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ABSTRACT

The carbonate succession on Grand Cayman and Cayman Brac, located close to each other
in the Caribbean Sea, includes the Bluff Group that is formed of the unconformity-bounded Brac
Formation (early Oligocene), Cayman Formation (middle Miocene), and Pedro Castle Formation
(early Pliocene), which is overlain by the Ironshore Formation (Pleistocene). The erosional
unconformities that now separate these formations developed during the sea-level lowstands.

The karst relief of at least 62 m on the upper surface of the Cayman Formation on Grand
Cayman provides the minimum estimate for the Messinian drop of sea level in Caribbean. The
rugged interior landscape and peripheral rims on this surface reflect the interplay between the
rate of runoff and rainfall. Compared to Grand Cayman, the upper surface of the Cayman
Formation on the uplifted central core of Cayman Brac is tilted with up to 120 m of the
Cayman Formation lost to erosion, more pronounced peripheral rims, and lower karst relief.
Nevertheless, exposures of this formation on the two islands are characterized by phytokarst,
sinkholes, photolineaments, and solution-widened joints. Such comparisons indicate that uplift
played an important role in the development of this erosional unconformity.

Sinkholes developed in the Cayman Formation on Grand Cayman and Cayman Brac are
open, filled with water, or filled with lithified deposits that include rootcrete, and breccias that
are formed of dolostone, white limestone and black limestone lithoclasts that are held in white
(oncoids or skeletal), yellow, and orange limestone matrices. The rare earth elements (REE)
and 1sotopes of these sinkhole-filling deposits are different from those derived from the bedrock
carbonates. Interpretation of these data indicates that the (1) rootcrete, oncoids, and the red
and orange limestones are terrestrial in origin, whereas the other sinkhole-filling deposits are of
marine origin, (2) red and orange limestones probably formed under more arid condition than
the other sinkhole-filling deposits, (3) formation of the black limestone lithoclasts, oncoids,
and rootcrete was probably related to biogenic factors, and (4) REE can be used to determine
provenance. The sinkhole-filling deposits offer a record of the processes that took place while

the erosional unconformities were developing.
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CHAPTER 1: INTRODUCTION

1. Introduction

Carbonate rocks are deposited during sea-level highstands, whereas subaerial erosion
that produces erosional unconformity takes place during sea-level lowstands. Erosional
unconformities are important in stratigraphy and sedimentology because they (1) form sequence
boundaries that separate carbonate successions (Esteban and Klappa, 1983; James and Choquette,
1990; Clari et al., 1995; Hillgartner, 1998; Sattler et al., 2005), (2) may indicate surfaces have
experienced meteoric diagenetic alteration or dolomitization (e.g., Esteban and Klappa, 1983;
James and Choquette, 1988; Tucker, 1990; Wright and Smart, 1994; Saller et al., 1994, 1999;
Whitaker et al., 1999; Budd et al., 2002; Miller et al., 2012; Zhao and Jones, 2012a), (3) give rise
to the development of calcretes and paleosols (e.g., Alonso-Zarza and Wright, 2010), and (4) may
lead to the development of surface and subsurface karst (e.g., Frisia and Borsato, 2010).

During recent decades, carbonate geologists have devoted a lot of effort to investigate
the factors that control the diagenetic regimes that develop in association with an erosional
unconformity (Goldstein, 1988; Dickson and Saller, 1995; Rankey, 1997; Budd et al., 1995,
2002; Saller et al., 1999; Smith and Read, 1999; Weidlich, 2010; Miller et al., 2012). These
factors include duration of the exposure, fluctuation of sea level, tectonics, paleogeography,
paleoclimate, aquifer configuration, and/or properties (i.e., lithology, porosity and permeability)
of the bedrock. Theoretically, the diagenetic products should record the paleo-geological
conditions that were active when an erosional unconformity was developing. Such an approach,
however, can be greatly hindered by the overprinting of fabrics that may result from repeated
periods of exposure.

As with meteoric diagenesis, karst landforms and the void-filling deposits deposits
associated with an erosional unconformity are also controlled by many different factors.
Understanding the factors that control the development of karst landforms and the void-filling

deposits could help to (1) improve stratigraphic analysis of the carbonate strata, (2) develop



criteria by which paleokarst could be recognized in ancient strata, and (3) reconstruct the
geological conditions that existed during a period when denudation dominated. Nevertheless,
the landforms that can develop on an erosional unconformity have rarely been studied. This

1s because (1) karst landforms, especially those with minor relief are buried and therefore hard
to decipher, (2) the positive karst forms, such as tower karst and cone karst, may have been
damaged and destroyed as sea level rose (Purdy and Waltham, 1999), and (3) the karst landforms
are easily destroyed when inundated by fluvial systems and silicate sediments (Ford, 1988).

The karst landforms and void-filling deposits associated with erosional unconformities on
the Cayman Islands are good candidates for assessing the processes that were active during sea-
level lowstands because (1) Grand Cayman and Cayman Brac are geographically isolated by
deep oceanic water, with little to no influences of silicate sediments and fluvial systems, (2) the
unconformities are geologicallyjc young and developed during sea level lowstands, (3) modern
and buried unconformities exist in the same geographic areas, (4) comparison of Grand Cayman
and Cayman Brac, which have different tectonic histories, allows separation of the influences of
uplift as opposed to sea level changes (Horsfield, 1975; Stoddart, 1980; Jones and Hunter, 1990;
Vézina et al., 1999; Coyne et al., 2007), and (5) the formation of karst landforms is ongoing
today. By focusing on erosional unconformities in the Cenozoic carbonate succession on Grand
Cayman and Cayman Brac, this study is designed to (1) systematically decipher and compare the
3-D topography of each unconformity, and examine how eustasy and uplift influenced the overall
stratigraphic architecture, (2) compare the karst landforms on Grand Cayman and Cayman
Brac and evaluate the factors that control their formation, and (3) reveal the petrography and
geochemical attributes of sinkhole-filling deposits, which may provide insights into the processes
that occurred as an erosional unconformity was developing. Collectively, this study examines
the geological information that is recorded by the erosional unconformity itself. Potentially, this
has widespread application to other carbonate successions by providing a better understanding
of (1) the geometry of carbonate strata that are bounded by erosional unconformities, (2) the

development of karst features below an ancient erosional unconformity, and (3) environmental



signals that can be preserved by the deposits that fill sinkholes.

2. Study area and methods

2.1. Study area

Lying close to Cuba and Jamaica, the Cayman Islands comprise Grand Cayman, Little
Cayman, and Cayman Brac (Fig. 1-1). Each of these islands is a pinnacle on the Cayman Ridge,
which lies parallel to the Oriente Transform Fault that separates the North America Plate from
the Caribbean Plate (Perfit and Heezen, 1978; Fig. 1-1). Southwest of Grand Cayman there is
the Mid-Cayman Rise, which is an active spreading center. At the north end of the Mid-Cayman
Rise is the Oriente Transform Fault, which extends westward, whereas at the south end is the
Swan Islands Transform Fault, which extends westward (MacDonald and Holcombe, 1978; Fig.
1-1). The Oriente Transform Fault forms the northern margin of the Cayman Trench (MacDonald
and Holcombe, 1978), which is a pull-apart basin (up to 7686 m deep) located on the north
margin of the Caribbean Plate (Fig. 1-1).

The Mid-Cayman Rise has probably been active since the Late Eocene (Perfit, 1977;
Mattson, 1984; Rosencrantz and Sclater, 1986; Bruke, 1988; Pindell et al., 1988; Ross and
Scotese, 1988; Pindell, 1991; Iturralde-Vinent, 1994; Leroy et al., 2000; Pindell and Kennan,
2009). From the Late Eocene to Oligocene, movement on the Oriente Transform Fault led to
the detachment of the Cayman Islands from their parent arc and transported them to the present
location (Iturralde-Vinent, 1994; Calais and Mercier de Lépinay, 1995). Since the early Middle
Miocene, localized extensional features began to form (Iturralde-Vinent and Macphee, 1999;
Iturralde-Vinent, 2006). This movement probably generated faults, at ~90° to the Oriente
Transform Fault that divided the Cayman Ridge into a series of fault blocks. Although not
known with certainty, it appears that each of the Cayman Islands is located on a separate fault
blocks. Thereafter, the transpression triggered by the transcurrent (west-east) motion along
the north flank of the Cayman Trench caused uplift (Rojas-Agramonte et al., 2005; Pindell and

Kennan, 2009). Cayman Brac, for example, was uplifted between the Late Pliocene and ~125
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Fig. 1-1. (A) Locations of Grand Cayman and Cayman Brac relative to the Mid-Cayman Rise,
the Cayman Trench, and the Oriente Transform Fault (Modified from Jones, 1994, and based
on maps from Perfit and Heezen, 1978, and MacDonald and Holcombe, 1978). (B) Surface
geology on Grand Cayman (modified from Jones, 1994). The wells and black lines indicate
locations of transects in Figure 1-4. (C) Surface geology on Cayman Brac (modified from
Jones, 1994). The wells indicate location of transect in Figure 1-3.
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ka (Zhao and Jones, 2012a, 2013). In contrast, Grand Cayman, which is ~150 km away from
Cayman Brac, appears to have experienced little, if any, tectonic movements since the Oligocene
(Horsfield, 1975; Stoddart, 1980; Jones and Hunter, 1990; Vézina et al., 1999; Coyne et al.,
2007).

Each of the Cayman Islands is a carbonate build-up isolated by deep oceanic water, with
no surface streams. Eustatic sea-level changes and/or tectonic movements are responsible for
the stratigraphic architectures of these islands. The highstands in the early Oligocene, middle
Miocene and early Pliocene, for example, led to the deposition of the sediments that now
form the Brac Formation, the Cayman Formation and the Pedro Castle Formation (Fig. 1-2),
respectively (Jones, 1994; Jones, et al., 1994a 1994b). Conversely, sea level lowstands during the
late Oligocene-early Miocene, the late Miocene, and the late Pliocene gave rise to the subaerial
erosion, which produced the erosional unconformities that now define the boundaries between
the different formations. The unconformity between the Brac Formation and the Cayman
Formation, for example, initially formed during the lowstand during the late Oligocene to early
Miocene, whereas the unconformity at the top of the Cayman Formation formed during the late
Miocene. Subaerial erosion, which occurred from the late Pliocene onwards, gave rise to the
unconformity that forms the upper surface of the Pedro Castle Formation. On most of the eastern
half of Grand Cayman and much of the uplifted core of Cayman Brac, this phase of subaerial
erosion completely removed the Pedro Castle Formation, and led to further modification of the

upper surface of the Cayman Formation.

2.2, Methods

Subsurface unconformities on Grand Cayman and Cayman Brac were located by data
obtained from wells, whereas the exposed unconformities were deciphered by analysis of
outcrops and digital elevation models (DEMs). On Grand Cayman and Cayman Brac, outcrops
are limited to the coastal areas, quarries, and construction sites, which have been cleared of dense
tropical vegetation and thereby made accessible. Over the last 30 years, core and/or chip samples
have been collected from the 112 wells drilled by Dr. Brian Jones’ group and other organizations
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(e.g., Water Authority, Cayman Islands). On Grand Cayman, drilling has produced cored wells (54
wells), mixed cores and well cuttings (8 wells), and well cuttings (35 wells). On Cayman Brac,
in contrast, the drilling is represented only by well cuttings that were collected from 15 wells.
Most of the drilling on Cayman Brac was done around the periphery of the uplifted core, because
the interior 1s largely inaccessible and water needed for drilling 1s absent. By using kriging
method, the 3-dimentional topography of each undersurface unconformity could be interpolated
from the data obtained from these scattered wells and outcrops. This procedure is automatically
done by Surfer 10 software.

Elevations of the exposed unconformities on Grand Cayman and Cayman Brac came from
the digital elevation models (DEMs) that were constructed from data provided by the Lands and
Survey Department, Government of the Cayman Islands. DEMs, with a grid resolution of 3 m
x 3 m, were used to model the appearance of the bare ground surface by using the last returns
of laser scanning. As such, this new technology allows the examinations of the topography of
all the exposures, including both of accessible and inaccessible areas, on Grand Cayman and
Cayman Brac.

