is likely attributed to the precision of sampling that ch be achieved
with this method. ‘To sample only the calcite which possess the hairline luminescence 1s
beyond the sampling resolution of this technique. B;’ the ttme this §rﬁall area is
incorporated in a 1 gramme sample nécess_ary for. the 'A’AS process, a 'dilution effect’ could
have drastically reduced the apparent trace efement concentration of these very nurfow ]
zones. - K - . )
Changes In The Redox Poten‘tial

The precipitation of lummésccnt calcite, in a fluid Wi’liCh contains above minimum
concentrations of activator ana sensitizer ions is not ipso fac}o. The valency state of an
impurity ion must also be assegsedj'as th’is will control its effectiveness as a sensitizer, an

* .
activator, or a quencher. For example, the valency state of Mn will affect its role as,an



Lockhatt (1986) recorded the presence of large Mn dendrites in association with »

v

2

activator. In order for 1t to be effective 1t rnusi be able to substitute for Ca®' in the calcite
lattice, this 1s only possible in the reduced Mn®" state. If the waters are oxidizing, ltxc;x the
Mn present will be in the oxidized Mn’* and Mn"" states, which are inhibited from entering
the calcente lzm?cc by vinuc of their ionic radii. In gddition, both Fe?" and Fe'" are common
ql‘xcnchcrs, with the latter having the potential for con‘sidcrubly more effect upon
luminescent idtensities (Marfunin, 1979). The size and intensity of the charge transfer
band for Fe’', causes it to have an absorption band which overlaps the emission bands ot
4
the activators. The result is a total, non-selective quenching of luminescence for low
concentrations of Fe> ", while a similar concentration of Fe’" will allow for luminésccncc. -

However, the radius and charge of the Fe " ion, makes substitution into the calcite lattice

. ; - 24 . . .
an improbable event; consequently, Fe” is considered the more important quencher in

luminescent calcite. . o i

For the sake of simplicity, the assumption is made that the Caymanian speleothemic
calcites owe their luminebcent properties to the presence ot a.Mn uctivz;tor and an Fe
quencher. This is not unrealistic, considering the empha;is placed upon these trace
elements as important luminescent contributors in the literaturg (Schulman er al., 1942; -~
Long and Agrell, 1964; S;)mmcr, 1972; Mcyers, 1974, 1978; Carpenter and Oglesby\
1976; Nickel, 1978; Pierson, 1981; Frank er al., 1982; Fairchild, 1983; Grover and Read,
1983; Machel, 1985). Furthermore, high concentratic;ns of Mn have been noted in
association with the Bluff Formation. Jones and Kahle (1985) documented biogenically

controlled Mn rich surficial coatings on karst breccia clasts in the Bluff Fc;rmation, and

Caymanite. The source of this Mn might be from the overlying ‘terra rosa' soil, which

" contains approximately 0.25 % Mn (Lockhart, 1986), or from a highly concentrated source

of Mn whicli is biologically 'fixed’ beneath the mangrove swamps (Woodroffe, 1983). .
4

v+« Aknowledge of the redox potential of the groundwater is of great i.mponanéé, forit

q

is the redox potential which determines the valency state of the impertant impurity ions. ~
. ' ]

*
-
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In any groundwater system, Drever (1982) suggested that the redox level 15
determined by Lﬁc relauve rate of introduction of O,. The concentration of O, in the
groundwate_r.is determined by, (1) the circulation of the groundwater, und () (hc_
consump(ion~of O, by the bacterially mediated decomposition of organic matter.
According 1o Drever (F982) the most important variables assooiated_with these controls

arc:.

-

AN

(] ) g The Qzﬁnt‘of the recharge water, which isdctcpmncd by us passage through |

overlyingrock or soil.

: N B - ¢ . . ~ . . . ~ . . .
(2) The aistnbuuon and reactivity of organic material present at the site of precipitation.

(3)  The concentration of specific ions, and the likelihood of potential redox buffer
reactions eg. MnO,/Mn”", Fe(OH)y/Fe’*, Fe,04/Fe’*

(4)  The circulation rate, or residence time' of the groundwater in any one particalar pore.
«
. 4' /

With these variables in mind, the major calhodolumincsccm\zon‘ng of lho’}Cayman
speleothems can be related to the redox potcrnials of the precipitating fluid.
‘Activators and the redox potential: JThe poorly developed soil zone covering

much of Grand Cayman Island results in a meteoric water cntcring the speleologic”

environment with a strong redox potential. If the prec1p1laung fluid has a strong redox

potcnual then Mn * and Mn** (which are not capable of activating luminescence) wzll

prcdommatc (Flg. 16), and the caleite will bc non-luminescent. This would correspond to

-«

a d@ad' type 1 precipitation environment' ‘of Frank et al. (1982). Furthermore, the

-

mechamsm of ﬂowstonc precipitation viaa thm film of fluid (Dreybrodt, 1979), allows fox-

constantt 0O, replemshrr}xgm (redox buffering) via the cave atmosphere Theoretical

constraints correspond well with t?lc lack 6f cathodolummcscencc in the speleothemic

calcites. If thc prempfﬁtmg ﬂUIdS at any time become more reducing, thcn Mn%* would be

" the expccted manganest state (Fxg 16), resulting in bnight lummcscence This would

) correspond to a "type 2 precipitation ‘environment" of Frank er al. (1982)-

]
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. flowstone precipitation, fluids pass rapid}y over the calcite surface, the residence time is
; Fi . . N .

32

The transition from an oxidizing to a reducing environment in a fairly large aquifer, can be
achieved via certain thermodynamically favoured redox reactions (Champ et al., 1979,
Table 2, p. 14). These reactions in the abscr-lc f a catalyst are, however, very slow and
require a catalyst to be of any significance. Thé presence of m?crobial ;nzymcs and the

v e
subsequent metabolic degradation of organic matter has been shown by Champ eral. ~
(1979) and Grover and Read ('1983) to be a suitable catalyst. This provides a possibic
answer J@ the very interesting relationship which places bnghtorange luminescence in
comm'Ssociation with ‘bacterial clumps' and detrital organic matter. Firstly, the detrital”
orfanic matter will act as a source for important activator and sensitizer impurity ion.
Secondly, bactenal reactions, which are associated with the metabolic de(,omposmon of the
organic matter, will catalyze 1mportam reducing reactions which lower the redox potemml
..

. . . . ~ ”~ . .
of the immediate environment. Consequently, the reduction of Mn** to Mn?* in a mildly

reducing environment will lead to the precipitation of luminescent calcite (Fig. 16). ey

by

. Quenchers and the redox potential: ?f the redox potential of the precipitating
. . .

fluid decreases further, then the reduction of iron to the Fe?* state increases the probability.

" of qucnchir;g (Fig. 16). Thus, if a pore fluid becomes too n;,ducing, calcite pr‘ccipitatcd in

this environment is not expected to luminesce.

[}

At this point the concept of 'residence time' can be expanded upon. In normal

1 ”~ -
thus very short, and the cave waters remain in an oxidized state. The high redox potential

. ‘prevents the occurrence of manganese in the Mn?* state, and the result is the precipitationof ~™

non-Juminesc®at calcite (Fig. 16). If the residence time i signiﬁcantly'ingreased, as for
gxample in a small pore space, then ;hc bartgﬁaﬁy mediated rgdi;cing,;cactions of Champ er
al. (1979) will have more time in which to lowér the ic;dox botentia o‘f the fluid. If’ a
sufﬁf}[cnt residence tunc is maintained, then the redox potential of the water may approach

that which permits mangancse actxvated calcue to be prccxpxtated A funher increase in the

~ )



-
-

residence time may cause the water to stagnate, which could lower the redox potential ot
- - - - - - M -
the water to a point where the preaipitation of Fe™' g@enched calcite 1s p()ilhlc (b, o),

. . : » ‘
The ability of the residence tume to control the redox potential ofthe cave waters, can
\ ?
{ S

provide the answer to a number of questnons. Firstly, a close examination ot the

rclationships between organics, luminescence and crystal growth morphagogy, shows that
L]

luminescent calcite can occur before the presence of organigs (Plate 1OBY. inferning that

organics may not be a prerequisite for lumnescence.  If a sufficiently long residence tme
can be maintained (i.e. stagnation of the water), this may allow n.on~biologically catalyzed
reactions to lower the redox potential of the water sufficiently for the precipitation of
luminescent calcute. S'ccondly, residence times could account for the dissimilar
luminescence patterns in juxtaposed porosity occluding cements (Plate 18 A, B).

)
Inhomogeneous permiabilities will produce differing rates of fluid Qichmgc through a pore
system. Consequently, different pores will have different residence times, which wiHl
result in a variau‘\on of the redox potental throughout localized areas of the speleothem.
N

The "Signiﬁcance of REE's

Rare Earth Elements (REE's) are erwn 10 be activators and sensitizers of

‘cathodoluminescence in calcite (Machel, 1985), particularly Eu’* Tb’* and Ce’', Ce™

respectively ("i‘able 4). This presents yet another possibility to account for the tl:xmingsccm
zonation of the speleothems. ' .