The study of sinkhole-filling deposits relies on outcrops, thin sections, X-ray diffraction
(XRD), and geochemical analyses. Analysis of the sinkhole-filling deposits was limited largely
to the southeastern corner of Grand Cayman, because that area (1) is easy to access, (2) has been
cleared of vegetation, and (3) includes vertical sections through the sinkhole fills. The hand
samples collected from the sinkholes were then analyzed petrographically and geochemically.
The petrography of sinkhole-filling deposits was established from large thin sections (7.5 x 5
cm), which were made from large hand samples. Scanning electron microscopy (SEM) was
used to examine the micro-fabrics of fractured hand samples, whereas the elemental content
of selected spots were established by Energy-dispersive X-ray (EDX) analysis. Powdered
samples (75-150 pm), made from different components of the samples, were analyzed for their
mineralogy, isotopes, and rare earth elements (REE). The mineralogy of the powdered samples

was quantitatively determined by X-ray diffraction analysis (XRD), which was done on a Rigaku



Geigerflex 2173 XRD system using Co Ko radiation. The powdered samples were also analyzed
for carbon and oxygen stable isotopes and elements, by the standard phosphoric acid dissolution
method following McCrea (1950). Element (Ca, Fe, Mn, Al, REE) concentrations were
determined by inductively coupled plasma mass spectrometer (ICP-MS). Details of the technical

parameters for each method are presented in the appropriate chapters.
3. Previous research

3.1. Stratigraphy and unconformities

The Tertiary carbonate succession on the Cayman Islands was originally named the “Bluff
Limestones™ by Matley (1926). Based on Lepidocyclina found in the buff colored, massive and
hard limestones in sheer cliffs along the northeast coast of Cayman Brac, a Middle Oligocene
age was assigned to the “Bluff Limestone™ (Matley, 1926). The Pleistocene limestones that
overlie the Bluff Limestones were named the Ironshore Formation (Matley, 1926). Subsequent
investigations revealed there 1s extensive dolomite in Bluff Limestone (Jones et al., 1984;
Pleydell, 1987; Jones and Hunter, 1989). Thus, the term “Bluff Limestone™ was modified to “Bluff
Formation™ in order to remove the lithological connotation (Jones and Hunter, 1989). Jones
and Hunter (1989) identified an unconformity in the Bluff Formation, which was used to divide
the formation into the Cayman Member and the overlying Pedro Castle Member. Later these
two members were elevated to formational status (Jones et al., 1994a). Subsequently, the Brac
Formation, which contains Lepidocyclina-rich limestone and dolostone, was identified in the
cliff faces on the eastern end of Cayman Brac (Jones et al., 1994b). Thus, the stratigraphy was
amended so that the Bluff Formation becomes the “Bluff Group™, which encompassed the Brac
Formation, the Cayman Formation and the Pedro Castle Formation (Jones et al., 1994a, 1994b).
Based on fossils and Sr isotope data, the Brac Formation, the Cayman Formation and the Pedro
Castle Formation were formed in early Oligocene, middle Miocene and Pliocene, respectively
(Jones et al., 1994a, 1994b).

For the ease of communication, the unconformities in the Bluff Group were initially named



according to the formation that it caps (Jones and Hunter, 1994b). Thus, the Brac Unconformity
denoted the upper surface of the Brac Formation, whereas the Cayman Unconformity defined the
upper surface of the Cayman Formation. The Pedro Castle Unconformity is the upper surface
of the Pedro Castle Formation. In each case, the unconformity may be overlain by a younger

formation and/or exposed to the atmosphere.

3.2. Identification of unconformities

The unconformities in the Bluff Group are identified based on the contrast in lithology,
hardness, diagenesis, and fossils between the successions above and below the unconformity
being considered. The unconformity between the Brac Formation and the Cayman Formation,
for example, was identified in outcrops and wells on the eastern half of Cayman Brac (Jones,
1994; Jones and Hunter, 1994a; Jones et al., 1994a; Uzelman, 2009; Zhao and Jones, 2012b),
because (1) the Brac Formation is formed of limestones intermixed with fabric-destructive,
coarsely crystalline and sucrosic dolostones, whereas the Cayman Formation i1s formed of
finely crystalline, fabric-retentive dolostones (Jones and Hunter, 1994a; Jones et al., 1994a;
Uzelman, 2009; Zhao and Jones, 2012b), (2) the biota in the upper part of the Brac Formation is
characterized by numerous large Lepidocyclina, which are not found in the Cayman Formation
(Jones, 1994; Jones and Hunter, 1994a; Jones, et al., 1994a), (3) the upper surface of the Brac
Formation forms the flat roof of caves (Jones et al., 1994a; Uzelman, 2009; Zhao and Jones,
2012b), (4) there is evidence of an old spring at the boundary between the Cayman Formation
and the Brac Formation, and (5) borings that penetrate the upper surface of the Brac Formation
(Jones and Hunter, 1994a; Jones et al., 1994a; Uzelman, 2009).

The unconformity between the Cayman Formation and the Pedro Castle Formation has
been identified in outcrops and cores on the western half of Grand Cayman and the west end of
Cayman Brac (Jones and Hunter, 1989, 1994b; Jones, 1994; Jones et al., 1994a, 1994b; Wignall,
1995). The criteria used to distinguish this karst surface include (1) the fabric-retentive, finely
crystalline dolostones in the Cayman Formation contrasts with the intercalated limestones and
dolostones in the Pedro Castle Formation (Jones, 1994; Jones and Hunter, 1994b; Jones et al.,
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1994a, 1994b; Arts, 2000), (2) dolostones in the Cayman Formation are generally harder than
the dolostones and limestones in the Pedro Castle Formation (Jones and Hunter, 1989, 1994b;
Jones, 1994; Jones et al., 1994a; Wignall, 1995; Art, 2000; MacNeil, 2001), (3) fossils in the
Cayman Formation that are different from those in the Pedro Castle Formation, as the Cayman
Formation has more colonial corals and fewer free-living coral (Jones and Hunter, 1989; Jones,
1994, Jones et al., 1994a, 1994b), (4) limpid dolomite and caymanite are common in cavities in
the dolostones of the Cayman Formation but rare in the limestones and dolostones of the Pedro
Castle Formation (Jones and Hunter, 1989, 1994a, 1994b; Jones, 1992a, 1994; Jones et al .,
1994a, 1994b), (5) borings are common on unconformity (Jones and Hunter 1989, 1994b; Jones,
1992b; Jones et al., 1994a, 1994b; Wignall, 1995), and (6) large caves, which are abundant in
the Cayman Formation are rare in the Pedro Castle Formation (Jones and Hunter, 1989; Jones,
1992b, 1994a).

The unconformity between the Pedro Castle Formation and the Ironshore Formation is
widely recognized in the wells that have been drilled on the western part of Grand Cayman and
the west end of Cayman Brac. Its identification is based on the following facts: (1) the Pedro
Castle Formation is formed of well-lithified limestones and/or dolostones that contrast sharply
with the soft and friable limestones in the overlying Ironshore Formation (Jones, 1994; Jones
et al., 1994b; Wignall, 1995; Vézina, 1997; Coyne, 2003; Etherington, 2004), and (2) well-
preserved fossils are common in the Ironshore Formation but rare in the Pedro Castle Formation
(Cerridwen, 1989; Hunter and Jones, 1990; Jones, 1990, 1994; Jones and Hunter, 1990, 1994a;
Cerridwen and Jones, 1991; Jones et al., 1994a, 1994b).

3.3. Karst landforms on erosional unconformities

The topography of the unconformity between the Brac Formation and Cayman Formation
1s difficult to define accurately because of the paucity of wells and outcrops that include this
unconformity. Nevertheless, data from the outcrop along the cliff face on the eastern end of
Cayman Brac and wells KEL#1 and CRQ #1 indicate that the Brac Unconformity probably
dips westward at ~0.5° (Fig. 1-3) (Jones, 1994; Jones and Hunter, 1994a; Jones et al., 1994a;
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Uzelman, 2009). The highest point of the Brac Unconformity at the East End is 33 m above sea
level (asl), whereas the lowest point yet found on the western end of the island is 16 m below sea
level (bsl), in well BW#1. Evidence from outcrop and various wells also indicates that there is a
relief of at least 25 m on this unconformity (Jones, 1994). The topography of this unconformity
on Grand Cayman, however, is poorly known because (1) it is not found in any outcrops, (2) it is
generally too deep to be included in most of the wells that have been drilled, (3) it has never been
found in any of the cored wells.

The upper surface of the Cayman Formation is characterized by peripheral rims along the
coasts that enclose an atoll-shape depression (Fig. 1-4), with it base being more than 30 m bsl

under North Sound (Jones and Hunter, 1994b). Over much of the western half of Grand Cayman,
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the Cayman Formation is generally below sea level and overlain by the Pedro Castle Formation,
whereas over the eastern half of the island, the formation is typically above sea level and exposed
to the atmosphere (Jones and Hunter, 1994b). A relief of at least 60 m for the upper surface of
the Cayman Formation is obtained by comparing the peak of “The Mountain™ (22 m asl) and the
base of a paleo-sinkhole drilled by well QHW#1 (Jones and Hunter, 1994b).

Sinkholes, solution-widened joints, and phytokarst characterize most exposures of the
Cayman Formation on the eastern part of Grand Cayman (Jones and Smith, 1988; Squair, 1988;
Jones, 1989, 1992b). Numerous sinkholes, up to 10 m deep and with a diameter up to 30 m, are
found on Grand Cayman (Doran, 1954; Folk et al., 1973; Jones and Smith, 1988; Jones, 1989,
1992b). Many of these sinkholes are lined with laminar rootcrete (Jones, 1992b; Alonso-Zarza
and Jones, 2007). Joints, which have been solution-widened, are open, water-filled, or filled
with various types of precipitates and/or sediments. Typically, the orientations of the joints are
similar to the faults that define the fault blocks, indicating tectonic control (Rigby and Roberts,
1976). Nevertheless, fieldwork, satellite images, and stratigraphic maps have not revealed any
evidence of tectonic displacement or folding of the strata on Grand Cayman (Der, 2012). The
weathered surface of the Cayman Formation has suffered extensive phytokarst development,
which 1s responsible for its black, honeycomb appearance (Folk et al., 1973; Jones and Smith,
1988; Jones, 1989). Pinnacles and pits are common. Pinnacles are characterized by concavities
that are separated from each other by razor-sharp edges, whereas pits are irregular in shape and
have straight sides (Squair, 1988).

On the uplifted core of Cayman Brac, the upper surface of the Cayman Formation is a tilted
karst surface, with most of it exposed to the atmosphere (Jones et al., 1994b; Jones, 2005). A
relief of 62 m is obtained if the exposed Cayman Formation on East End (46 m asl) is compared
with the position of the lower boundary found in well BW#1 (16 m bsl). However, the heavy
tropical vegetation found on Cayman Brac hinders a detailed assessment of the karst features.
Nevertheless, large-scale positive karst features, such as tower karst, which characterize many

tropical karst landscapes, are not found on Grand Cayman and Cayman Brac.
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3.4. Sinkhole (joints)-filling deposits

Karst features, such as sinkholes and joints, are common sites for deposition of sediments
and precipitation of various minerals, which may contain geological information that cannot be
obtained from other sources (Smart et al., 1988; Jones, 1992b; Miller et al., 2012). On Grand
Cayman, many of the sinkholes contain a wide array of sinkhole-filling deposits, including
rootcrete, terra rossa, and breccias formed of limestone and dolostone lithoclasts held in
limestone matrices (Jones and Smith, 1988; Jones, 1989, 1992b; Alonso-Zarza and Jones, 2007).
The lack of dolomitization or dolomite development in the breccias indicates these fills post
date the last phase of dolomitization (Jones and Smith, 1988; Jones, 1992b). In addition, the
petrographic features in those sinkhole-filling deposits show that they were different in terms of

provenances and ages (Jones and Smith, 1988; Jones, 1992b).

4. Objectives

Various studies have focused attention on different aspects of the unconformities found on
Grand Cayman and Cayman Brac. On Grand Cayman, for example, the Cayman Unconformity
has been studied, with emphasis being placed on its topography (Jones and Hunter, 1994b), karst
features (Jones and Smith, 1988; Squair, 1988), and cavity-filling deposits (Jones, 1992b). On
Cayman Brac, in contrast, the unconformities have received little attention because of limited
data (Jones, 1994; Jones and Hunter, 1994a). Over the last ten years, numerous wells have been
drilled on Cayman Brac and the eastern half of Grand Cayman. Data from these wells make it
possible to define the attitude of the buried unconformities on Grand Cayman and Cayman Brac.
Furthermore, the production of DEMs and deciphering of the karst landscapes in inaccessible
areas provides additional information on the nature of these unconformities and exposed surfaces.
Although sinkhole-filling deposits on these two islands are widespread (Jones and Smith, 1988;
Jones, 1992b), their petrographic and geochemical properties have never been examined.

The main objectives of this thesis, which 1s focused on the unconformities within the
Tertiary succession found on Grand Cayman and Cayman Brac, are as follows:
* Delineation of the factors that controlled development of the topography on the erosional
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unconformities on Grand Cayman and Cayman Brac, with a focus on the role exerted by

uplift versus eustatic sea-level changes. Given that the topography of the unconformities

dictates the thickness of a carbonate formation, these factors are important in stratigraphic
architecture.

* Deciphering and comparing the karst forms developed on the exposed dolostones of the
Cayman Formation on Grand Cayman and Cayman Brac. In doing so, the factors
controlling the development of various karst forms, especially uplift versus eustatic sea-
level changes, can be deciphered.

* Assessment of the possibility that petrographic and geochemical attributes (i.e., isotopes and
rare earth elements) in sinkhole-filling deposits can be used to reveal a marine or non-
marine provenance. In so doing, the paleo-environment that existed during a period when
the erosional unconformities developed can be reconstructed.

This thesis is presented in a paper-based format. The second and the forth chapters have
been published in a peer-reviewed journal.

Chapter Two: This chapter improves the criteria that are used to identify the
unconformities in the carbonate sequences of the Cayman Islands. By using these criteria, the
positions of the unconformities can be located in wells and outcrops. These scattered data,
together with the topographic data on the exposure strata obtained from DEMs, generated
interpolated surfaces that show the topographic features associated with the unconformities.
These topographic features are explained in terms of the changes in sea level, tectonic movement,
and/or coastal erosion. Most importantly, by comparison of unconformities between Grand
Cayman and Cayman Brac, this paper examine the roles that tectonic uplift and changes in sea
level play in the topographic development of weathering surfaces.

Published as: Liang, T. and Jones, B., 2014. Deciphering the impact of sea-level changes
and tectonic movement on erosional sequence boundaries in carbonate successions: A case study
from Tertiary strata on Grand Cayman and Cayman Brac, British West Indies. Sedimentary

Geology 305, 17-34.
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Chapter Three: This chapter uses DEMs, together with field observation, to examine
various karst forms developed on the exposed Cayman Formation on Grand Cayman and
Cayman Brac. In so doing, the factors that control the development of karst landforms are
examined. In particular, comparison of karst landforms between the two islands allows the
evaluation of the effects of tectonic movements as opposed to eustatic sea-level changes. The
results demonstrate that the landforms on these two islands reflect the interplay between the drop
of sea level, climate, tectonic movements, and phytokarst development.

In submission as: Liang, T. and Jones, B., 2015. Ongoing, long-term evolution of an
unconformity that originated as a karstic surface in the Late Miocene: A case study from the
Cayman Islands, British West Indies. Sedimentary Geology.

Chapter Four: This chapter focuses on various sinkhole-filling deposits associated
with the exposed surface of the Cayman Formation on Grand Cayman and Cayman Brac, and
documents their petrographic features, stable isotope, and trace elements (i.e., Al, Fe, Mn, Y, and
REE). In so doing, the processes that take place during a period when an erosional unconformity
is developing are unraveled. Most importantly, this study shows that REE signatures in carbonate
deposits can be used to “fingerprint” deposits and determine if they have a marine or non-marine
provenance.

Published as: Liang, T. and Jones, B., 2015. Petrographic and geochemical features
of sinkhole-filling deposits associated with an erosional unconformity on Grand Cayman.
Sedimentary Geology 315, 64-82.

Chapter Five: This chapter summarizes the all of the conclusions that have been reached

from the study.
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CHAPTER 2: DECIPHERING THE IMPACT OF SEA-LEVEL CHANGES AND
TECTONIC MOVEMENT ON EROSIONAL SEQUENCE BOUNDARIES IN
CARBONATE SUCCESSIONS: A CASE STUDY FROM TERTIARY STRATA ON
GRAND CAYMAN AND CAYMAN BRAC, BRITISH WEST INDIES *

1. Introduction

The stratigraphic architecture of carbonate successions on isolated oceanic islands reflects
the balance between deposition that takes place during sea-level highstands and erosion that
takes place during sea-level lowstands (Choquette and James, 1988; Esteban, 1991; Mylroie
and Carew, 1995). Thus, the three-dimensional geometry of a formation on such islands is
controlled, to a large extent, by the topographies of the bounding unconformities. This is
especially true if the relief on those unconformities is high when compared to the thickness of
the formation. Although a variety of factors, such as the duration of exposure, climate, bedrock
type, paleohydrology, paleotopography, and vegetation, may affect the development of an
unconformity (Wright, 1982, 1996; Esteban and Klappa, 1983; Wright and Smart, 1994; Saller
etal., 1994, 1999; Budd et al., 2002; Weidlich, 2010), it has long been recognized that eustatic
changes in sea level and tectonic movements are the key factors in their development (Choquette
and James, 1988). Identifying the impact of eustasy as opposed to tectonism on unconformity
development is, however, commonly problematic because both processes can produce exactly the
same effects (Choquette and James, 1988; Budd et al., 1995; Dickinson et al., 2002).

Grand Cayman and Cayman Brac, British West Indies, are ideal for examining this issue.
Within 150 km of each other (Fig. 2-1), these isolated islands have experienced the same
custatic changes, climate, and depositional conditions from the Oligocene to present. Grand

Cayman and Cayman Brac are, however, located on different fault blocks that have different

tectonic histories (Horsfield, 1975; Stoddart, 1980; Jones and Hunter, 1990; Vézina et al., 1999;

1 This chapter was published as: Liang, T., Jones, B., 2014. Deciphering the impact of sea-level
changes and tectonic movement on erosional sequence boundaries in carbonate successions:

A case study from Tertiary strata on Grand Cayman and Cayman Brac, British West Indies.
Sedimentary Geology 305, 17-34.
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Fig. 2-1. (A) Location of Cayman Islands; (B) Locations of Grand Cayman and Cayman
Brac relative to the Mid-Cayman Rise, the Cayman Trench, and the Oriente Transform
Fault (Modified from Jones, 1994, and based on maps from Perfit and Heezen, 1978, and
MacDonald and Holcombe, 1978).

Coyne et al., 2007). Grand Cayman, with flat-lying strata, 1s a low-lying island that appears

to have experienced little, if any, tectonic movement. In contrast, Cayman Brac, which rises

up to 46 m above sea level (asl) at its east end, with the strata dipping gently to the southwest,
has been tectonically tilted. By comparing the stratigraphic architectures of these two islands,
the impact of tectonics can be separated from the impacts of eustasy on the development of

the unconformities found in in the Oligocene to Pleistocene successions. Thus, this paper

(1) delineates the topography of each unconformity on Grand Cayman and Cayman Brac, (2)
compares the topographic features of each unconformity on each island, (3) illustrates the
stratigraphic architectures dictated primarily by eustatic sea-level changes, and (4) identifies the

influences of local tectonic activity on subaerially-formed unconformities.

2. Methods

The present-day topographies of Grand Cayman and Cayman Brac are illustrated by
using digital elevation models (DEMs) developed from data provided by the Lands and Survey
Department, Government of the Cayman Islands. The DEM, with a grid resolution of 3 m, used
the Universal Transverse Mercator (UTM) projection system and the North American Datum of
1927. The elevation information, including the heights and profile graphs, were obtained through

spatial analyst tools provided in ArcGIS 10 software.
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Over the last 30 years, 97 wells on Grand Cayman and 15 wells on Cayman Brac have been
drilled and sampled. On Grand Cayman, these wells yielded cores (54 wells), a mixture of cores
and well cuttings (8 wells), or well cuttings (35 wells) with each sample being collected over
an interval of 0.8 m. On Cayman Brac, well cuttings (15 wells) collected over 0.8 m intervals
are the only samples available. Collectively, these samples, accompanied with outcrops, allow
analysis of the sequences and delineation of the unconformities between different formations.
The spatial architectures of these unconformities were interpolated from the scattered wells and
outcrops by using the kriging method, according to a spherical semi-variogram model. This

procedure was done by the 3D Surface extension of Surfer 10 software.

3. Geologic setting

Grand Cayman and Cayman Brac are located on the Cayman Ridge (Jones, 1994; Vézina
et al., 1999), which parallels the Oriente Transform Fault that separates the Caribbean Plate from
the North American Plate (Perfit and Heezen, 1978; Fig. 2-1). The Oriente Transform Fault
extends eastward from the north end of the Mid-Cayman Rise, which is an active spreading
center, whereas the Swan Island Transform Fault extends westward from the south end of the
Mid-Cayman Rise (MacDonald and Holcombe, 1978). The Cayman Trench (Fig. 2-1B), with its
northern margin defined by the Oriente Transform Fault, is a pull-apart basin, with the depths up
to 7686 m.

Between the Late Eocene and Oligocene, the Oriente Transform Fault detached Grand
Cayman and Cayman Brac from their parent arc and transported them to their present locations
(Iturralde-Vinent, 1994; Calais and Mercier de Lépinay, 1995). Since the early Middle Miocene,
localized extensional features began to form (Iturralde-Vinent and Macphee, 1999; Iturralde-
Vinent, 2006), resulting in Cayman Brac being on a different fault block than Grand Cayman
(Matley, 1926; Horsfield, 1975; Stoddart, 1980; Vézina et al., 1999). After the Late Miocene
(7.25 Ma using the time scale of Gradstein et al., 2012, their Fig. 1.2), Cayman Brac experienced
tectonic tilting until about 125 ka. In contrast, Grand Cayman appears to have remained
tectonically stable (Jones and Hunter, 1990; Vézina et al., 1999; Zhao and Jones, 2012a, 2013).
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Matley (1926) originally assigned the Tertiary strata of the Cayman Islands to the Bluff
Limestone. Jones et al. (1994a, 1994b) subsequently renamed the succession as the Bluff
Group with the constituent formations being the unconformity bounded Brac Formation (Lower
Oligocene), Cayman Formation (Middle Miocene), and Pedro Castle Formation (Pliocene). The
Ironshore Formation (Pleistocene) unconformably overlies the Bluff Group (Fig. 2-2). The
Brac Formation, exposed only on Cayman Brac, is formed of limestones that are locally replaced
by coarsely crystalline, fabric-destructive dolomite (Jones and Hunter, 1994a; Uzelman, 2009;
Zhao and Jones, 2012b). The bioclastic wackestones to grainstones included numerous large
Lepidocyclina along with fewer small foraminifera, red algae, echinoid plates, gastropods, and
bivalves but only scattered corals (Porites). Jones and Hunter (1994a) suggested that these facies
developed in low to moderate energy conditions on a shallow carbonate bank. The Cayman
Formation is formed largely of finely crystalline, fabric retentive dolostones (Jones, 1994). On
the east central part of Grand Cayman, however, limestones and dolomitic limestones dominate
the succession. The mudstones to grainstones in this formation includes numerous hemispherical
and branching corals, bivalves, gastropods, red algae, foraminifera, Halimeda, and rhodoliths
(Jones, 1994; Jones and Hunter, 1994a; Wignall, 1995; Der, 2012). The Pedro Castle Formation
1s formed of limestones and finely crystalline, fabric-retentive dolostones and includes facies
like those in the Cayman Formation (Jones, 1994; Jones and Hunter, 1994a; Wignall, 1995; Arts,
2000; MacNeil, 2001). The sediments that now form the Cayman Formation and Pedro Castle
Formation accumulated in low to moderate energy conditions on a bank in water that was 0
to 30 m deep (Jones and Hunter, 1994a). Although corals are common in both formations, no
reefs have been found. The Ironshore Formation is formed of limestones that contain numerous,
well-preserved corals, bivalves, and gastropods and formed in shallow water conditions (Jones,
1994; Coyne, 2003; Vézina, 1997; Vézina et al., 1999). Reefs are present in the Ironshore
Formation. Dolomitization of the Bluff Group, which involved two and possibly three phases
of dolomitization that took place during the Late Miocene, Late Pliocene, and possibly the early

Pleistocene, was mediated by normal seawater-like fluids under near surface conditions (Jones
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and Luth, 2003; MacNeil and Jones, 2003; Zhao and Jones, 2012a, 2012b).

4. Unconformities

The lack of an accepted convention for the labeling and/or naming unconformities
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hinders the discussion of successions, like that on the Cayman Islands, that includes numerous
unconformities. Conceptually, unconformities in the Tertiary succession of the Cayman Islands
can be named according to various protocols as follows, each of which has its own advantages
and disadvantages.

1) Named according to the formation that they cap. The Cayman Unconformity was
originally named because it delineated the upper boundary of the Cayman Formation and
separated it from the overlying Pedro Castle Formation (Jones and Hunter, 1994b). This
approach, however, masks situations where the unconformity has experienced multiple phases of
erosion. On many parts of the Cayman Islands, for example, the Cayman Formation is overlain
by limestones of the Ironshore Formation or is exposed at the surface where it is being actively
weathered today.

2) Named according to their time of formation. Although this approach is perhaps the most
informative from a time perspective, it is difficult to use in practice because it relies on accurate
knowledge of the age of each formation and the evolution of the succession. On the Cayman
Islands, this issue is compounded by the difficulty in precisely dating the formations and that the
unconformities are time transgressive.