Based upon an early concept by Balashov ér al. (1964), who stated that the increase
in the Ce:Y ratio was, "...a result of prefcr.ential capture of the heavy lanthanides by
organic matter.”, Scherer and Seitz (1980) suggcsted that REE's may actually be
fractionated by a bactenial influence. Thus a bactcrial‘prcscncc within the spelc;thcmic
calcite, could increase the concentration of Ce, which would increasg the sensitization of

Mn activated calcite (Table 4). -Due to the difficulty of separating and calculating the
’ 4

concentration of REE's (Krauskopf, 1967, p.577) this would be very difficult to venfy
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cxpernimentally. This method of sensitized luminescence i calete 1s, however, a very geal
4

possibility and one which cannot be totally discounted.

D. SYNOPSIS

-Cayman speleothemic calcite 1s in general non-luminescing due to the tact that 1t was

-

precipitated from a fluid with a high redox potentialy.e. in an oxidizing environment. The
: o 4 : : e -
common coexistence of bright orange luminescence and organic matenal strongly suggests

that a causal relatonship exists between them. The organic matenal acts as both a host for

. LI - . - - - ~ .
common activator a’nd sensitizer impurity tons, and for bactena which can effectively lower
”

the redox potential of the pore fluid. The combination of acuvater and sensitizer 10ngs in a
’ ) . . "\4 -
sufficichtly reducing environment, will result in the precipitaton of luminescent calcite.

The variation in‘lumincsccnl zonanon is the result of the complex interplay of many
tactors, including, (1) the trace element content of the organic matenal, (2) partitoning

coefficients ofeach element present in the organicsymb’écurrcnce of bactenally mediated
. -~ ’ - -
reducing reactions in the pore fluid and the effect upon the redox potential of the

environment, and (5) the residence ume of the fluid in any one particular pore.

*

The rare occ;?n:ncc of bright orange 'haifline’ luminescence in the absence of any
organics, indicates that the pore fluids alone are capable of precipitating luminescent calcite.

_Lhe development of a sufficiently reducing environment in the absence of bacteria would

require a long residence time, or “"stagnation” of the fluid responsible for the precipitate. A
: s

situation such as.this may occur during pern of reduced meteoric influx.
P
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A. INTROPUETION
Physical and chemical characteristics of the fluids responsible tor the pr(jcipil;mdn ot
*speleothcms and calcite in general can be dcduced’fmm thetr stable carbon and oxygen
1sotope geochemistry (Clayton and Degens, 1959; Hendy, 1971; Méyers, 1974 Allan,
,1976; Thompson er. al. 1976; Mcyﬂ‘s and James, 1978; Allan and Mathews. 1‘)77,.1‘)83),
To study the isotope geochcmis@ of the Caymanian speleothems, samples which
po;scssed well defined morphological and compositional vanations, were collected from
localities on Grand Cayman Islan'd and Cayman Brac (EEQ 1219, CIQ 1250, CIQ 1252,
EEQ 72‘6. EEQ 727, EEQ 728,‘BH 730). As succcssive laycrsAof calcite were deposited to
form these speleothems, so a record of the isotope geochemistry of the pore waters was
retained. When sampled sequentially, selected layers on each slab can provide infonmﬁion
~on the evolution of the pore waters through tune.
In order to provide an accurate record of the 5'%0 and 8"°C ratios. a unique ;umbcr
was assigﬁcd to each calcite layer sampled. Each 'sample number' eg. EEQ 728.4,

therefore consists of, (1) a location number code and number (EEQ 728.4) which places

the sample at a specific site on Grand Cayman Island (Fig. 1), and (2) a decimal number

-7

-~

(EEQ 728.4) which is assigned to an individual calcite layer in that sample.

B. SPELEOTHEMIC ISOTOPE DATA | +

Carbon and oxygen isc;topic data was determined for forty four samplgs fron;
spercoth_ems collected at seven différcnt localities on Grand Cayman Island and Cayman -
Brac (Table 5). Data for the isotope geochemistry of selected Caymanian waters has also .

been obtained (Table 6), samples being collected from the marine, meteoric and mixing

- ,
zone environments.

A

" 85



SAMPLE NO. | 38'""0SMOW s™crppB s™0 pPpB
~EEQI2I9 255 103 S22
EEQ 12192 . 248 98 -5.9 N
EEQ 12193 254 -10.2 5.3 D
EEQ 12194 249 «8.3 - -5.8
EEQ 1219.5 25.5 ] 9.7 C 5.2 R
CIQ 1250.1 26.6 9.9 ) 4.1, Y
C1Q 1250.2 24.6 116 6.0 ’ ,
C1Q 12503 25.3 -10.9 -5.4
CIQ 12504 243 116 6.3
N ClQ 1250.5 : 247 -10.5 1 6.0
- CIQ 1250.6 247 95 -6.0
ClQ 1250.9 255 99 5.2
CIQ 1250.10 26.9 -9.6 -39
o C1Q 12522 29.0 7.2 -1.8
C1Q 12523 29.0 4.8 -1.9 N
G1Q 1252.4 25.6 -108 5.1
CIQ 12525 241 -10.7 -6.5 -
‘ ClQ 1252.6 . 24.1 -10.5 -6.5
ClQ 1252.7 ) 295 -6.9 . -1.3
\ MEQ 726.1 32.6 1.6 +17
EEQ 726.2 259 -10.2 NEED
EEQ 7263 25.2 -10.6 5.8
EEQ 726.4 243 119 -6.4
EEQ 7265 252 T 106 -5.5 .
EEQ 726.6 252 -10.5 -5.5
, EEQ 726.7 26.1 . -11.1 46
EEQ 727.1(Dol) 282 0.6 . 16 .
EEQ 727.1(Calc) 28.5 - -6.3 2.6
EEQ 727.2 28.5 -7.1 2.3
EEQ 7274 25.7 -9.6 -5.0
EEQ 7275 26.0 98 T\ a7
EEQ 728.1 - 25.3 -84 -5.4
' EEQ 7282 26.1 -8.5 4.6
EEQ 7M8.3 25.3 -11.0 -5.4
EEQ 7284 : 27.6 -5.4 32
EEQ 728.5 25.3 9.9 -5.4
EEQ 7286 25.0 - 99 -5.7
X EEQ 728.7 25.3 -10.0 -5.4
} EEQ 728.8 25.0 -10.0 -5.7
/ EEQ 728.9 25.0 . 9.6 -5.2
BH_ 730.4 24.9 4 7.1 -S.8
BH_730.3 24.0 -8.7 -6.6
BH 730.2 24.3 -7.9 -6.4
BH 730.5 25.3 -7.9 -5.4
Ny Table S. 8180 and 813C values for all the speleothems sampled, all values are reported in parts per
thousand (permill). : " )
»



CAYMANIAN WATER ISOTOPE DATA

WATER TYPE S ”‘()
+ 148

SeaWater 000 feemmmmmmme—o o
+ 1.44

Brackish Water -~

Fresh Water -427

8 A : ‘ _
Table 6. & O rauios for selected water samples taken from diverse hydrological environments on

Grand Cayman Island. Sample vourtesy of Sam Ng.

v

When the 8'°C data is plotted versus 8'%0 (Fig. I7), it is apparent that:

The general field defined by ail the speleothemic data lies in-the rar; ge 880 = -6.6%0

0 +1.3 and §°C = -11.9 10 -4.7% . The 530 data lies within the well established

range of meteoric waters (Hudson, 1977). This 15 1n agreement with both tht (‘\
1sotopic values measured for Caymanizin fresh watér ( §%0 = -4.27%o0), and

petrographic and field obscx:vations, all of which suggest that the sampled calcite is of

a 5peleotherruc origin from the meteonc realm. *
Selected layers from samples CIQ 1252, EEQ 728, and EEQ 727 form: ﬂdls[mC[ and
separate zone from most of the data (F’ig. 17). Consequently, the data can be divided

into two zones, zone A ( 813C =-11.9 to -7.1%0 and 5‘80 =-6.610-3.9%0 ) and

zone B (81°C =-4.7 10 -7.2 and 8'%0 = -1.3 10 -3.2%0).
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C\
In an attempt to rationalize this Zonal distinction, isotopie data trom cach of the

samipled speleothems are treated sequennally in order to xllu.\m&c the cwl{mnn of the pore
waters responsible for calctte prccipu;mbn.' |

Sample 728: The initial precipitates, EEQ 728.9 through EEQ 7285 which he i
[1;;rr()wly dc;]ncd 1sotopic range, contrasts with the large variaton between the Later
calcites, EEQ 728.4 through EEQ 728.1 (Fig. 18). Sample EEQ 728 5 ( 8.3 8¢
5'80) was followed by EEQ 728.4 (-11.0 8'°C, -5.4 §'%0), showing a*considerable

increase in both the 8°C and the "0 values. The isotopic vanations which define the

transition between these two layers, may be related to (1) a decrease in the waterirock ratio
-

(Sverjensky, 1981), (2) an increase in the aeinperature, or (1) an influx of marine waters

s
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Figure 18. Evolution of the isotopic geochemistry of the pore waters respansible for the

precipitation of sample EEQ 728.

The water:rock ratio in this instance can be'treated as a simple mc:}kure of the amount
of dissolution of the host Bluff Formation. In a closed system, where dissolved CO, is
totally removed from any atmospheric COQ,, there are two distinct sources of carbon, that
derived from the dolostone of the Bluff Formation, and a finite source derived from the

< ’

£
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mitial absorption of soil CO. - Dissolution of the Bluff Formation 1s important, since

90

sotopie values trom the dolostone are considerably enriched in §'*C and 8'%0 (Pleydell.
8T Coasequently, during dissolunon, the Bluff Formation will act as a resesvoir for
Coond PO I a similar situanon on Barbados, Allan and Mathews (1977) indicated that
‘he groundwater bicarbonate is isolated from isotopic exchange with the soil gas CO, soon
atter passing through the soil profile. Thus as dissolution proceeds, the water:rock ratio
will decrease as propunionaﬂy more carbon and o‘xyg’cn are derived from the host
carbonate. and less from the soil zone. If this is the silu‘ation occurring between samples
EEQ 728.5 and EEQ 728 4. then both the 8C and 80 ratios of the precipitated calcites
would be cxpectc;,j to increase.
The increase in §'°C and §'%0 could also be accounted for via a temperature effect.
In the closed system, Hendy (1971) suggested that variability in the 8'°C will be dominated
.by the PCO, 1.e. C'Oz(m) , the effects of temperature being negligible. The only way in
which significant changes in the 8"2C value could occur, would be if the change in R
temperature caused a ¢hange in the vegetation pattern, leading to an indirect controllof PCO,
in the soil . If, hqwcvcr, the system were open to atmospheric CO,, then carbon derived
from the absorptien of soil CO, is no longer a finite source. The presence of an excess
PCO, allows isotopic equilibriump to be maintained between COz(g)(soil denived) and
COz(aq). In this open system, the 8'°C of the fluid is no longer coﬁtrolled by PCO, but by
tcmpcrature‘. The relatonship between temperature and 8'3C has been quantified by Craig
(1954) and labeled the 'Enrichment Factor' (E). Expansion of Craig's work by Vogel er al.
(1970)', and Hendy (1971) showed that the temperature dependence of 813C in the open
system will be approximately 0.6%o °C"'. Applying this theory to the data from sample
1728, an increase in 8°C of +4.5%o, can be attained from the enrichment factor via a rise in
tergperature of approz&imately 7.5 °C.
If tl}c yove scenario is continued, then a rise in tempcréture must also effect the §'°0
values. If isotopic equilibrium is maintained, then the precipitated calcite will be in isotobic‘
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equilibrium with the water. The relationship between the o 7O of the fluid and the 070 ot
the speleothem, will be determined by the isotopic equilibnum tractionation tactor.

~Following the experimental work of O'Neil er al. (1969), the calcute water fractionation ¢an

be described by equation (1.0)
) \

N
Py

107 In @ CaCOy - HyO = (278 X 10°.T5) 289 (10)

Where T - Temperature (°K)

In order to calculate the effecta 7.5 °C increase would have on the calcite being
\

precipitated, equation (l_Of‘fvas rearranged.

2.78 x 10%) - 2.89) + Ln 1000 + 8'%0n
Ln 1000 + 5%0caco, = ~Z78x10) ); 0 ! 2 (1
: 10

If T = 25°C and 8'30H,0 =4.27%c SMOW, then 8'*0cac0, = 24.4%0 SMOW.
Following an increase in temperature of 7.5 °C, and assuming a constant value for 618()ii2().
then 5180C3C03 becomes 25.8%0 SMOW. The temperature increase therefore gives rise 10 4
theoretical 1.4%o0 8'80 enrichment. In reality, a 2.3%o 5'80 enrichment was measured |

. between samples 728.5 and 728.4 (Table )5); either the temperature increase was greater, or
. the assumption ;hat the 5180H20 ratio remained constant was incorrect.
(3) The third ipossibility invol\’/cs the infllux of marine ﬂuid; intc;(hé cave system.

From the data in Table 6, it can be shown that mixing of marine and meteoric waters, could

produce a water with a suitable isotopic composition (Fig. 19).
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[’y
hg_,ure 19. The muxing of Cdnbbedn sea water and fresh water from Grand Cayman Island, will

produce a water Qavuh a 5 O ratio of approximately - 1.41 %0 SMOW,
o

From equation (1.1) it is possible to construct a set of hypothetical curves, bascd
upon the maximum And minimum 5180CaCO3 ratios from éamplc 728, which describe the
range of possible 6180}{20 and temperature values cafxiblc of precipitating the sampled
calcite (Fig. 20). Measured temperatures for the shallow fresh water phreauc zone range
from 27 ° to 31°.C (Ng, 1987, pers. comm.), and are considered adequate an approximation
for the near surface vadose fluids.

Despite the large range of temperatures ca;;ablc of precipitating the calcite at a
6180H20 ratio of -1.4%s, the fact remains that the mixing of marine and meteoric fluids

could have produced the observed 5180CaC03 ratios at an acceptable temperature for the

. . — -
- depositional environment. v

Sample 728 was collected from a small exposed cave system, approximately 200 m
- from the present day sixorclinc, at an elevaton of about 20 m above sea level. In view of
this one of two mechanisms for deriving the marine fluids can be suggested. 'Within recent
history, catastrophic events have been recorded which-have driven sea water right acro;s

the entireisland. Clearly, sufficient marine waters can be driven onto coastal sites which

then rapidly drains through solution conduits in the karst (Plate 17F).
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Alternatively, the marine infiltration may haye been a subsurface phenomenon.
Hydrologically lhé Bluff Formation possesses a high infiltration rate, which allows marine
water to influx into the islands fresh water lenses along joints and fissures on a diumal
basis (Ng, 1985). However, sample EEQ 728 Wa;zoll#icd from#he east end of the island
where infiltration rates are known to be considerably lo.werA Conscqu\cmly, the former
hypothesis of surface infiltration is thought the most likely.

Sample EEQ 728.3 which follows EEQ 728 4, is considerably depleted in both 1°C
~and o (Fig. 17). Thc substantdal decrease in 8¢ (—5.6%0) resulted from either (1) a

meteoric influx bringing 12C enriched water from the soil zone abQ{c!, (2) the fractionation
of a ponded fluid reservoir, or (3)in situ organic dcc:;y.

(1) During more pluvial periods, perhaps even seasonally, the amount of meteoric
water entering the cave system from the surface- will increase. "I‘his meteoric water,
generally assumed to be isotopically ;mchcd in '?C due to its passage through the soil
zone, will then impart a depleted e signature upon near surface speleothems. Although
it is commonly assumed that meteoric water must first have passed through a soil zone, at
»\:hich point the isotopic signature of the water becomes cnri?hed in '2C (Wickman, 1952;
Brinkman er al., 1959; Bender, 1968), on Grand Cayman Island this is not always the
case. While there are areas of well developed clays and clay loams (Baker, 1974), the
depth of soil cover in general is very thin, varying from pockets of 1m to large areas with
no soil at all (Plate 17F). It is therefore possible for meteoric water to enter the cave system
without being substantially enriched in '“C, the result of this which wouid be speleothemic

-

calcite with a more enriched 8'>C ratio.
(2) Equilibrium'fracdonatic‘)n'Of a ponded fluid resetivoir coixld also account for the
decrease in both the §'>C and 80 values of sample 728.3. If the rate of loss of CO; is
sufficiently slow, such that chemical equilibrium can be maintained between bicarbonate
ions and aqueous COy, then the calcite deposited will be in oxygen isotopic equilibrium

with the water. In a closed system, two separate processes .are occurring which can greatly

/
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effect the the isotopic values of the flowstone. Thermodynamic considerations reason that
the 12C302 molecule will be prefcrcntjalfy removed over the l3C()z molecule. The
fractionation factor which describes this process (@ COy,)- HCOy), equals -9.0%0 8''C

(Friedman and O'Niel, 1977). Consequently, the remaining fluid reservoir should become

enriched in '°C. However, CaCOj precipitated should be enriched in the 13C()_%'moleculc

via the process of Rayleigh distillation, thereby maintaining the status quo in the reservoir.

The §">C fractionation factor between FRO; and CaCO3 however, results in a §'°Cof
only +1.7%o, hence when combined with the fractionation factor between CO,,.- HCO; a
net fractionation of -7.3%o 813C‘results. )

(3) The process of in situ organic decay, which refers to the localized degradaton ot
surface derived soil in the karst system (James and Choquette, 1985), may be responsible
for the isotopic trend between EEQ 728.4 and EEQ 728.3 (Fig 18). Evidence of the.
insurgence of surface organic material is apparent at both Pedro Castle quarry and at the
Old Man Bay village caves (Fig. 1). At Pedro Castle quarry, fractures developed in the
dolostone of the Bluff Formation have been ﬁlle‘d with surface terra rossa (Plate 17G, H).
At Old Man Bay village, the caves are floored with a thick layer of soill, and many of the.
now inactive speleothems are ‘dusted’ with a liberal (3 to 5 mm) coating of ofganic debris.
The origin of this coating appears to be suspended material, washed into the karst system
from the soil zone above, which has then been physically deposited on the surface of the ,
speleothems. T )L

Sample 1252: The éomplex sequence of érecipitation present in sample CIQ 1252
(Plate li&) precludes any attempts to sample the calcite sequentially. Consequently, the
sequence of pore water evolutiori’ is not known for this sample. It is apparent from Figure

17, however‘t sample CIQ 1252 has precipitates of markedly dissimilay isotopic -
| geochemistry. }

Samplé CIQ 1252.1 was extracted from conspicuous white aphanitic elongate bodies

(Plate 17B). Through the use of alizarin red staining it was apparent that these bodies are
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Linmnated cabiy immgs, composed ot ;1!(('m;1l\1g dolomie and calate. Xoray dittraction
Studies of this sample turther conclude the presence of dolomite. Sample CIQ T252 .2 was
cxracted trom an enigmane pink claste cavity fill, X ray analysis of which again shows

~ AP IX
the presence of dolonute 1tis hikely that the © Cand O ennched dolonute probably
accounts for the presence of this sample i zone B (kg 17). Sampie CIQ 12527 was

extracted from a geopetal fill (Plate 17 8), which contains numerous skeletal

(Foramimiferal) tragments. Addinonally. X ray analysis of this sample shows greater then

-

N

20% dolomite

Both the petrographic and X ray diffraction analysis of sample CIQ 1252 indicate
that the cause of the separation of these isotopic data from the main filed of speleothenme
calcites (Fig. 17), may be due to the presence in each sample of. (1) some component of
the Bluff Formation, or (2) biogenic (skeletal) calcite of recent onigin.