3) Named according to the formations below and above the unconformity. This is the
easiest approach because it reflects the formations found below and above an unconformity at a
particular locality. This approach also provides inferences regarding the minimum length of time
represented by the unconformity at a particular locality.

Herein, an unconformity at a particular locality is named according to option 3. For
example, the Brac-Cayman Unconformity (B-C Unconformity) separates the Brac Formation
from the overlying Cayman Formation, whereas the Cayman-Pedro Castle Unconformity (C-P
Unconformity) is the boundary between the Cayman Formation and the Pedro Castle Formation.
Similarly, the Pedro Castle-Ironshore Unconformity (P-I Unconformity) is the unconformity
separating the Pedro Castle Formation from the overlying [ronshore Formation. In contrast, the

Cayman-Ironshore Unconformity (C-I Unconformity) would apply if the Ironshore Formation
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lies on top of the Cayman Formation. On Grand Cayman and Cayman Brac, the Cenozoic
formations are commonly exposed at the surface and are therefore being actively weathered today
and hence represent an unconformity that is still developing. These boundaries are designated

by the name of the exposed formation and the letter W (for weathering) — for example, the C-W

Unconformity indicates that the Cayman Formation is exposed at the surface.
5. Topographies of Grand Cayman and Cayman Brac

5.1. Grand Cayman

Today, most of Grand Cayman is less than 3 m asl with no surface rivers or streams (Fig.

2-3). North Sound on the western part of the island is a large lagoon that is surrounded by low-
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Fig. 2-3. Topography of Grand Cayman based on digital elevation modeling. The topographic
transects (A-A’, B-B’, C-C’, D-D’ and E-E’) show changes in elevation through Grand
Cayman. Red squares label the locations of Figures 2-6, 2-7, 2-8, 2-9 on Grand Cayman.

31



lying land (0-1.2 m asl) and mangrove swamps. The highest land is found on the Mountain that
rises up to 22 m asl, and the area around Pedro Castle where the land is up to 16.7 m asl (Fig. 2-3).
A peripheral ridge (Jones and Hunter, 1994b), which rises up to 13.5 m asl, is the most dominant
topographic feature on the eastern part of the island (Fig. 2-3). The interior regions over the
eastern part of the island, which are lower than the peripheral ridge, are no more than 4.5 m asl

(Fig. 2-3).

5.2, Cayman Brac
Cayman Brac is characterized by a central elevated core that is up to 46 m asl, which is
surrounded by a narrow, low-lying platform that 1s typically 1-2 m asl (Fig. 2-4). There are no

surface rivers or streams on this island. The surface of the core gradually rises from sea level
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at its western end to 46 m asl at its eastern end (Fig. 2-4), which is characterized by vertical to
overhanging cliffs. Along the NW-SE axis of the core, the interior surface is 5 to 15 m lower

than the peripheral edges of the core.

6. Surface geology of Grand Cayman and Cayman Brac

6.1. Grand Cayman

On Grand Cayman, there are surface exposures of the Cayman Formation, the Pedro Castle
Formation, and the Ironshore Formation. Evident on the much of the eastern half of Grand
Cayman, the elevated ridge in the southwest corner, and at Hell (Fig. 2-5A), the exposed Cayman
Formation is characterized by rugged surface topography, with abundant pits, pinnacles, holes
and phytokarst (Matley, 1926; Folk et al., 1973; Jones, 1989, 1994). In contrast, the exposed
Pedro Castle Formation with its subdued topography, is largely confined to the area around Pedro
Castle (Jones, 1994; Arts, 2000), whereas the exposed Ironshore Formation is restricted to the

low-lying areas around North Sound and along the eastern coast of Grand Cayman.

6.2. Cayman Brac

On Cayman Brac, the uplifted core of the island is formed of limestones and dolostones
of the Bluff Group. Although the Brac Formation is exposed in the lower parts of the cliff faces
at the east end of the island, the upper surface of the Brac Formation is not exposed to modern
weathering. The Cayman Formation is exposed over most of the island, whereas the exposed
Pedro Castle Formation is restricted to the west end of the island and the Mound (Fig. 2-5B).
The Ironshore Formation is exposed on the low-lying platform that fringes the uplifted core (Fig.

2-5B).

7. Unconformities in the Tertiary-Pleistocene succession

7.1. Criteria for Distinguishing Each Unconformity
The Brac Formation, the Cayman Formation, the Pedro Castle Formation, and the

Ironshore Formation are separated from each other by unconformities. The recognition of
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Fig. 2-5. Surface geology on (A) Grand Cayman, and (B) Cayman Brac (modified from Jones,
1994).

each unconformity is based on comparison of features in the formations below and above each

unconformity.

7.1.1. Brac-Cayman (B-C) Unconformity

This unconformity developed on top of the Brac Formation during the Late Oligocene
(Chattian) and Early Miocene and represents a period of about 15 million years (Jones and
Hunter, 1994a; Jones et al., 1994a; Uzelman, 2009). Evident in the cliff faces on the east end of
Cayman Brac (Jones, 1994; Jones and Hunter, 1994a; Jones et al., 1994a; Uzelman, 2009; Zhao
and Jones, 2012b), this unconformity is defined by the following criteria.

1) The Brac Formation is formed of limestones and coarsely crystalline, fabric-destructive
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and sucrosic dolostones whereas the overlying Cayman Formation is formed of finely crystalline,
fabric-retentive dolostones (Jones and Hunter, 1994a; Jones et al., 1994a; Uzelman, 2009; Zhao
and Jones, 2012b).

2) Limestones and dolostones in the upper part of the Brac Formation contain numerous
large Lepidocyclina, but only scattered corals and bivalves. In contrast, dolostones in the
overlying Cayman Formation contain a biota dominated by corals, bivalves, and gastropods
(Jones, 1994; Jones and Hunter, 1994a; Jones et al., 1994a).

3) The permeability contrast between the Brac Formation and Cayman Formation is
highlighted by (a) evidence of an old spring that used to emanate from the B-C Unconformity
(Uzelman, 2009; Zhao and Jones, 2012b), and (b) caves, including Great Cave, in the upper part
of the Brac Formation with flat roofs that coincide with the B-C Unconformity (Jones et al.,
1994a; Uzelman, 2009; Zhao and Jones, 2012b).

4) At some localities borings have their apertures at the B-C unconformity (Jones and
Hunter, 1994a; Jones et al., 1994a; Uzelman, 2009).

Application of these criteria on Grand Cayman is difficult because the Brac Formation
and the B-C Unconformity are not exposed. This problem is exacerbated because (1) this
unconformity has not yet been found in any core, and (2) Lepidocyclina has not yet been
found in any sample from Grand Cayman. Thus, identification of the B-C Unconformity on
Grand Cayman must rely on significant changes in lithology, textures, and/or age of the strata
as indicated by their ¥’Sr/*Sr ratios. In this study, the B-C Unconformity on Grand Cayman is
located according to the following criteria.

1) Lithological change is a difficult criterion to apply because the Cayman Formation on
Grand Cayman is now known to be formed of limestones and dolostones (Der, 2012), whereas on
Cayman Brac it is formed entirely of dolostones. Nevertheless, a sudden downhole lithological
change from dolostones to limestones, evident in most of the deep wells (> 100 m), is taken as a
possible indicator of the B-C Unconformity.

2) Dolostones in the Brac Formation are characterized by fabric-destructive textures,
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whereas those in the Cayman Formation exhibit fabric-retentive fabrics (Jones and Hunter,
1994a; Jones et al., 1994a; Uzelman, 2009; Zhao and Jones, 2012a, 2012b).

3) Dating of these strata generally relies on *'S1/*Sr ratios because the fossils are typically
not age-diagnostic. On Cayman Brac, the limestones and dolostones from the Brac Formation
are characterized by average ¥ Sr/*°Sr ratios of 0.70808-0.708189 and 0.708939-0.70900,
respectively (Jones et al., 1994a; Jones and Luth, 2003). Similar values have been obtained
on Grand Cayman. The dolostones from the Brac Formation in LV#2, for example, yielded
¥S1/*Sr ratios of 0.70895 (Jones and Luth, 2003), which are significantly lower than the ratio
in the basal beds of the Cayman Formation (0.70907-0.70911) (Jones and Luth, 2003). Thus,
the B-C Unconformity can be established by the contrasts in the ¥ Sr/**Sr ratios. Caution must
be used, however, because it now appears that the strata immediate below and above the B-C
Unconformity in some areas were dolomitized by the same phase of dolomitization that occurred

during the Late Miocene (Jones and Luth, 2003; Uzelman, 2009; Zhao and Jones, 2012b).

7.1.2. The Cayman-Pedro Castle (C-P) Unconformity

This unconformity, which separates the Cayman Formation from the overlying Pedro Castle
Formation, formed during the Messinian and represents a period of 1.5 million years (Jones and
Hunter, 1994b). Evident on the western half of Grand Cayman and the western end of Cayman
Brac, recognition of the C-P Unconformity depends on the following criteria.

1) The Cayman Formation is formed largely of fabric-retentive, finely crystalline
dolostones, whereas the Pedro Castle Formation is formed of intercalated limestone and
dolostones (Jones, 1994; Jones and Hunter, 1994b; Jones et al., 1994a, 1994b; Arts, 2000).
This criterion, however, must be used with caution because (a) in some areas, the basal part of
the Pedro Castle Formation is formed of dolostones that are similar to those in the underlying
Cayman Formation (Jones and Hunter, 1989, 1994a; Jones, 1994; Jones et al., 1994a, 1994b),
and (b) the Cayman Formation found in the interior of the east end of Grand Cayman 1s formed
of limestone and dolomitic limestone (Der, 2012).

2) Dolostones in the Cayman Formation are generally massive and hard, whereas the
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dolostones and limestones in the basal part of the overlying Pedro Castle Formation are typically
poorly cemented and relatively soft (Jones and Hunter, 1989, 1994b; Jones, 1994; Jones et al.,
1994a; Wignall, 1995; Arts, 2000; MacNeil, 2001). This change is evident during drilling. The
percent of core recovery and the average drilling time, for example, increase dramatically when
the drilling crosses the C-P Unconformity (Jones, 1994; Jones and Hunter, 1994b; Jones et al.,
1994b; Wignall, 1995; Etherington, 2004).

3) Although the fossils in the Cayman Formation and the Pedro Castle Formation are
generally similar (Jones, 1994; Jones et al., 1994a, 1994b), minor differences in their coral faunas
can help in the delineation of the unconformity. The Cayman Formation commonly contains
colonial corals but few free-living corals, whereas the Pedro Castle Formation commonly
contains numerous large free-living corals but few colonial corals (Jones and Hunter, 1989;
Jones, 1994; Jones et al., 1994a, 1994b).

4) Cavities in the uppermost part of the Cayman Formation typically contain isopachous
limpid dolomite and calcite cements (Jones and Hunter, 1989, 1994a, 1994b; Jones et al., 1994a,
1994b). In contrast, cavities in the Pedro Castle Formation rarely contain limpid dolomite (Jones
and Hunter, 1989, 1994a, 1994b; Jones et al., 1994a, 1994b).

5) Cavities in the Cayman Formation commonly contain various internal sediments,
including caymanite and coarse skeletal dolostones (Jones and Hunter, 1989; Jones, 1992a,
1994). In contrast, internal sediments are rare in the cavities in the Pedro Castle Formation (Jones
and Hunter, 1989; Jones, 1992a, 1994).

6) In some outcrops, like those in the Pedro Castle area, the C-P Unconformity 1s well
exposed with an irregular surface (Jones and Hunter, 1994b). The apertures of sponge, bivalve
and worm borings are common on the unconformity (Jones and Hunter, 1989, 1994b; Jones,
1992b; Jones et al., 1994a, 1994b; Wignall, 1995).

7) On Grand Cayman and Cayman Brac, large caves and sinkholes are developed in the
Cayman Formation below the C-P Unconformity, whereas they are rare in the Pedro Castle

Formation (Jones and Hunter, 1989, 1994a; Jones, 1992b).
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7.1.3. Pedro Castle-Ironshore (P-I) Unconformity

The unconformity between the Pedro Castle Formation and the overlying Ironshore
Formation probably developed during the Middle and Late Pliocene (Wignall, 1995). Although
common in the subsurface on the western half of Grand Cayman and the western end of Cayman
Brac, the P-I Unconformity has never been found in exposed surface outcrops (Jones, 1994).
Recognition of this unconformity in the subsurface is generally based on the following criteria.

1) The Pedro Castle Formation is formed of hard, well-lithified dolostones and limestones,
whereas the overlying Ironshore Formation is formed of soft, friable limestones (Jones, 1994;
Jones et al., 1994b; Wignall, 1995; Vézina, 1997; Coyne, 2003; Etherington, 2004).