The relattonships between the contaminant phases and these sarﬁplcs which comprise
the zone B speleothems (Fig. 17), becomes more apparent when the recent skeletal
sediments, Bluff Formation. and the speleoghemic data are plotted on the same graph (Fig.
21). The spar calcite cements associated with the Bluff dolostone defines a disunct hinear
trend. which passes through the zone B speleothemic calcite field. The implications of this
are that the isotopically distinct samples (CIQ 1252.1, CIQ 1252.2, and CIQ 1252.7) are
the résult of precipitation fr,om a geochemically digtinct cave water, one which is related to
that which precipitated the spar calcite cements. This relation may take one of two forms,
either (1) bottf the speleothemic calcite and the spar calcite cements were precipitated
coevally from the same fluid, or (2) dissolution and re-precipitation of the spar calcite
cements provides the saturated fluids which pmcipifatcs the later speleothemic calcites.

The effects of dolostone dissolution should not be discounted efther, as with the spar
calcites, the 1sotopic geochcrﬁisuy of the dolomite also lies the same covariant trend (Fig.

21). )

Rig
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Figure 21 The covanent trend between the sotopic geochemustry of the Blult Formation

and the closcly related spar calcite cements, transects the Zone B speleothemie calente

Biogenic caletes (skeletal sediments) do not appear to be related to the geochemisury

of the Zone B calcites. Additnonal 1sotopic data courtesy Suzanne Pleydell.
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It 1n possible that the dissolution ot the host dolostone and/or phvsical contamination by
L av oLt

dolostone clasts could have produced the measured increase i the 6O and o° C ratios
these samples. “The presence speleothemce caleite in the zone B range may, theretore, be
the result of a decreasing water-rock ratio 1 e greater dissolution of the host dolostone.

Sample 727 The isotopic data from this sample further corroborates the vicxx that
the sotopic ratios of the zone B caleites are related to those ot the host dolostone and
associated spar calcite cements. Isotopic geochenustry of the spar calaite presentin sample
- W 13, - ) : o
FEQ727.1 had 8§ O and 8 “C ratos of - 2.6%c and - 6.3%c respectively. These are very

18 13 < - S .
similar to the & 'O and & “Cratos of the flow banded calente (EEQ 727.2) which coats the
dolostone clast (Fig. 22). »
. s 13 18 . .

Sample EEQ 727.2 1s (1) enriched in "C and O 1n comparison to most of the
speleothemic calcites, and (2) of a similar isotopic composition to the spar calcite cements.
One possible explanation for this, is the fact that they were precipitated from a similar tland.

one which is distinct from the zone A calcites. Alternauvely, the higher 80 and 8''C

I

\

ratios may be representative of a mechanical (artifact) or chermucal (natural) contamination ot

the calcite layer juxtaposed with the dolostone clast. Mechanical contamination is ruled out
on the grounds that X-ray analysis of this sample did not shyau.hc prc;‘cnce of any
dolomite. The increased 8'°0 and §"°C ratios may, thércforc, be the result of dissolution
of the dolostone clast, Which has released 8'%0 and "’C into the ambient fluid to be later
incorporated in the calcite of sample EEQ 727.'2, Oncc the dolostone clast 1s coated in
calcite, 1t is effecnvely removed from the system, h‘encc subsequent calcite layers, EEQ
7274 and EEQ 727.5 (Fig. 22) plot in the zone A range.

Sample 7726: Sample EEQ 726 (Plates 6 and 17D) displays a great vanety of calcite
morphologies, varying from white palisade calcite (EEQ 726.3), 'rafted’ éalcitc bodies

(EEQ 726.5), 10 well developed ‘calcite shrubs' (EEQ 726.6). If fluid composition is a
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Figure 22. Evolution of the 1sotope geochemistry of pore waters responsible for the precipiiaton

of sample EEQ 727.

controlling influence upon crystal morpholegy, then these changes in morphology may be
reflected in the isotopic geochemistry of the layers. A comparison of the geochemical
WUtion of the fluids responsible (Fig. 23) and the morphology changes (Plate 17D),
ever, fails to reyeal any significant correlation. Fot example, the isotopic values of
EEQ 726;'§ (the algal filament zone) are 110.6 8"*C and -5.5 5'°0. The following zone, a
very distinct botryoidal and ‘shrub’ calcite has 5°C and 6180'vuluey)f - ]'().5%(; and -5.5%
respectively. Clearly a considerable morphological change has occurred without a
corresponding change in the carbon and oxygen geochemistry.
- There does appear to be a more positive morphol(}gical and geochemical correlation
between samples 726.6 and 726.7 (Fig. 23). A small decrease in the 8'>C ratio of -0.6%,

is accompanied by a larger increase in the §'%0 ratio of +0.9%o, as the morpholoyry changes
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from cuhedral crystalline shrubs to an orange pellowdal fill. This zone consists of many

subrounded spherical clasts of Blutt dolostone, surroundtd by a spar calcite cement. The

“

presence of these inverse graded peloids represents the intlux of sediment laden fluids into

The clasts of the dolostone can account for the enrichment

a previously ponded reservorr.

.18 : . : . :
n ?),Q), while the orange coloration (possibly derived from terra rossa) may be the cause of

NI o _
S "Cdepletion, via in situ organic decay.
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Figure 23. Evolution of the isotope geochemistry of pore waters rcsponsiblc for the precipitauon

of sample EEQ 726.

Sample 1250: The isotopic trend displayed between samples CIQ 1250.1, CIQ
1250.2, CIQ 1250.3 and CIQ 1250.4 (Fig. 24) may be the result of variations in the
water:rock ratio. For example, as the rate of meteoric influx increases, so the trend
towards deplefed 8'C and 5'30 values will occur since the carbon and oxygen from the
meteoric water will gradually become predominant. During pcrioc.\s of lowered meteoric

influx, or where the fluids responsible for precipitation have been ia contact with the host
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Figure 24. Evolution of the isotope geochemistry of pore waters responsible for the precipitation
4

of sample CIQ 1250. .

Samples CIQ 1250.5 and CIQ 1250.6 show a trend of increasing 8'C, while the

18 . . - . . .
8'°0 value remains fairly constant. If an increased rate of CO, degassing occurred, then

)
because the fluid §'°C ratio will be enriched by +9.0%o (Assuming equilibrium conditions

_ at 15°C), subsequently precipitated calcite will be similarly enn'ched..

Samples 730 and 1219: Theasotopic values from samples BH 730 and EEQ

1219, all lie in a very narrow isotopic range (Figs. 25 and 26). As neither the morphology

nor the isotopic geochemistry show any marked variation, these samples are considered no

further. -
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D. DISCUSSION OF DATA

A distinctive change in the isotopic ratios, recognized in more than one sample, may
indicate a regional 1sotopic signature. Layer 728.4 with 6”(/‘ and 870 ratros of -5.4%e
and -3.2%o respectively, is isotppically very distinct and 1t was hoped that this may be uxﬁd
as an 'isotopic signature’. However, analysis of all the other samples from bol'h Grand
Cayman Istand and Cayman Brac failed to reproduce this parucular signature. The
evidence therefore suggesgs that this w.us a localized event. This 1s not surprising in vxcw?
of the fact that speleothems will form in a micro-environment of a highly individu;ﬂ
geochemical and physical nature. It is apparent that many vanables can be considered
influential in determining the carbon and oxygen isotopic geochemistry in these
cnvironmems (Fig; 27), the most im;nant of which are; \\ ‘

Meteoric Water: The 5'°0 ratio of rainwater in the Caribbean in general, 1s known
to vary between -2.0 and -4.0%0 SMOW (SEPM course #10). At this stage, vanation in
the 8'®0 ratio of the rainwater is a direct result of fractionation in all condensati®n and
evaporation processes (Dansgaard, 1964). Extremes in latitude and altitude can theretore
have marked effects upon the 5'30 ratio. The low latitude of Grand Cayman Island
(19°2Q'N) and the lack of substantial relief, however, ensures that the §'%0 ratio of the
precipitation 1s close to that of thé inital fracdonadon of the Caribbean sea reservoir (0.0 to
+1.0%0 SMOW). Despite the high mean daily temperatures, 29.5°C and 26.0°C for August
and January respectively (Proctor, 1984), the effect of evaporational fractionationis . .
minimized by high humidity and rapid surface drainage. Thus, it appears valid to assume

a

that meteoric waters entering the groundwater cycle, have similar regidnhl and-ehnual 8'%0
ratios.
¥ :
Groundwater: The isotopic geochemistry of the grBundwater is primarily a
function of four major elexhcnts;
(1) The inidal 5'30 value of Caymanian rainwdter (above).
(2) The 8'3C ratio of atmospheric CO,, which is approximately -7.0%o (Hudson,1977).
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Figure 27. The isotopic geochemistry of the Caymanian spcleothcrﬁ§ is controlled by many
factors of both local and regional significance. This summary diagram illustrates those
factors which are most influential, and the ares in which they are effective.



(3) The e of orgamc denved CO,, an approxamate range tor whichis 12,0 to -
20.0%o. This is based upon, (a) the vegetation types (Brinkman er al., 1959), (b) the
fact that no isotopic fractionation occurs between livmg and decaying organic maternal
(or that produced via respiration), and (¢) no 1sotopic fractionation occurs between
the organic material and gaseous CO, (Bendef,| 1968).

(4)  The 5°C and the 8"0 values of theBluff Formation, where the 8''C ratio ranges

from -0.3 to +3.4%0 (Pleydell, 1987).

The 8"°C ratio of the groundwater is a combination of the above elements 2, 3 and 4.
The interaction between the organic material and the host carbonate, commonly referred 1o
as 'soil Wcathcﬁng’ (Hudson, 1977), involves the formation of a bicarbonate molcculc:
one carbon‘alom being contributed from the Bluff formation and one from the organic -
material. Therefore, knowing the 8'°C ratios of the organic CO, and the Bluft dolostone,
an approximation of the 8'°C ratio of the groundwater can be made (Fig. 28).
Discrépancics between the measured value for Caymanian groun}iwuter (Table 6), and that
predicted in Figure 28, can be explained in view of the fact that the 8'°C ratio is very much
dependant upon time. The greater the period of time that groundwater is in contact with
cither organic material or host carbonate, the greater the influence of each will be.

Marine influx; The combination of marine fluids (8180 = 1.4 10 1.5%0) with
groundwater, can produce a fluid c:nn'chcd in both °C and 18.0.

Equilibrium and Kinetic Fractionation Factors: Precipitation of calcireT x
through the slow loss of CO, allows chemical equilibrium to be maintained between
bicarbonate ions and éascous CO,, hence isotopic equilibrium is maintained. In a ponded

fluid reservoir for example, isotopic equilibrium fractionation factors (Friedman and

O‘Ne'ri, 1977), will eventually lead to a fluid depleted in Be,
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If the rate of loss of COj5 is too rapid, then a kinetic isotopic fractionation tactor s
mtroduced between HCO,. CO; and H,O. Under such circumstances, the préciputated
calcite is no longer in isotopic equilibritym with the water. Hendy (1971) has presented the
theory of kinc':tic isotopic fractionation in great detail, and suggested its effects are so great,
as to totally mask all recognizable features of isotopic equilibrium fractionation. In order to
recognize the features of kinetic isotopic fractionation however, samples would havesto be
collected sequentally along the calcite layers, in the direction of fluid flow (Fanudis and
Ehalt, 1971). As the samples used in this study were not collected in situ, information as
1o the dircctidn of flow was not available. In view of this, kinetic tsotopic fractionation 1s
considered no further. '

Evaporation: Evaporation can induce precipitation of calcite via the increased 1on
concentrqtion of the solution. Subsequently precipitated calcite will posses a distillcti:/c
8'%0 signature, the result of H216O'bcing preferentally removed from the reservoir. As the
reservoir is enriched in the HzlsO molecule, so the calcite will become enriched in the
CI8023'radical. Clearly the degree of §'%0 enrichment 1s dependaat upon the rate of
evaporation. In the cave environment however, humidity is usually high and the degree of
evaporation low (Holland er al.,1964), hence unusual conditions are required for this
process. A cave entrance, or any subterranean cavity which is open to surface atmosphernic
co{;lditions, may be subject to evaporative fractionation processes. Unusual petrographic
features may also be associated with this type of deposit. As water evaporates, other

soluble salts in solution may approach saturation; their presence during the precipitation of

calcite may result in a calcite phase which is impure and microcrystalline in texture.

E. SYNOPSIS
Idiosynérasies abound in the carbon and oxygen stable isotopic geochemistry of the
Caymanian speleothems, Each individual sample possesses a different trend of isotopic

variation, although all the studied samples do lie within a restricted %0 and 5'°C ran ge



(I:ig. 17). The range of isotopic values, and the isotopic variation observed between the
samples can be related to, (1) thc\sourcc of the carbon and the oxygen, (2) the temperature
of the precipitational environment, and (3) the hydrodynamics of the precipitational
environment. The source of carbon and oxygen apparengly exerts a strong control on the
final isotopic enrichment of the speleothemic calcites. The fact that many of the sampled
speleothems have isotopic ratios which lie along a covariant trend with both the host
dolostone and related spar calcite cements, suggests that their dissolution may control the

isotopic geochemistry of the speleothemic calcites to large extent.
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v X. CONCLUSIONS

Speleothems are common in the solution cavities, jeints and skeletal molds of the
Oligocene-Miocene dolostones of the Bluff Formation.

Spclcogcncsis was a result of cyclic fluctuations of the shallow vadose and phreatic
hydrologic regimes. (i) Ceiling solution pockets indicate that the large Solution
cavities were initially formed by mixing corrosion in the p’hrca(ic zone. (1) These
‘phreég.i‘c cavities were later modified in the vadose zone to produce gravitatonally
controlled speleogens. (iii) These cavities were further overprinted by phreatic
dissolution features.

The dense accumulation of speleothems at some localities, and the paucity at others,
is the result of a partial lithological control.

A wide range of crystal morphologies in the speleothemic ca‘lcitc-was a response o
(1) fluctuating chemical and physical conditions, and (ii) biogenic controls in the
vadose zone. Those crystals that are precipitated on organic bodies are strongly
substrate controlled *whereas those precipitated on a crystalline substrate receive
additional crystallographic control. .

The presence of (i} calcified filaments, (i1) uncalcified filaments, ( 111) microborings,
(iv) organic bodies, and (v) calcified spherules indicates tha.t speleothem formation is
not solely an abiogenic process. |

~ The formation of colour banded flowstone emphasizes the significant role of
organics in the macroscopic, as well as microscopic features of the speleothems.
AAS showed no correlation between the colour bands and the trace element content,
whereas the distribution of organics was correlative. )

580 and 8'>C ratios of the flowstones from Grand Cayman Island rangc from

-6.6%o0 to +1.3%0 and -1 1.9%so to -4.7%o respectively. This range of data is

indicative of precipitation in the meteoric diagenetic realm.
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Spduﬁ&hm calcite in general exhibited no cathodoluminescence. Exceptions are
dull m{bngh( orange luminescence occurming i (1) organic nch zones, (1) undetined
hairline’ zones, and (i11) cements that occlude coeval porosity 1n the flowstones
With the emergence of Grand Cayman Island after middle Miocene times, came the
development of a meteoric hydrodagical system. This provided the potenual for
speleogenesis. Subsequent sea level fluctuations during the Teruary and Quaternary

have had a marked influence on the gross morphology and spatial distribution ot

speleological features.
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PLATE 1

Verucal speleothems trom the Old Man Bay Village Caves.

Saw tooth stalactute with elaborate cuspate drapes. Photograph courtesy B.
Jones. Scale bar = 20 cm.

Type I stalacute, with a small drape developing. Note the geometry ot the
banded calcite where the speleothem has ben damaged. Scale bar = 15 cmy

Spectacular growth of vertical speleothems, with stalactites, stalagmites and
stalacto-stalagmites (S). Note the eccentric stalactite in the left background
(arrow), the distinct curved nature of which may be due to an uneven flow of
water down the stalacute. Scale bar = 25 cm.

Fractured type II stalactite, showing a near concentric arrang@ment ot calciie
laminae. Note the preservation of the fine central 'soda straw’, and the
coalescence of juxtaposed stalactites, a result of their dense growth. Scale bur
= 10 cm.
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PLATE 2

- Fractured stalagmite showing the geometry of the internal cgleite laminae, note

that they do not fonm concentric structures as do the stalacutes (Old Man Bay
Village Caves). Scale bar = 15 cm.

Y
Dense growth of stalactites, many of which stll display the central soda
straw. Growth was so dense, that many of the stalactites have laterally
coalesced to form a composite structure (Old Man Bay Village Caves). Scale
bar = 25 ¢cm.

A loose block of the Bluff Formation showing preserved speleothems. The
concentric laminae and the charactenstc sinter tube indicate that these
speleothems are inverted stalactites (High Rock Quarry). Scale bar = 5 cm.

) L4
Horizontal flowstone filling former solution conduits in a loose block of the
Bluff Formation (Pedro Castle Quarry). Hand lens for scale.

Large saw tooth sinter 'flag’, note the well developed crenulations along the
entire length of the speleothem (Old Man Bay Village Caves). Scale bar = 25
cm.

Massive flowstone formation, which shows the beginnigg of a 'meduse
deposit’. Note the cuspate growth which develops as increased CO,

degassing on protuberances, leads to enhanced calcite precipitation (Old Man
Bay Village Caves). Scale bar = 20 cm.
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PLLATE 3

Unusual cave deposit formed of fragmented stalactites, which have collected

* as debris on the cave floor, and later become lithified. Note the coarse cave
sediment which fills the interstices between the fragmented stalactites (Old
Man Bay Village Caves). Scale bar = 10cm .

A, two cycle cave; the upper elliptical phreatic tube (PT) shows many well

~
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developed phreatic speleogens i.e. solution pockets and ceiling scallops. The

lower portion of this passage shows vadose canyon incision (V), down
cutting approximately 2 m (Pirate Caves). Scale bar = 1 m.