2) Fossils in the Pedro Castle Formation have been extensively leached and/or replaced
by dolomite (Jones, 1994; Jones and Hunter, 1994a; Jones et al., 1994a, 1994b), whereas fossils
in the Ironshore Formation are very well preserved (Cerridwen, 1989; Hunter and Jones, 1990;

Jones, 1990, 1994; Jones and Hunter, 1990; Cerridwen and Jones, 1991).

7.1.4. Brac-Ironshore (B-I) Unconformity and Cayman-Ironshore (C-I) Unconformity

In some areas, the Ironshore Formation rests directly on the Brac Formation or the Cayman
Formation. On the east end of Cayman Brac, for example, the Ironshore Formation found
on the coastal platform sits on top of the Brac Formation. This situation arose because pre-
Pleistocene coastal marine erosion in that area removed the Cayman Formation and the upper
part of the Brac Formation. In the coastal areas in the middle and the western parts of Cayman
Brac and the east end of Grand Cayman, the Ironshore Formation rests directly on the Cayman
Formation. In those areas, marine erosion during and/or after Pliocene led to the removal of
the Pedro Castle Formation and the upper part of the Cayman Formation. In these situations,
the B-I and C-I unconformities are easily identified because of the contrast between the poorly
lithified limestones of the Ironshore Formation and the hard, well-lithified rocks of the Cayman

Formation and the Brac Formation.
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7.2. Topographic Complexity of Each Unconformity
The total relief on any of the unconformities in the successions on the Cayman Islands
(Figs. 2-6,2-7,2-8,2-9,2-10, 2-11, 2-12) 1s the difference between the maximum and minimum

T

elevations that includes various combinations of “karst relief’

marine erosion relief”, and/
or “tectonic relief”. Herein, “karst relief” is the maximum difference in elevation produced

by erosion as a result of subaerial exposure and karstification, whereas “marine erosion relief”
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and Hunter, 1994b).

refers to the relief produced by coastal erosion. “Tectonic relief” is the maximum difference in

elevation produced by tectonic displacement.

7.2.1. B-C Unconformity
On Grand Cayman, only eight wells penetrated the Brac Formation. NSC#1/2/3 on the
east end of Grand Cayman (Fig. 2-8), for example, encounters the B-C Unconformity at ~140

m below sea level (bsl), whereas in LV#2 near Pedro Castle it is ~122 m (bsl) (Fig. 2-7). Wells
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(CUC#1-4, GTH#1 and SHT#4) on the west part of Grand Cayman generally penetrate this
unconformity at 100-115 m bsl. Data from these wells indicate that the karst relief on this
unconformity is at least 40 m (Fig. 2-13).

On Cayman Brac, the B-C Unconformity dips to the west at ~0.5° (Jones, 1994; Jones and
Hunter, 1994a; Jones et al., 1994a; Uzelman, 2009), with the highest point at the east end of the

island at 33 m asl (Fig. 2-12). Given that the Brac Formation had still not been located in well
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section along the Roger’s Wreck Point Transect (modified from Vézina, 1997).

SQW#1 when it was terminated at 50 m bsl (Fig. 2-12), the total relief of the B-C Unconformity
must be > 83 m (Fig. 2-13). Karst relief on this unconformity, evident only on the east end of

Cayman Brac, is at least 25 m.

7.2.2. C-P Unconformity

Karst relief of this unconformity on Grand Cayman is at least 62 m (Jones and Hunter,
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1994b), determined from the comparison between the sinkhole QHW#2 (40 m bsl) and the C-W
Unconformity exposed at The Mountain, which rises to 22 m asl (Fig. 2-13). On the western
half of Grand Cayman, this unconformity is 10 to 30 m bsl with a slope of 0.6-1.4° towards
North Sound (Figs. 2-6, 2-7, 2-14). In contrast, the Pedro Castle Formation on the eastern half of
Grand Cayman 1s missing and the Cayman Formation is either exposed at the surface or overlain
by the Ironshore Formation (Figs. 2-8, 2-14). In the interior of the eastern part of the island, the
upper surface of the Cayman Formation is 0 to 4.5 m asl and therefore higher than on the western

part of the island (Figs. 2-8, 2-14). Along the coasts, however, the peripheral rims, formed of the
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Cross section along the East End Transect (modified from Uzelman, 2009).

Cayman Formation, rise up to 13.5 m asl (Figs. 2-3, 2-8, 2-9).

On Cayman Brac, the total relief on the C-P Unconformity is at least 62 m, determined
from the comparison between the C-W Unconformity on the east end (33-46 m asl) and the C-P
Unconformity in well BW#1 (~16 m bls) (Figs. 2-12, 2-13). The C-W Unconformity exposed

on most of the uplifted core, dips westward, with the development of peripheral rims (Figs. 2-4,
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Fig. 2-12. Stratigraphic relationships between the Brac Formation, Cayman Formation, Pedro
Castle Formation, and Ironshore Formation along the East-West Transect on Cayman Brac.
(A) Surface map of the uplifted core on Cayman Brac showing locations of wells and the
East-West Transect; (B) Cross section along the East-West Transect (modified from Jones,
2005).

2-12,2-15). On the west end, the Cayman Formation is overlain by the Pedro Castle Formation,
with the C-P Unconformity gradually deepening westward (Figs. 2-12, 2-15). Karst relief of the
C-P Unconformity is difficult to determine because multiple phases of subaerial erosion have

modified that unconformity.

7.2.3. P-I Unconformity

On Grand Cayman, the P-I Unconformity on the western part of the island is a subdued
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karst relief on this unconformity is > 7 m (Fig. 2-13).
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Fig. 2-13. Schematic diagram showing the total relief (black lines) and karst relief (green lines)
on the B-C Unconformity, C-P Unconformity and upper surface of the Pedro Castle (PC)

surface (Figs. 2-6,2-7,2-14). A karst relief of 29 m on the top surface of the Pedro Castle
Formation comes from the comparison between the P-W Unconformity exposed in the Pedro
Castle area (17 m asl) and the P-I Unconformity in well CUC#3 (12 m bsl) (Fig. 2-13).

On Cayman Brac, the P-W Unconformity, which is up to 9.1 m asl, is replaced by the
P-I Unconformity that dips westward to ~12 m bsl in well CAB#2 (Figs. 2-10,2-12). This
comparison indicates that the total relief on the top of the Pedro Castle Formation is at least 20 m

(Fig. 2-13). Data from wells CAB#2 and CAB#3, on the west end of the island, indicate that the



Pedro Castle

7] P-l (or P-W) Unconformity
[ ] C-P (orC-W) Unconformity

Fig. 2-14. Sketch diagram showing the topography on the C-P (or C-W) Unconformity and P-I (or
P-W) Unconformity on Grand Cayman. The view 1s from a north direction. (A) Conceptual
model showing the topography on the C-P (or C-W) Unconformity; (B) Conceptual model
showing the topography on the P-I (or P-W) Unconformity.

7.2 4. B-I Unconformity and C-I Unconformity

On the northeast corner of Grand Cayman, the Ironshore Formation rests on top of a ~350
m wide shore platform that was cut into the Cayman Formation by marine erosion (Fig. 2-9).
There, the C-I Unconformity deepens seaward from ~1 m asl to ~18 m bsl, with a slope of ~3.5°
(Fig. 2-9). Thus, the marine erosion relief on the C-I Unconformity is at least 17 m.

On the east end of Cayman Brac the B-I Unconformity is 0.9 m bsl to 21 m bsl (Fig.

47



East End
B :

bﬁ [ Pl (or P-W) Unconformity
[ C-P (or C-W) Unconformity
Fig. 2-15. Sketch diagram showing the topography on the C-P (or C-W) Unconformity and P-I (or
P-W) Unconformity on the uplifted core of Cayman Brac. The view is from West End to East
End. (A) Conceptual model showing the topography on the C-P (or C-W) Unconformity; (B)
Conceptual model showing the topography on the P-I (or P-W) Unconformity.
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2-11). The marine relief on this unconformity is at least 20 m. Towards the west, the B-1
Unconformity is replaced by the C-I Unconformity (Fig. 2-10). The top surface of the Cayman
Formation forms a 300 to 400 m wide shore platform at ~6 bsl, with the varying little on the C-I

Unconformity (Fig. 2-10).

8. Coastal erosion

On carbonate islands, coastal erosion can take place while the exposed parts of the island
in the interior of the island are undergoing karst development. Coastal erosion commonly leads
to the development of wave-cut shore platforms (e.g., Stephenson, 2000; Trenhaile, 2000) with
a cliff on its landward side (Bradley and Griggs, 1976; Lajoie, 1986; Anderson et al., 1999;
Speed and Cheng, 2004; Passaro et al., 2011) that develops from the combined effects of wave
activity, subaerial weathering, and biological activity (Stephenson, 2000). Evidence for erosion
includes (1) a beveled platform, with a seaward slope of 2-4° (Blanchon and Jones, 1995; Speed
and Cheng, 2004; Passaro et al., 2011; Bowles and Cowgill, 2012), (2) truncation of underlying
strata so that no positive karst features (e.g., tower karst, pinnacles) remain (Blanchon and Jones,
1995; Anderson et al., 1999; Speed and Cheng, 2004), (3) an unconformity that separates older
carbonate strata from the overlying strata (Speed and Cheng, 2004), (4) a carbonate succession
that abuts against a cliff face formed of older carbonates (Speed and Cheng, 2004), (5) a wave-
cut notch on the cliff face (Jones and Hunter, 1990; Blanchon and Jones, 1995; Johnson, 2001;
Blanchon et al., 2002), (6) the arbitrary truncation of carbonate facies by the cliff face (Speed
and Cheng, 2004), and (7) the progradation of the platform cover through time, with a receding
cliff (Anderson et al., 1999; Vézina et al., 1999; Speed and Cheng, 2004). Constraining the
time of shore platform formation is difficult and usually relies on the constructional features that
developed during the next sea-level highstand (e.g., Blanchon and Jones, 1995; Anderson et al.,
1999; Speed and Cheng, 2004).

On Grand Cayman and Cayman Brac there is evidence for shore platforms that were cut
into the Cayman Formation and Brac Formation. At Rogers Wreck Point, for example, a cliff
with a wave-cut notch at 6 m asl marks the landward limit of a shore platform that was cut into
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the Cayman Formation. That platform now lies beneath limestones of the Ironshore Formation,
which thickens over a distance of 350 m, from ~1 m at the foot of the cliff face to at least 21

m at the coast (Fig. 2-9). Although the same shore platform is evident on Cayman Brac, there
are some subtle but important stratigraphic differences associated with it. On the east end of

the island, the platform was cut into the Brac Formation and the limestones of the Ironshore
Formation were deposited on top of it (Fig. 2-11). In the central and western parts of the island,
however, the platform was cut into the Cayman Formation and the Ironshore Formation therefore
rests on that formation (Fig. 2-10). These contrasts in stratigraphy indicate that Cayman Brac
must have been uplifted and tilted before the shore platform developed (Zhao and Jones, 2012a,
2013). The correspondence between the shore platforms around Grand Cayman and Cayman
Brac indicates that they developed after the Late Pliocene (~3.6 Ma) but before deposition of the
Ironshore Formation began about 400 ka. Similar platforms, also cut into Pliocene limestones,
have been identified around Cave Hill on Barbados (Speed and Cheng, 2004) and on southern
Cuba (Rojas-Agramonte et al., 2005).

9. Discussion

Grand Cayman and Cayman Brac are two small islands isolated by their positions in the
Caribbean Sea distant from any other land masses, but subject to tectonic activity because of their
proximity to the Cayman Spreading Centre and the Oriente Transform Fault (Fig. 2-1). Given
that this has been the case for at least the last 35 million years, the evolution of the carbonate
successions found on these islands must reflect eustatic changes in sea level and local tectonic
activity. The challenge is to interpret the unconformities found in these successions so that the
effects of eustatic sea level changes can be isolated from the tectonic effects.

Available evidence indicates that the islands near the Oriente Transform Fault were not
uplifted until the Middle Miocene when faults perpendicular to the Oriente Transform Fault
started to form (Iturralde-Vinent and Macphee, 1999; Iturralde-Vinent, 2003, 2006; Rojas-
Agramonte et al., 2005, 2006; Mann et al., 2007). After that, the tectonic history of Grand
Cayman and Cayman Brac was different. There is no evidence of faulting, structural offset, or
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folding of Oligocene to Pliocene strata on Grand Cayman. Similarly, there is no clear evidence
of tectonic tilting on Grand Cayman because (1) the peripheral ridges formed of the Cayman
Formation have a similar elevation on the north, east, and south coasts of the island (Fig. 2-3), (2)
strata in the Cayman Formation appear to be horizontal, and (3) variations in the elevation of the
C-W Unconformity are inconsistent with tilting of the strata. In contrast, there is clear evidence
of tilting on Cayman Brac with (1) the B-C Unconformity being up to 33 m asl on the east end of
the island but > 50 m bsl on the middle part of the island, (2) the C-W Unconformity being up to
46 m asl on the east end of the 1sland but close to sea level on the west end of the island, and (3)
evidence of westward dipping strata in the Cayman Formation (Fig. 2-12).