Inverse solution pocket, in which pre-existing flowstone 1s shown corroded.
This is indicative of a phreatc phase of dissolution following a vadose stage
of development (Pirate Caves). Scale bar = 5 ¢cm.

Large inverse solution pocket, the lack of vertical groves inside of which,
indicates that this is not a "vadose solution pocket”. Note the presence of

2

algae (arrow) growing in this low light environment (Pirate Caves). Scale bar

= 25 cm.

Entrance to the Pirate Caves system shows the presence of a former phreatic
tube (PT) very close to the surface (possibly the result of ephemeral phreatic
conditions). Note the large collapsed block (In), evidence of incasion in this
particular cave system (Pirate Caves). Scale bar = 1.5 m.

Large elliptical phreatic tube, showing a well formed inverse solution pocket
(SP). The elliptical cross section of this passage, may be the result of some

poorly defined bedding control. Evidence of later vadose downcutting (white

arrow) is clearly marked (Pirate Caves). Scale bar = 15 cm.

Multple generations of flowstone filling a former solution conduit; note how
the flowstone has conformed to the former topography. One of the later
generations of flowstone has developed small vertical speleothems (arrow)
(Pirate Caves). Scale bar= 15cm. .

Former solution conduit which has been filled with laminar flowstone, is now

exposed in the wall of a phreatic tube. This indicates that a late stage of

phreatic dissolution has followed a period of development in the vadose zone

(Pirate Caves). Scale bar= 15cm.
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PLATE 4

-

Massive 'meduse’ flowstone, with well developed nmstone deposits (RD) in
the foreground. Where the gradient has become excessive, rimstone and
flowstone speleothems have developed into large stalactite curtains (SC) (Old
Man Bay Village Caves). Scale bar = 50 ¢m.

Circular solution conduit cut into the host Bluff Formation, and then later
filled with horizontal layers of flowstone. Note the vertical flowstone
(arrow), which encrusts part of the wall of the former conduit (Pirate Caves).
Scale bar = 25 cm.

Large, inactive vertical solution shaft, a vadose flow feature which has been
exposed in the side of the main phreatic tube. Surface water entered from
above (arrow), and fell approximately 2.5 m to the lower cave level. The
promirent bowl at the base of the shaft is the result of increased dissolution,
probably the result of mixing corrosion (Pirate Caves). Scale bar = 50 cm.

A large sinter band (arrow) has formed as & tesult of saturated waters flowing
down the passage wall. Note the prominent banding which occurs as a result
of differing impurity concentrations in the water responsible for precipitation
(Old Man Bay Village Caves), Scale bar = 50 cm.

Soluton shaft (arrow) links two inactive cave passages. The exact origin of
the shaft is unknown, but probably represents the situation where a lowered
water table has caused downcutting into a lower cave level (Pirate Caves).
Scale bar = 1m.
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PLATE 5

Thin secton EEQ 728a, showing a thick accumulation of laminated internal sediment
(1.S) between vertical speleothems (VS). To the left, the sediment has truncated the
crystals (TC), while to the right, the sediment i1s draped over the crystal terminations (DS).
The lower portion represents a well developed flowstone, with inclusion rich (IR) and
inclusion tree (IF) calcite. Growth banding (GB) and palisade calcite (PC) are shown.

Scale bar = 4 mm.






PLLATE 6

Thin secuon EEQ 726a showing palisade calcite (PC), with growth banding (GB)
defined by imcmarscdimcm. Above thepalisade calcite, algal filaments (AF) form a
prominent rafted zone'. Following this zone, there is a succession of radiating calcite
bundles (RB) and finally trigonal crystals (TC) in the uppermost part of the thin section.

Scale bar = 5 mm.
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PLATE 7

A marked change in calcite morphology occurs at the truncation of the lower
growth surface. Crystal growth following the penod of erosion s clearly
inclusion nch. Scanning elecrron nucrograph (Sample CIQ 1291). Scale
bar = 20 um.

Boundary between inclusion poor to inclusion nich caleite. The change in
morphology 1s not marked by a truncation, but 1s possibly a growth hiatus
incorporating an intlux of organic matertal. Scannming electron mucrograph

(Sample CIQ 1291). Scale bar = 10 pm.

Former crystallographic faces are defined by an abundance of inclusion nch
growth bands, of varving density and tvpe. Photomicrograph, crossed nicols
(Sample EEQ 726). Scale bar = 150 pum.

Master crystal with well developed crystallites (C) . Nole the growth phases
defined by type 11 inclustons (1) (Kendall and Broug,hton 1978).
Photomicrograph, crossed nicols (Sample EEQ 726). Scale bar = 300 g,

Detailed view of very fine, sharply defined type Il inclusions. Photomicro-

graph, plane polarized light (Sample EEQ 726). Scale bar = 100 pm.

Change from type V inclusion rich calcite to type VI inclusion free calcite.
Photomicrograph, plane polarized light (Sample EEQ 728). Scale bar = 240

pum.

Former crystallographic faces defined by organic rich zones, contain abundant
elongate inclusions. Note the asymmetric development of organic

- accumulaton and inclusion growth. Photomicrograph, plane polarized ugm{,

P~

(Sample ‘EEQ 726). Scale bar = 120 pm.

Detailed view of G showing that the principal direction of growth, parallel to
the inclusion, i1s not normal to the crystallographic faces. Photomicrograph,
plane polanzed light (Sample EEQ 726). Scale bar = 30 um.
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PLATE 8

!
Well developed palisade calente crystal fabric wyh individual crvstals having
rhombohedral terminatuons. Photonucrograph, crossed nicols (Sample FEQ
726). Scale bar = 100 um.

End on view of a possible screw dislocation; note the well formed centrally
located pit, which represents the axideof the dislocation. Scanning electron
micrograph (Sample EEQ 728). Scale bar = 4 um.

Well formed asymmetrical inclusion pattern on both the large crystal
terminations. One side of each crystal shows a more abundant and random
arrangement of inclusions. Photomicrograph, plane polarized light (Sample
EEQ 726). Scale bar = 100 pm. ‘

Y
Spindle or needle like inclusions developed parallel to the principal direction
of growth. Note the ellipucal holes (H) developed 1n three of the inclusions.
Scanning electron micrograph (Sample EEQ 1219). Scale bar = 40 um.

L2

* Example of a bifurcating inclusion, in this instapce, the inclusion bifurcates i -

the directon of growth.Scanning electron micrograph (Sample EEQ 1219).
Scale bar = 40 um.

Submicron calcite crystals (C) deposited on a truncated growth surface (TS).
Organic matenal present at this interface has been removed during the gtching
process. Scanning electron micrograph (Sample EEQ 1219). Scale bar = |

um. :

. . .
Crystallographic faces defined by detrital organic materidl (O). Scanning
electron micrograph (Sample EEQ 726) Scale bar = | pm.

Former crystallographic facesy once defined by an abundance of organic
material, are now represented by void spaces (V). Scanning electron

micrograph (Sample EEQ 726). Scale bar = 20 pm.
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PLATE 9

(A) Large, well defined inclingd inclusion, propagated from the juncture between
two truncated crystals. The inclination of the inclusion marks the principal
growth directuon. Scanning electron micrograph Scanning electron
mucrograph (Sample EEQ 726). Scale bar = 10 um.

(B) Cross cutting, pseudo-pleochroic type 11 inclusicmémds, thought to be the
result of differential flow rates over the extenor of the stalactite.
Photomicrograph, plane polarized light (Sample EEQ 1220b). Scale bar =
200 pm.

() Former crystal growth surfaces have been truncated at nght angles to the
principal growth direction, by intensive physical and/or chemical erosion.
The final stage of crystal growth, before a major change in crystal
morphology, is marked by an organic rich zone. Photomicrograph, plane
polarized light (Sample EEQ 726b). Scale bar = 60 pum. -«

(D) Negative print from thin section, 1241 showing calcite crystal shrubs (S),
which are probably the result of fluid ‘ponding’ above the disconformity
surface (D). Scale bar = 2 mr.

(E) Former crystal growth surface has been truncated by the laminated internal
sediment fill. Note how disordered the crystal growth is following each
sucessive organic fill. Photomicrograph, plane polarized light (Sample EEQ
728). Scale bar = 300 pm.

(F) Thick deposit of internal sediment, which has planed off the columnar crystals
to produce distinctly square tipped crystals. Photomicrograph, plane
polarized light (Sample EEQ 728). Scale bar = 300 um.

(G) Ragged, uneven crystals with square terminations, overlain by a thick deposit
finternal sediment. Note the change in crystal morphology as calcite
resumes growth above the sediment layer.  Photomicrograph, plane polarized
light (Sample EEQ 728). Scale bar = 300 um.

(H) Presence of organic material (O) between scalenohedral crystal terminations,
has a marked effect upon the morphology of the proceeding calcite crystal\
growth. Photomicrograph, plane polarized light (Sample EEQ 1219). Scale
bar = 150 um.
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. PLATE 10

(A) Layer of ‘perched’ internal sediment, which produces a marked change in the
crystal morphology. Below the sediment are large well formed palisade
crystals, while above the sediment, the crystal morpholo;,y consists of small,
disorientated 'fibres’. Photomicrograph, plane polarized light (Sample EEQ
1220). Scale bar = 150 pm.

(B)  Same field of view as A. The new crystal growth above the intemnal
sediment, which have a different crystallographic orientation, are length slow.
Photomicrograph, crossed nicols (Sample EEQ 1220). Scale bar = 150 pm.

() Palisade calcite crystal terminations, with accumulation of organic detritus in
the intercrystalline voids. Scanning electron micrograph (Sample EEQ 1219).
Scale bar = 100 pum.

(D)  Enlarged view of plate VI (C), detailing the nature of the organic material
which drastically alters crystal growth morphology . Scanning electron
micrograph (Sample EEQ 1219). Scale bar = 20 um.

(E) Mottled or "patchy’ extinction pattern, charactenistic of zones where
asymmetrical crystals (A) have developed. Photomicrograph, crossed nicols
(Sample CIQ 1252a). Scale bar = 150 pm.

(B Asymmetrical crystals showing markedly curved crystal boundanes (CB).
Photomicrograph, plane polarized light (Sample CIQ 1252g). Scale bar =
200 pm.

(G)  Calcite crystals with interpenetrant margins and digitate processes extending
in the direction of growth. Photomicrograph, crossed nicols (Sample EEQ
726b). Scale bar = 150 um.

o (H)  Calcite crystals showing the characteristic radial growth pattern of stalactites.
Note hoe the ¢rystallites have coalesced to form ragged’ compromise
boundaries. Photomicrograph, crossed nicols (Sample EEQ 1220b). Scale
bar = 200 pm.
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PLATE 11

Detailed view of crystallites which propagated on a well defined crystal
termination. Note that the crystallites do not develop perpendicular to the
growth surface, but retain a considerable degree of 'lattice information’ from
the parent crystal (Sample EEQ 726b). Scale bar = 40 pm.

A distinctive change in morphology from the lower zone, in which lateral
crystallite coalescence has been relatively complete, to an upper zone in which
lateral crystallite coalescence has been relatively incomplete.
Photomicrograph, crossed nicols (Sample EEQ 728). Scale bar = 100 pm.

Tngonal crystals defined by organic rich growth tands, showing numerous
‘parasitic crystallites’ (arrow). Photomicrograph, plane polanzed light
(Sample EEQ 726). Scale bar = 140 um.

Extinction pattern highlights the individual crystallographic nature of both the
host crystal and the crystallite. Photomicrograph, crossed nicols (Sample
EEQ 726). Scale bar = 140 um.

Trigonal crystal morphology highlighted by the etching of the thin section.
Note the multiple crystallite propagation in the lower potion of the
photomicrograph. Photomicrograph, plane polarized light (Sample CIQ
1252): Scale bar = 120 pm.

Laterally interfering trigonal crystals, one of which displays a well formed
parasitic crystal (arrow). Scanning electron micrograph (Sample EEQ 726).
Scale bar = 50 um.

Enlarged view of plate F, showing the manner in which the parasitic grow on
the flanks of the host crystal. Scanning clectron micrograph (Sample EEQ
726). Scale bar = 40 um.

Three dimensional view of a trigonal host crystal, or master crystal (MC),
with numerous secondary, or parasitic crystallites (SC) growing on its flanks.
Scanning electron micrograph (Sample EEQ 1069). Scale bar = 50 um.
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PLATE 12

r
|

Profusion of syntaxial overgrowth crystallites growing on the flanks of the
larger host crystal. Scanning electron micrograph (Sample EEQ 728). Scale
bar = 20 pm. ‘

Columnar crystals seen parallel 1o the {001} plane, with prominent
dissolution features between individual crystals, highlighted by etching with
HCI. Scanning electron micrograph (Sample EEQ 726b). Scale bar = 100

pm.

A prominent ‘carina’ structure (arrow) developed ag'the regular intervals along
the crystal boundaries. Scanning electron micrograph (Sample EEQ 726b).
Scale bar = 25 um.

Enlarged view of the ‘canina’ structure which is formed from a succession of
individual solutip pits (arrow). Scanning electron micrograph (Sample EEQ
726b). Scale bar = 10 pum. -~

Columnar crystals vi€wed perpendicular to the {001} plane, highlighting the '
trigonal nagylwésé crystals, and the control that this has on the
morphology o intercrystalline pore space. Photomicrograph, plane
polarized light (Sample EEQ 728). Scale bar = 200 um..

An ordered arrangement of trigonal intercrystalline pore space, which

“produces a very distinctive pattern of voids. Scanning electron micrograph

(Sample CIQ 1252). Scale bar = 20 um.

Enlarged view of trigonal intercrystalline pore space. Scanning electron
micrograph (Sample CIQ 1252). Scale bar = 20 um.

More elongate intercrystalline void space occurs, as the section through the
crystals is more oblique to the c-akxis. Scanning electron micrograph (Sample
CIQ 1252). Scale bar = 10 um.
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PLATE 13

(A) A large bactenial 'clumﬂ’p\’l?icvclopcd above a disconformity in the crystal
growth. The disconformity surface is marked by an abundance of
amorphous organic matenial. Photomicrograph, plane polarized light (Sample
EEQ 1219). Scale bar = 150 pm.

(B) ‘Ring’ accumulations of organic matenal, possibly a cross section through
either an algal filament or stem of a higher taxonomic plant form eg. a 'moss
stalk’. Photomicrograph, plane polarized light (Sample EEQ 728). Scale bar
= 200 pm.

(C) Bactenal peloids have accumulated between two large composite calcite
crystals (C), as coarse internal sediment. Photomicrograph, plane polarized
light (Sample CIQ 1250). Scale bar = 200 pum.

(D) Bactenal clumps acting as a nucleus for the growth of calcite spherocrystals.

Photomicrograph, crossed nicols (Sampie CIQ 1250). Scale bar = 150 pm.
. .\

(E) Elliptical ring structure with a central zone of organic rich xenotopic calcite.
Photomicrograph, plane polarized light (Sample CIQ 1250). Scale bar = 150
pm; '

(F) Crystals seeded upon the bacterial clumps follow the curved morphology of
the substrate, resulting in a divergent pattern of crystal growth.
Photomicrograph, crossed nicols (Sample CIQ 1250). Scale baﬂ= 150 pm.

(G)  Large, very dense bacterial clump, which acts as a nuclcus fora fhrgc
spherocrystal. Photomicrograph, crossed nicols (Samplc EEQ 726). Scale
bar = 350 um. : .

(H)  Mutually interfering crystals arising from a large a spherocrystal. These |
crystals have again used the bacterial clump a centre for nuclcatiori
Photomicrograph, crossed nicols (Sample CIQ 1250). Scale bar & 150 um.
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PLATE 14
L 4

Preferentual accumulatuon of organie matenial at the apices of the crystal
terminations. This may be due to etther an inorganic or organic control
mechanism. Photomicrograph, plane polarized light (Sample C1Q 1250).
Scale bar = 240 pm.

Crystal regrowth atter the organic accumulation follows the morphology ot
the organic substrate, producing distally divergent columnar crystals.
Photomicrograph, crossed nicols (Sample CIQ 1250). Scale bar = 240 pm.

Large columnar calcite crystal with organic matenal accumulated at 1ts apex.
the organic matenial has not filed the intercrystalline spaces (arrow) as would
be expected under gravitatonal forces. Photomucrograph, plane polarized
light (Sample CIQ 1250). Scale bar = 220 um.

Calcite raft with a well defined central core (arrow). Bactenal pelowds have
accumulated on either side of the raft. Photomicrograph, plane polanzed light
(Sample CIQ 1250). Scale bar = 200 pm.

Dense zone of elongaté bodies with many disordered cross cutting relation-
ships. These may at first appear as branching forms of filaments, but 15
probably the result of a random arrangement of calcite rafts. Arrow zone is
enlarged in plate F. Photomicrograph, plane polarized light (Sample CIQ
1249). Scale bar = 300 um.

Enlarged view of an elongate body, showing the well defined central core.

Note how the crystal morphology changes from xenotopic microspar (MS)
which surrounds the core, to coarse spar calcite (SC) between the elongate

bodies. Photomicrograph, p(lanc polanized light (Sample CIQ 1249). Scale
bar = 75 um.

Enlarged view of the rounded termination of one of the elongate bodies
projécting into pore space (P). Note the xenotopic nature of the microspar,
and the terminaton of an algal filament (arrow). Scanning electron
micrograph (Sample CIQ 1249). Scale bar = 40 um.

Enlarged view of the particularly small algal filament, which may form the d
canml ‘core’ of the larger elongate bodies (Plate x (E)). Scanning electron
micrograph (Sample CIQ 1249). Scale bar = 4 um.
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PLLATE 15

Large elongate body with a poorly defined central core, which has bee
encrusted with microspar, and later by larger rhombohedral crystals. The
larger encrusting crystals show well developed growth banding, formed
during the latter stages of crystal growth. Photomicrograph, plane polanized
ight (Sample EEQ 726). Scale bar = 80 um.

Where two elongate bodjes are juxtaposed, €-advancing growth front of the
overgrowth calcite will mutually interfere, formingha compromise boundary
(awtow) between the two bodies. Photomicrograph, crossed nicols (Sample
EEQ 726). Scale bar = 150 pm. *

Colony of gungal filaments attached to the surface of etched trigonal crystals
Note the charactenistic dichotomous branching (arrow). Scanning electron
mucrograph (Sample EEQ 726). Scale bar = 100 um.

Enlarged view of the branching fangal filament, with an unusual surface
morphology which may be the result of collapsed fruiung bodies. Sc;mmﬁg
electron micrograph (Sample EEQ 726). Scale bar = 10 um.