It is possible that Grand Cayman may have experienced vertical tectonic movements with
little or no associated tilting. Recognition of such tectonic movement is difficult because the
sedimentologic and stratigraphic results would be similar to those resulting from eustatic sea
level changes. The fact that the unconformities found in the succession on Grand Cayman can
be matched with known global lowstands, however, argues against this notion (Jones, 1994;
Jones and Hunter, 1994b). Furthermore, regional evidence indicates that Grand Cayman was not
displaced by the Late Miocene-Pliocene transpression between the Caribbean Plate and the North
American Plate that was responsible for the tilting and sinistral/dextral displacement of other
islands along the tectonic corridor associated with the Oriente Transform Fault (Iturralde-Vinent,
1998; Rojas-Agramonte et al., 2005; Mann et al., 2007).

It seems probable that Cayman Brac began to tilt to the west in the Late Pliocene (~3.6
Ma) (Zhao and Jones, 2012a, 2013). That uplift on Cayman Brac ceased no later than 125 ka is
shown by a wave-cut notch at 6 m asl that formed when sea level was 6 m higher than today (Jones
and Hunter, 1990; Vézina et al, 1999). On Grand Cayman and Cayman Brac, shore platforms cut
into the Tertiary limestones and dolostones after the Late Pliocene (~3.6 Ma) were subsequently
covered by Pleistocene limestones (Figs. 2-9,2-10, 2-11). Such relationships indicate that the
islands have probably been tectonically stable since deposition of the Ironshore Formation began

no later than 400 ka.
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Awvailable evidence indicates that the B-C Unconformity on these two islands developed
during the lowstand that followed a eustatic drop in sea level of 30 to 75 m that took place in the
Late Oligocene-Early Miocene (Pekar and Miller, 1996; Kominz et al., 1998; Miller et al. 1998,
2005; Van Sickel et al., 2004). The B-C Unconformity, with a karst relief of at least 40 m on
Grand Cayman, is a manifestation of that drop of sea level. Although the total relief on the B-C
Unconformity on Cayman Brac 1s difficult to ascertain with certainty, it must be more than 83 m
(Fig. 2-12). Today, the B-C Unconformity on Grand Cayman is 100-140 m bsl, whereas it is up
to 33 m asl on the east end of Cayman Brac. Thus, the difference of elevations between the B-C
Unconformity on Grand Cayman and the east end of Cayman Brac is 133-173 m. Given that
uplift took place between 3.6 Ma to 0.4 Ma, the rate of uplift on the east end of Cayman Brac
was 0.04 to 0.05 mm/year. This rate is much slower than that for other Caribbean Islands. Plio-
Pleistocene terraces in the Rio Maya Formation on south Cuba, uplifted up to 200 m asl, rose
at 4 mm/year on the central and western parts and 12-15 mm/year on the eastern part of Cuba
(Iturralde-Vinent, 2003; Rojas-Agramonte et al., 2005), respectively. The mean uplift rate on
Barbados between the Middle Eocene and 500 ka was 0.12-0.22 mm/year (Jones, 2009), and
increased to 0.44 to 0.53 mm/year over the last 500 ka (Speed and Cheng, 2004; Radtke and
Schellmann, 2006). It seems, therefore, that uplift on Cayman Brac was not as rapid as for other
Caribbean islands, or that the duration of uplift on Cayman Brac has been overestimated.

The B-C Unconformity at the west end of Cayman Brac 1s probably ~120 m bls, which
1s similar to the depths where it is found on Grand Cayman (Fig. 2-13). Similarly, the C-P
Unconformity and the P-I Unconformity on Grand Cayman are at similar elevations to those on
the west end of Cayman Brac (Fig. 2-13). This suggests that the axis of rotation for the uplift of
Cayman Brac was close to the west end of the island.

The drop in sea level during the Messinian (terminal Miocene), estimated to be from 30
to 180 m (Pigram et al., 1992; Aharon et al., 1993; Zhang and Scott, 1996; Hodell et al., 2001;
Blanc-Valleron et al., 2002; Rouchy and Caruso, 2006), took place between 0.6 and 0.8 Ma
(Hodell et al., 2001; Rouchy and Caruso, 2006; Jiménez-Moreno et al., 2013). This lowstand
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led to the development of the C-P Unconformity that has a karst relief of at least 62 m on Grand
Cayman (Fig. 2-13). This must be regarded as a minimum estimate because much of the upper
part of the Cayman Formation has been lost by subaerial erosion that is still ongoing today. On
Grand Cayman, the Cayman Formation is at least 144 m thick. On Cayman Brac, the Cayman
Formation is 15-20 m thick on the east end of the island and ~ 62 m thick on the middle part of
the island (Fig. 2-12). Assuming that the Cayman Formation on the two islands were originally
of similar thicknesses, this means that at least 120 m of the formation has been removed from the
east end of the island and at least 80 m on the central part of the island. The wedge-shaped form
of the Cayman Formation on Cayman Brac, with tapering to the east, is due to the proportional
relationship that exists because uplift increases the volume of the bedrock above base level, and
commonly induces faults and fractures, which serve as avenues of solution (Purdy and Waltham,
1999).

Peripheral rims along the margin of a platform or around an isolated oceanic island may be
a product of karst development associated with subaerial exposure of the platform (e.g., Purdy,
1974; Purdy and Winterer, 2001) or reef development (Schlager, 2003; Schlager and Warrlich,
2009a, 2009b; Schlager and Purkis, 2013). The unconformity that caps the Cayman Formation
on Grand Cayman and Cayman Brac has an atoll-like topography with peripheral rims that
surround a central depression. With ample evidence of dissolution features but no evidence
of reefs in the peripheral rim on Grand Cayman, Jones and Hunter (1994b) argued it was best
explained by Purdy’s (1974) model, which emphasized the inherited karstic origin for this type
of topography. Supported by laboratory experiments, Purdy (1974) proposed the “oversupply”,
“balanced” and “undersupply” models for explaining the topographic features that develop on
flat or inclined limestone surfaces once they are exposed to the atmosphere. The models are
based on the balance between the amount of rainfall and the rate at which the water flows off the
edges of the limestone surfaces. With the “oversupply model”, which functions when rainfall
exceeds the rate of runoff, dissolution rates on the interior and edges are similar, because there

is a continuous solution film over the entire surface. This produces a subdued surface with no
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peripheral rims or solution depressions in the central part. In the “undersupply” and “balanced”
models, rainfall is less than the rate of runoff. In the “balanced model”, rainfall maintains a
solution meniscus over the interior part of the carbonate surface, but runoff is reduced. As a
consequence, a solution depression with a smooth floor develops in the interior of the island
while leaving a peripheral rim around the margins. With the “undersupply model”, rainfall is too
low to maintain a continuous solution film over the surface and an uneven pattern of dissolution
evolves. On Grand Cayman, the C-P Unconformity is characterized by an atoll-shape depression
that is surrounded by peripheral rims on the north, west and south margins (Jones and Hunter,
1994b). This topography is consistent with a situation that may be transitional between the
“balanced” and “undersupply” models of Purdy (1974).

On the eastern part of Grand Cayman, post-Miocene erosion removed the Pedro Castle
Formation so that the Cayman Formation is now widely exposed. Today, the C-W Unconformity
is above present sea level, with peripheral rims along the south, east, and north coasts (Figs. 2-3,
2-14). Although modified by post-Miocene weathering and/or marine erosion, those rims are
inherited from the peripheral rim that developed during the Messinian lowstand. This suggestion
1s supported by the fact that the rims are formed of the Cayman Formation with no trace of the
Pedro Castle Formation, and the distance between the landward limit of the peripheral rims and
coastline 1s relative constant at ~400 m (Fig. 2-3).

Purdy (1974) suggested that the peripheral rim developed in the “balanced™ and
“undersupply” models would be intensified if the surface of a limestone block is inclined
because this promotes runoff in one direction and thereby prevents dissolution on the upslope
edges of the uplifted block. Comparison of the C-W Unconformity on Cayman Brac and Grand
Cayman supports this suggestion. On Cayman Brac, the difference in elevations between the
peripheral rims and the central depression is up to 15 m on the east end (Fig. 2-4), whereas
on Grand Cayman is no more than 9 m (Fig. 2-3). Moreover, the peripheral rim of the C-W
Unconformity on Cayman Brac is more pronounced on the eastern upslope margin than on the

western downslope margin (Figs. 2-4,2-10, 2-11, 2-15). On Grand Cayman, such differences in
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the elevation of the peripheral rim are not apparent.

Sediments that now form the Pedro Castle Formation were probably deposited during
the Middle Pliocene highstand, which was up to 22 m asl (Dowsett and Cronin, 1990; Miller
etal., 2005, 2011, 2012; Dwyer and Chandler, 2009; Sosdian and Rosenthal, 2009). It seems
probable, therefore, that the Pedro Castle Formation once covered much of Grand Cayman and
Cayman Brac (Zhao and Jones, 2012a, 2013). Evidence for this suggestion includes the (1)
P-W Unconformity at Pedro Castle on Grand Cayman that is up to 16 m asl, (2) Pedro Castle
Formation being preserved in sinkholes on the eastern part of Grand Cayman, and (3) Pedro
Castle Formation being found on the Mound on Cayman Brac. The drop in sea level to 90 m bsl
that occurred in the Late Pliocene (Miller et al., 2012) probably coincided with the tectonic tilting
of Cayman Brac to the west (Zhao and Jones, 2012b, 2013). Subaerial erosion that started during
this lowstand led to the removal of the Pedro Castle Formation from most of Cayman Brac and
from the eastern half of Grand Cayman, and development of the P-I Unconformity and the P-W
Unconformity.

Unconformities in the Oligocene to Pleistocene succession on the Cayman Islands
developed in response to karst processes and coastal erosion that operated during sea-
level lowstands. With little tectonic movement on Grand Cayman, such unconformities are
characterized by rugged topographies, which partly reflect the associated lowstand positions. In
contrast, due to the uplift of Cayman Brac between the Late Pliocene and ~400 ka, the Oligocene
to Pliocene carbonate succession was tilted to the west. As a result karst processes and coastal
erosion on the uplifted zone, enhanced by fractures and faults, led to the removal of much of the

Pedro Castle Formation and the upper part of the Cayman Formation.

10. Conclusions

The exposed carbonate succession on Grand Cayman and Cayman Brac is formed of the Brac
Formation (Lower Oligocene), Cayman Formation (Middle Miocene), Pedro Castle Formation
(Middle Pliocene), and Ironshore Formation (Pleistocene). The deposition of each formation was
terminated by the drop in sea level, which produced an unconformity by karst processes and/or
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by marine coastal erosion.

Although close to each other, Grand Cayman and Cayman Brac have experienced different
tectonic histories since the Late Pliocene, and consequently exhibit different stratigraphic
architectures.

1) Grand Cayman has experienced little tectonic movement since the Late Oligocene,
whereas Cayman Brac was uplifted between the Late Pliocene (~3.6 Ma) and ~400 ka. The
uplift on the east end of Cayman Brac is up to 133-173 m, with an uplift rate between 0.04 and
0.05 mm/year. The west end of Cayman Brac is close to the rotation axis of the uplift, with little
displacement.

2) With little, if any, tectonic movement, unconformities on Grand Cayman are
characterized by rugged topographies. The Cayman-Pedro Castle Unconformity, for example,
shows a dish-shape depression surrounded by peripheral rims. The karst relief on those
unconformities reflects the magnitude of sea-level fall.

3) Uplift on Cayman Brac tilted Tertiary strata and enhanced the surface karst processes.
The Pedro Castle Formation has been removed from most of Cayman Brac since the Late
Pliocene, whereas the removal of the Cayman Formation is geographically variable due to the
uplift. On the east end of Cayman Brac, 120 m of the Cayman Formation was removed, whereas
on the middle of this island about 80 m was lost to subaerial erosion.

4) The Cayman-Pedro Castle Unconformity indicates a transitional stage between the
“balanced” and “undersupply” models of Purdy (1974). The peripheral rims on the exposed
Cayman Formation on Grand Cayman and Cayman Brac are the remnant of the peripheral
rims that developed during the Messinian lowstand. Compared to those on Grand Cayman, the
peripheral rims on Cayman Brac are more pronounced due to uplift.

5) Coastal erosion after the Late Pliocene (~3.6 Ma) but before ~400 ka cut into the
Cayman Formation and the Brac Formation and consequently erased the ancestral topography in
the coastal areas. Overlain by the Ironshore Formation, the Cayman-Ironshore Unconformity

and the Brac-Ironshore Unconformity were developed in the coastal areas.
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CHAPTER 3: ONGOING, LONG-TERM EVOLUTION OF AN UNCONFORMITY
THAT ORIGINATED AS A KARSTIC SURFACE IN THE LATE MIOCENE: A CASE
STUDY FROM THE CAYMAN ISLANDS, BRITISH WEST INDIES'

1. Introduction

The evolution of carbonate successions on isolated oceanic islands is fundamentally
controlled by changes in sea level and tectonic activity (cf. Schlanger and Premoli Silva, 1986;
Lincoln and Schlanger, 1987; Jones and Hunter, 1994b; Liang and Jones, 2014). Weathering
that takes place while the islands are subaerially exposed commonly leads to loss of strata and
significant surface and subsurface modification of the exposed carbonates (Bathurst, 1975;
Esteban and Klappa, 1983; James and Choquette, 1990; Fliigel, 2004; Frisia and Borsato,
2010). Karst surfaces, which commonly develop under the influence of hot, humid climates,
are particularly important because they (1) form the antecedent topography that may influence
the early stages of sedimentation during the ensuing highstand (e.g., Purdy, 1974; Purdy and
Winterer, 2001; Liang and Jones, 2014), (2) will become the unconformities (i.e., sequence
boundaries) that separate successive depositional packages (Esteban and Klappa, 1983; James
and Choquette, 1990; Tucker, 1990; Wright, 1994; Clari et al., 1995; Hillgértner, 1998; Sattler
et al., 2005; Alonso-Zarza and Tanner, 2006; Brasier, 2011), and (3) will delineate horizons with
which meteoric diagenesis and/or dolomitization may be genetically related (Esteban and Klappa,
1983; James and Choquette, 1988; Tucker, 1990; Wright and Smart, 1994; Saller et al., 1994,
1999; Whitaker et al., 1999; Budd et al., 2002; Frisia and Borsato, 2010; Miller et al., 2012;
Zhao and Jones, 2012). The karst topography that develops on erosional surfaces like these is
controlled by the complex interplay between numerous variables, including eustatic changes in

sea level, tectonics, climate, hydrogeology, lithology, vegetation, porosity and permeability of the

bedrock (White, 1984, 1988; Ford and Williams, 2007). The impact of factors such as sea-level

1 This chapter has been submitted to Sedimentary Geology as: Liang, T. and Jones, B,
Ongoing, long-term evolution of an unconformity that originated as a karstic surface in the Late
Miocene: A case study from the Cayman Islands, British West Indies.
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change and tectonic movement are commonly difficult to decipher because they may produce the
same end-result.

This study focuses on the unconformity that defines the upper boundary of the Cayman
Formation (Miocene) that is found on Grand Cayman and Cayman Brac (Figs. 3-1, 3-2). This
unconformity, named the Cayman Unconformity by Jones and Hunter (1994b), first developed
during the Messinian when sea level was 30-180 m below present day sea level (Berggren and
Haq, 1976; Adams et al., 1977; Vail et al., 1977; Cita and Ryan, 1978; Loutit and Keigwin, 1982;
Hodell and Kennett, 1986; Pigram et al., 1992; Aharon et al., 1993; Zhang and Scott, 1996).
Since then, this unconformity has experienced a complex developmental history. Today, parts
of the original unconformity are still covered by younger sediments whereas other parts are
exposed to the atmosphere and being actively weathered. Where exposed on the eastern part of
Grand Cayman and the uplifted core of Cayman Brac, the surface is characterized by extensive
phytokarst, pinnacles, sinkholes, and solution-widened joints (Doran, 1945; Folk et al., 1973;
Jones and Smith, 1988; Squair, 1988; Jones, 1989, 1992a, 1992b). Although these islands have
undergone different tectonic histories over the last 3.6 myrs (Zhao and Jones, 2012, 2013; Liang
and Jones, 2014), they are both free of surface streams and siliciclastic sediments.

This study focuses on the multistage evolution of the Cayman Unconformity by examining
its geological evolution and the factors that have controlled its continued development in areas
where it 1s now exposed on Grand Cayman and Cayman Brac. Comparison between the two
islands allows an assessment of the influences that tectonic uplift as opposed to eustatic sea level
changes have had on the development of this unconformity. By doing so, this study demonstrates
the complex developmental history that is responsible for the development of unconformities in

carbonate successions on isolated oceanic islands.

2. Methods

The karst forms exposed on the upper surface of the Cayman Formation were delineated
by various techniques, including digital elevation models (DEMs), air photo interpretation, and
field observations. The DEMs used herein were imaged by the last returns from laser scanning,
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Fig. 3-1. (A) Location of Cayman Islands relative to the Mid-Cayman Rise, the Cayman Trench,
and the Oriente Transform Fault (modified from Jones, 1994, and based on maps from
Perfit and Heezen, 1978, MacDonald and Holcombe, 1978). (B) Surface geology on Grand
Cayman (modified from Jones, 1994). The gray line delineates the shelf-edge scarp of
Grand Cayman (modified from Blanchon and Jones, 1995). (C) Surface geology on Cayman
Brac (modified from Jones, 1994).
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which represent the appearance of the bare ground surface. Developed from data provided by the
Lands and Survey Department, Government of the Cayman Islands, the high-resolution DEMs,
with grid size of 3 m x 3 m, were analyzed using ArcGIS 10 software. This allows production of
three-dimensional (3D) geometrical views of area that are otherwise inaccessible.

The “Hillshade™ tool in ArcGIS 10 can create a shaded relief model of a surface by
considering the illumination and shadows. As such, topographic highs, lows, open sinkholes, and
photolineaments on the exposed Cayman Formation were highlighted by overlying the original
DEMSs onto the Hillshade map.

Open sinkholes, which may contain water, were defined by comparison between depression-
free DEMs and the original DEMs. The depression-free DEMs were generated automatically by
the “Fill” tool in ArcGIS 10. Open sinkholes were identified by their sub-rounded to elliptical
shape, their location on the exposed Cayman Formation, and that they are clearly not man-made.
Given that the DEMs have a horizontal resolution of 3 m, sinkholes, solution-widened joints, and
phytokarst features smaller than 3 m x 3 m could not be identified from the DEMs. Assessment
of the small-scale features was restricted to examination of outcrops located along the coast
because much of the interior of Grand Cayman and Cayman Brac is covered with dense tropical

vegetation and is therefore largely inaccessible.

3. Terminology

Folk et al. (1973), based on exposures of the Cayman Formation at Hell on Grand Cayman,
coined the term “phytokarst™ as “a landform produced by rock solution in which boring plant
filaments are the main agent of destruction”. Phytokarst has a honeycomb appearance with
unoriented concavities (Folk et al., 1973; Jones, 1989), and surfaces that are covered by organic
coatings that include fungi, sporangia, spores, mucilage, algae, and bacteria (Jones, 1989). Due
to the organic-rich coatings, weathered phytokarst surfaces are grey to black and contrast sharply
with the white dolostones of the Cayman Formation (Folk et al., 1973; Jones, 1989).

A sinkhole (= doline) is a closed depression, which originates through dissolution, collapse,
and/or subsidence (Gams, 1994, 2003; Sauro, 2003; Ford and Williams, 2007). Sinkholes are
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typically circular to subcircular in plan form and can be up to ~1 km in diameter and depths to
several hundred metres (Sauro, 2003; Ford and Williams, 2007). Herein, the term sinkhole also
includes “pit caves” as defined by Pace et al. (1993), Mylroie and Carew (1995), and Harris et al.
(1995). Given that sinkholes may occur individually or in densely packed groups, the intensity
(1.e., random, clustered, or regular) is used to define the distribution of sinkholes (Ford and
Williams, 2007).

Joints are pull-apart breaks in consolidated rocks, with no displacement in any direction
(Monroe, 1970; Ford and Williams, 2007). Commonly created by pressure release during erosion
(Ford and Williams, 2007), they are prone to solution widening (e.g., Jones and Smith, 1988;
Ford and Williams, 2007).

Photolineaments are narrow linear trends detectable on air photographs or satellite images
(Ford and Williams, 2007) that typically reflect the presence of closely spaced high-angle faults
or fractures with little or no displacement (Ford and Williams, 2007; Sabins, 2007).

4. Geologic setting
The Cayman Islands, which are located on the Cayman Ridge, include Grand Cayman,
Cayman Brac, and Little Cayman (Jones, 1994; Fig. 3-1). To the south of these islands lies the
Oriente Transform Fault, which separates the Caribbean Plate from the North American Plate
(Perfit and Heezen, 1978; Fig 3-1A). The Oriente Transform Fault extends eastward from the
north end of the Mid-Cayman Rise, which is an active spreading center that is located to the
southwest of Grand Cayman. The Swan Island Transform Fault extends westward from the
south end of Mid-Cayman Rise (MacDonald and Holcombe, 1978). The Oriente Transform Fault
defines the northern margin of the Cayman Trench (Fig. 3-1A), which is up to 7686 m deep.
Between the late Eocene and Oligocene, the Oriente Transform Fault detached the
Cayman Islands from their parent arc and transported them to their present locations (Iturralde-
Vinent, 1994; Calais and Mercier de Lépinay, 1995). Since the early Middle Miocene, localized
extensional features began to form (Iturralde-Vinent and Macphee, 1999; Iturralde-Vinent, 2006),
resulting in each of the Cayman Islands being located on a different fault-isolated block (Matley,
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1926; Horsfield, 1975; Stoddart, 1980; Vézina et al., 1999; Liang and Jones, 2014). The faults
that define the margins of the Grand Cayman block and the Cayman Brac block gave rise to the
shelf edge scarps (= escarpment), which extend downward into the oceanic basins (Rigby and
Roberts, 1976). On the eastern part of the Grand Cayman block, the north and south escarpments
are generally orientated west to east and parallel to the shoreline whereas the eastern margin is
oriented north to south (Fig. 3-1B). Although the precise positions of the escarpments that define
the Cayman Brac block have not yet been accurately resolved, air photos analyses indicate that
they are probably parallel to the shorelines (Fig. 3-1C).

After the Late Miocene (7.25 Ma using the time scale of Gradstein et al., 2012, their Fig. 1.2),
Cayman Brac experienced tectonic tilting until about 400 ka, whereas Grand Cayman appears to
have remained tectonically stable (Jones and Hunter, 1990; Vézina et al., 1999; Zhao and Jones,
2012, 2013; Liang and Jones, 2014). Thus, Cayman Brac is characterized by an uplifted core
that 1s flanked by low-lying, peripheral platform.

Matley (1926) originally assigned the exposed Neogene strata of the Cayman Islands to
the Bluff Limestone, which was subsequently renamed as the Bluff Group (Jones et al., 1994a,
1994b). Unconformably overlain by the Pleistocene Ironshore Formation, the Bluff Group
includes the Brac Formation, Cayman Formation, and Pedro Castle Formation, which were
deposited during sea-level highstands that occurred in the early Oligocene, Middle Miocene,
and Pliocene, respectively (Jones et al., 1994a, 1994b; Fig. 3-2). Each formation is bounded
by unconformities that developed during sea-level lowstands. Development of the Cayman
Unconformity started during the last 1.5 million years of the Miocene (Jones and Hunter, 1994b;
Der, 2012; Liang and Jones, 2014) when the sea level was low during the Messinian salinity
crisis. On Grand Cayman and Cayman Brac, much of this weathered surface was subsequently
overlain by the Pedro Castle Formation, which resulted from sedimentation during the early
Pliocene (Jones, 1994; Jones and Hunter, 1994a; Jones et al., 1994a, 1994b; Zhao and Jones,
2012, 2013; Liang and Jones, 2014). Subaerial erosion that took place during subsequent

lowstands resulted in the Pedro Castle Formation being removed from the eastern half of Grand
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Cayman and most of Cayman Brac and renewed exposure of the underlying Cayman Formation.
Today, therefore, the Cayman Unconformity represents a composite weathering surface that has

evolved through multiple stages of development.

5. The Cayman Unconformity

Differences in the topography of the Cayman Unconformity on Grand Cayman and Cayman
Brac reflect the different tectonic histories of the two islands. The Cayman Unconformity on
Grand Cayman, with a relief of 52 m, is characterized by (1) a deep depression (30 m below sea
level) that is located under the modern day North Sound (Fig. 3-3), and (2) peripheral rims that
are evident along the south, east, and north coasts on the eastern part of the island (Jones and
Hunter, 1994b, their Fig. 12; Liang and Jones, 2014, their Fig. 14A; Fig. 3-3). Based on present-
day surface exposures, Grand Cayman can be divided into the western and eastern parts with
the boundary being defined by the eastern boundary of the Ironshore Formation, which stretches
from Cayman Kai along the eastern side of The Mountain and then to Breakers (Fig. 3-1B). Over
most of the western half of the island, the Cayman Unconformity is buried beneath the Pedro

Castle Formation and/or the Ironshore Formation apart from isolated outcrops like that at Hell.