Cluster of calcified spherules, composed of submicron to 3 um sized calcite
crystals. The fractured spherule in the foreground shows that there is no
marked compositional change, or bacterial colony at the nucleus of the
spherule. Scanning electron micrograph (Sample EEQ 726). Scale bar = 10

um. \

Cluster of calcified spherules, ranging in size from 4 um to 12 um. Note the
close association of an algal? filament in the upper right. Scanning electron
micrograph (Sample EEQ 726). Scale bar = 10 um.
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PLATE 16

Lincar chasmolithic alga, which has been encrusted in microspar caleite. Note
the distunct lack of branching of algal body, as opposed to the fungal body.
Scanning electron micrograph (Sample C1Q 1249). Scale barf 20 pm.

Enlarged view of the algal filament which showing micrite rhombs
encrusting? the filament. Scanning electron mucrograph (Sample CIQ 1249).
Scale bar = 5 um. v

Bored calcite is clear evidence of the presence of a nucro-endolithic fauna
within the speleothemic calcite. Note the elongate boring (white arrow) and
the profusion of small sphenical (fungal) bodies, in the lower left of the
micrograph (black arrow). Scanning electron micrograph (Sample EEQ 72X).
Scale bar = 50 pum.

Enlarged view of plate C, showing cross section of some microborings that
do not exceed 1) pm in diameter. Scanning electron micrograph (Sample EEQ
728). Scale bay = 10 um.

Calcite raft fragment trapped in a pore throat has become ercrusted in many
generations of calcite cément. The central core of the raft (F) is encrusted
with mucrospar (1), followed by an organic rich internal sediment (2), and an
1sopachous pore filling cement (3). Photomicrograph, plane polarized light.
Scale bar = 250 pum. ‘

Early or penecontemporaneous calcification of an algal filament ?, is :
demonstrated by the fractured algal filament being surrounded by later calcite
gréwth. Photomicrograph, plane poldrized light. Scale bar = 50 pm.

Transverse section of a Rotoliinid Foraminifera, which is found in a cavity in
the speleothemic calcite. Photomicrograph, plane polarized light (Sample CIQ
1252). Scale bar = 150 um.

Medial section of a Rotoliinid Foraminifera, also discovered in a cavity fill in
speleothemic calcite. Photomicrograph, plane polarized light (Sample CIQ
1252). Scale bar = 200 um.
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PLATE 17

A polished slab from sample 728, from which numerous sequential micro
sampies were extracted for stable isotope geochemical studies (arrow = |
example of a microsample area). Scale bar = 1.5 cm. :

A polished slab from sample 1252, showing the complexity of some of the
structures developed in the speleothems. Geopetal fills containing marine
organisms (arrow) are found in numerous samples. Scale bar = 3 cm.

A polished slab from sample 1250, with unusual accumulations of micro
crystajline calcite (MC) between layers of botryoidal columnar calcite (BC).
Note the abundance of terra rosa (arrow) contained in small cavities in the
speleothemic calcite. Scale bar = 2:5 cm.

Enlarged view of a polished slab from sample 726, shows a zone of rafted’
algal filaments (large arrow). Above this, a zone of botryoidal calcite
showing small euhedral trigonal crystals (small arrow) developed in a
‘ponded’ fluid. Scale bar = 1 cm.

Pronounced wave cut notch (Wn), developed approximately 6 m above
present day sea level (Queens’ road). Scale bar = 1.5 m.

Area of the Bluff Formation where there is no soil zone, and Vegetation must
root directly into the bed rock (Queen's Road). Photograph courtesy Suzanne

Pleydell. Scale bar = 50 cm.
I

Section in the Bluff Formation showing terra rosa filling a cavity or joint
planes (Pedro Castle Quarry). Scale bar = 1 m.

Sedimentary dyke (arrow) consists of terra rosa filling a fissure in the Bluff
Formaton. Scale bar = 10 cm.
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PLATE 18

-

Large elongate pore (P) with an isopachous rim cement (Rc). Large opaque
organic (bacterial) clumps comprise most of the section, with numerous smuall
pores pecluded by spar cement. Photomicrograph, plane polanzed light
(Sample CIQ 1251a). Scale bar = 500 pm.

Same view as plate A, showing the bright orange luminescent zones 1y the
isopachous rim cement. Note the dull red/orange luminescence of the organic
clumps (0). Two very similar and closely spaced occluded pores are shown,
one which displays bright orange luminescence (Lp) and another which 1s

" non-luminescent (NLp). Notice that from the pore margin (Pm), in towards

the centre, the luminescence is generally increasing from a dull non-descript
luminescence (NL.), to a bright orange banded luminescence.
Cathodoluminescent photomicrograph (Sample CIQ 1251a). Scale bar = 500

pm.

A marked contrast in luminescent properties exists between the speleothemic
columnar calcite (Cc) and the porosity occluding cement (Po). The original
pore space, with a partial fill of peloids (Pe), has now been occluded with
lurfinescent calcite. This photomicrograph was exposed under electron
excitation and transmitted light (Sample CIQ 1251b). Scale bar = 250 pum.

Same view as plate C, showing a highly complex pattern of dull and bright
orange luminescent zones. Note how the calcite precipitated in the centre of
the pore, presumably the latest cement phase, 1s distinctly non-luminescent.
Cathodoluminescent photomicrograph (Sample CIQ 1251b). Scale bar = 250

pm.
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THE QUALITY OF THIS MICROFICHE
IS HEAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

UNFORTUNATELY THE COLOURED
ILLUSTRATIONS OF THIS THESIS
CAN ONLY YIELD DIFFERENT TONES
OF GREY.

"ILA QUALITE DE CETTE MICROFICHE

DEPEND GRANDEMENT DE LA QUALITE DE LA
THESES SOUMISE AU MICROFILMAGE.

MALHEUREUSEMENT, LES DIFFERENTES
ILLUSTRATIONS EN COULEURS DE CETTE
THESES NE PEUVENT DONNER QUE DES
TEINTES DE GRIS.
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PLATE 19

Sharply defined, bright orange "hairline” luminescence, which retlects the
spatial distribution of the impurity ions throughout the ontogeny of the

- crystals. Cathodoluminescent photomicrograph (Sample EEQ 1219). Scale

bar = 300 pum.

Spgleothemic calcite (non-luminescent) has precipitated on a clast of the Blutt
dolostone. The dolostone shows a rather inhomogeneous pattern of
cathodoluminescent colour and intensity. Overall, the Bluff dolostone gives a
dull to moderate, orange/red luminescence . Cathodoluminescent
photomicrograph (Sample EEQ 726). Scale bar = | mm.

Sample of flowstone, with a succession of well tormed organic nch growth
bands, which follow a relatively organic free calcite zone. Arrow marks a
common point with plate D. Photomicrograph, plane polarized light (Sample
727). Scale bar = 250 um.

Same view as plate C. Note how the bright orangesluminescent zones mimic
the morphology of the organic rich growth bands, although they never appear
to correspond directly to one another. Furthermore, the lower organic free
calcite, clearly displays a series of bright orange luminescent zones, which
indicates that organics are not a prerequisite for luminescence. Arrow marks a
common point with plate C. Cathodoluminescent photomicrograph (Sample
727). Scale bar = 250 pm. '

Inclusion rich calcite which possesses a great deal of opaque organic material.
A thick layer of internal sediment has truncated the crystal growth at some
point in time. Photomicrograph, plane polarized light (Sample 726b). Scale
bar = 150 um.

~ Same view as plate E. Note how the luminescence appears to be controlled

by the pattern of inclusions, producing markedly elongate zones of
luminescence. Arrow is a common point with plate E. Cathodoluminescent
photomicrograph (Sample EEQ 726b). Scale bar = 150 pum.
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PLATE 20

(A) Prominent zone of perched organic material (O) on well defined crystal
terminations. The calcite in-the upper nght of the photomicrograph, is a radial
arrangement of columnar crystals. The central area marks a prominent
morphology change (Mc) to an end on view of a stalactte soda straw. A
prominent inclusion zone (Ir) has formed in the lower left of the
photomicrograph. Photomicrograph, plane polanzed light (Sample PCQ
1241). Scale bar = 500 pm

(B) Same view as plate A. Note the zone of hairline luminescence (HL) which 1s
found in the zone of radial columnar calcite, no organics define this zone of
luminescence. The pore water chemistry obviously differed in the soda
straw, giving rise to complex luminescent zoning. Notice how the
luminescence, which defines former crystal faces, apparently occurs prior to
the organics (O), suggesting the two may not be related. (Lz) is a broad
luminescent zone, the presence of which is defined by inclusion rich calcite.
Cathodoluminescent photomicrograph (Sample PCQ 1241). Scale bar = 500.
pm.

(©) Enlargcd view of the luminescent zone shown in plate 20 (A). Notice how
the narrow band of inclusion rich calcite (Ir) corresponds to the luminescent
zone in plate 20 (B). Cathodoluminescent photomicrograph (Sample PCQ
1241). Scale bar = 300 pm.

(D)  Same view as plate 20 (C). The unusual morphology of this luminescent
zone, which does not appear to conform to crystal morphology, is the result
of the crystals being cut at an oblique angle to the c-axis. Note how a change
in the pore fluid chemistry has resulted in a distinct zone of dull orange
luminescence across the whole zone. Cathodoluminescent photomicrograph
(Sample PCQ 1241). Scale bar = 300 pm.
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