HRQ

The Mountain

Fig. 3-3. Topography on upper surface of the Cayman Formation on Grand Cayman (from Liang
and Jones, 2014, their Fig. 14). Surface is interpolated by Surfer 10 software from digital

elevation data, outcrops and well data.

74



As such, it is typically located below present-day sea level. On the eastern half of the island, the
widely exposed Cayman Unconformity has a relief of up to 23 m (Fig. 3-4).

Uplift of the east end of Cayman Brac means that the Cayman Unconformity now
dips westward at an angle of ~0.5° (Jones, 1994; Jones and Hunter, 1994a; Jones et al.,
1994b; Uzelman, 2009; Zhao and Jones, 2012, 2013; Liang and Jones, 2014; Fig. 3-5). This
unconformity surface, with a maximum relief of 62 m, is either covered by the Pedro Castle
Formation (west end of island only) or exposed. The exposed Cayman Unconformity, evident
over much of the uplifted core, rises up to 46 m above sea level (asl) at the east end of the island.

Peripheral rims are readily apparent on this weathered surface (Figs. 3-5, 3-6). Peripheral rims

‘\l|:,’

Colliers
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-~ Elevation

- 22.0m
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[[] Pond B Embayment

: Photolineament (Set I) - Locality at which joint directions measured

Fig. 3-4. Karst landforms and topography on the eastern half of Grand Cayman based on digital

elevation models. The rose diagrams for joint orientations on Grand Cayman are from Rigby
and Roberts (1976, their Fig. 30).
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East End

Fig. 3-5. Topography on upper surface of the Cayman Formation on the uplifted core of Cayman
Brac (from Liang and Jones, 2014, their Fig. 15). Surface is interpolated by Surfer 10

software from digital elevation data, outcrops and drilling wells.

Bl sinkhole B Photolineament (Set 1V)

B Peripheral rim B Photolineament (Set V)
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Elevation

-
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Fig. 3-6. Karst landforms and topography on exposed Cayman Unconformity exposed on the

uplifted core of Cayman Brac. Based on digital elevation models.
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on the eastern upslope margin are more pronounced than those on the western down slope margin

(Figs. 3-5, 3-6).

6. Cayman Unconformity buried by younger strata

On Grand Cayman and Cayman Brac, exposures that show the Cayman Unconformity
overlain by younger strata are rare. In a quarry near Pedro Castle, the Cayman Unconformity,
which dips at <1° to the northwest, is evident as a well-defined surface that is highlighted by the
contrast in colour between the Cayman Formation and the overlying Pedro Castle Formation
(Fig. 3-7A). The unconformity is generally smooth with no evidence of small-scale surface
karst features. Penetrating into the dolostones from the unconformity are numerous sponge
borings (Fig. 3-7B) and rare bivalve (Lithophaga) borings. In a small quarry located about 1
km southwest of the western end of the Georgetown airport runway, the Cayman Unconformity
forms the quarry floor and is overlain by limestones of the Ironshore Formation (Fig. 3-7C).
Although a relief of about 2 m 1s evident on the unconformity, the surface is generally smooth
and devoid of small-scale karst features.

On Cayman Brac, the best exposures of the Cayman Unconformity are in a quarry that is
located on the west end of the island (Fig. 3-7D). As in the Pedro Castle Quarry, the Cayman
Unconformity is highlighted by the contrast in the colors of the dolostones that form the Cayman
Formation and the Pedro Castle Formation (Fig. 3-7E). There, the unconformity is characterized
by small-scale variations in relief (Fig. 3-7E) and in some areas, sponge borings. No small-scale

karst features are evident on the unconformity.

7. Cayman Unconformity exposed to atmosphere

Exposed surfaces of the Cayman Formation on Grand Cayman and Cayman Brac are
characterized by (1) various topographic features including peripheral rims, topographic highs
and lows, (2) karst features that include sinkholes and honeycombed rock pinnacles, and (3)
solution-widened joints and photolineaments (Matley, 1926; Doran, 1954; Folk et al., 1973;
Rigby and Roberts, 1976; Stoddart, 1980; Jones et al., 1984; Smith, 1987; Jones and Smith,
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Fig. 3-7. Features of the Cayman Unconformity in outcrops where the Cayman Formation (CF)
is overlain by the Pedro Castle Formation (PCF) or Ironshore Formation (IF). (A) South
wall of Pedro Castle Quarry (Grand Cayman) showing the Cayman Unconformity (arrows)
between the Cayman Formation and the Pedro Castle Formation. Quarry wall is about 10
m high, with the unconformity being about 8 m above sea level. (B) Close-up showing
sponge borings extending down from Cayman Unconformity (arrows) and small cavities
partly filled with internal sediments. Pedro Castle Quarry. (C) Limestones of the Ironshore
Formation resting on top of urregular upper surface of the Cayman Formation (= Cayman
Unconformity). Quarry southwest of west end of runway at Georgetown Airport. (D)
General view of Cayman Unconformity (arrows) between the Cayman Formation and Pedro
Castle Formation in quarry located at west end of Cayman Brac. Quarry wall is about 5 m
high. (E) Minor relief on the Cayman Unconformity. Quarry at west end of Cayman Brac.
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1988; Squair, 1988; Jones, 1989, 1992b, 1994; Jones and Hunter, 1994b; Liang and Jones, 2014).

7.1. Topographic features

7.1.1. Grand Cayman

Peripheral rims on the Cayman Unconformity, which rise 8-14 m asl, are developed in the
coastal areas of the eastern part of Grand Cayman (Figs. 3-4, 3-8). The landward limit of the
peripheral rims, which are formed of dolostones that belong to the Cayman Formation and the
coastline, 1s constant (Jones and Hunter, 1994b; Liang and Jones, 2014).

Exposures in the interior of the island are characterized by a rugged surface, with much (up
to 70 %) of it being less than 3 m asl. Topographic highs, which are > 3 m asl, are developed
locally (Fig. 3-4), such as ““The Mountain™ (up to 22 m), the area around High Rock Quarry (HRQ,
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Fig. 3-8. Topographic transects (B, C, D, E and F) across peripheral rims in the coastal areas on
the eastern half of Grand Cayman.
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up to 9.3 m), and an inaccessible area between ““The Mountain™ and HRQ (up to 9.4 m).

In some of the coastal regions, there are large, brackish water ponds that are 0.4 to 1.2 m
deep (Doran, 1954), and floored close to sea level (Fig. 3-9). These shallow ponds, including
Meagre Bay Pond, Colliers Pond, and Malportas Pond, are irregular in shape (Fig. 3-4). Meagre
Bay Pond, located on the south shore close to Boddentown, ~ 1 km wide and 1 km long, is
located behind a high beach barrier (Fig. 3-9B). This pond desiccates completely during periods
of prolonged dry weather (Rigby and Roberts, 1976). Colliers Pond, located in the northeast part
of the island, 1s 0.5 km wide and 1.5 km long, and located behind a beach sand barrier (Fig. 3-9C).
During dry weather, the shallowest areas of Colliers Pond commonly desiccate (Rigby and
Roberts, 1976). Malportas Pond, 2 km long and 0.7 km wide lies between a ridge formed of the
Cayman Formation that stretches from North Side and Old Man Bay (up to 9.0 m asl), and “The
Mountain” (Fig. 3-9D). The shallowest areas commonly desiccate during dry weather (Rigby
and Roberts, 1976).

Embayment-shaped depressions, up to 1.8 km in diameter, are evident in the Guy Bay and

Colliers areas, which are located on the east coast (Fig. 3-4). The bottom of these depressions are
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Fig. 3-9. Topographic transects showing changes in elevation through ponds (B, C, and D) on the
eastern half of Grand Cayman. Yellow squares indicate locations of Figure 3-13A and 3-13B.
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flat, with elevations being 1-2 m asl (Figs. 3-4, 3-9C). Their landward margins are topographic
highs formed of the Cayman Formation, whereas their seaward margin varies. At Colliers, the
embayment is separated from the offshore shelf by Colliers Pond, which act as a buffer zone
between them. In contrast, the depression at Gun Bay is separated from offshore shelf by a

peripheral rim.

7.1.2. Cayman Brac

On the uplifted core, peripheral rims that are up to 15 m higher than the surrounding
land, are more pronounced than those on Grand Cayman (Figs. 3-6, 3-10). On the interior of
the island, the elevation of the exposed Cayman Unconformity decreases gradually from the
east end to the west end (Figs. 3-5, 3-6). Exposures on the upslope are more rugged and have

steeper slopes than those in the downslope area (Figs. 3-5, 3-6, 3-10). DEMs reveal an elliptical
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Fig. 3-10. Topographic transects (B, C, D, E and F) showing changes in elevations of peripheral
rims along the coastal areas on Cayman Brac. Blue squares indicate locations of Figure
3-14A, 3-14B and 3-14C.
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depression near East End that is about 300 m long and 200 m wide (Fig. 3-6). This bowl-shaped
depression, with a relief up to 8 m is developed behind the vertical cliff that defines the edge of
the bluff in this area. It is morphologically similar to ponds and the embayments found on Grand

Cayman, suggesting that it may have originated in a similar manner prior to uplift of the island.

7.2. Karst features

On Grand Cayman and Cayman Brac, the exposed Cayman Formation is characterized by
numerous sinkholes that are up to 10 m deep and 30 m in diameter (Doran, 1954; Folk et al.,
1973; Jones and Smith, 1988; Jones, 1989, 1992b; Liang and Jones, 2015). These sinkholes may
be open, filled with water, or filled with a variety of deposits, including rootcrete and various
types of breccias that includes limestone and dolostone lithoclasts held in white limestone
matrices, or red or orange limestone matrices (Doran, 1954; Jones and Smith, 1988; Jones,
1992b; Liang and Jones, 2015). The dolostones between the sinkholes has been weathered into
honeycombed, sharp and jagged ridges and honeycombed, conical- or rectangular-shaped (up
to 5 m high) pinnacles (Folk et al., 1973; Jones and Smith, 1988; Jones, 1989). The surfaces of
the ridges and pinnacles and the walls of the sinkholes are dark grey to black in color due to the
extensive phytokarst development (Matley, 1926; Doran, 1954; Folk et al., 1973; Stoddart, 1980;
Jones and Smith, 1988; Squair, 1988; Jones, 1989; Fig. 3-11).

7.2.1. Grand Cayman

Forty large sinkholes, up to 20 m in diameter and up to 0.7 m deep, have been recognized
on the DEMs that cover the inaccessible areas of the island (Fig. 3-4). Given that the sinkholes
may be filled or partly filled by various deposits, the depths obtained from DEMs have to be
treated as minimum estimates. Small sinkholes (< 3 m in diameter) cannot be recognized on
DEMs because of resolution limits, and detailed mapping is impossible because the dense
tropical vegetation and rugged surface produced by phytokarst mean that much of the island is
inaccessible. On Grand Cayman, sinkholes identifiable on the DEMs are typically close to the

photolineaments, especially in the area near “The Mountain™ where photolineaments of Set I and
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Fig. 3-11. Features commonly found on surface exposures of the Cayman Formation. (A) View
of phytokarst at Hell, Grand Cayman showing jagged pinnacles around sinkholes and
solution-widened joints that are filled with water and sediment. Pinnacles in foreground
are up 1.5 m high. (B) Phytokarst developed in interior of Cayman Brac. (C) Sinkhole that
is about 1 m in diameter and at least 20 m deep developed in dolostones of the Cayman
Formation, interior of Cayman Brac. (D) Solution-widened joint in dolostones of Cayman
Formation, quarry at west end of Cayman Brac. Note that the width of this joint at water

level 1s about 2 m.
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Set II intersect (Fig. 3-4).

7.2.2. Cayman Brac

Fourteen large sinkholes, 6 to 25 m in diameter and up to 10 m deep, have been detected on
the DEMs that show the surface topography of the exposed Cayman Formation on Cayman Brac
(Fig. 3-6). Most of the sinkholes identified from the DEMs are located on the eastern upslope
areas of the interior part of the island (Fig. 3-6). The distribution, as revealed by the DEMs, is
biased because none of the small, deep sinkholes, with the diameter up to 1 m and the depth up to

20 m, can be detected on the DEMs.
7.3. Joints and photolineaments

7.3.1. Grand Cayman

On Grand Cayman, three major joint sets that trend NNW-SSE, ENE-WSW, W-E are
commonly apparent in areas where the Cayman Formation 1s well exposed (Rigby and Roberts,
1976; Jones, 1992b; Fig. 3-4). Near Grape Tree Point, for example, two major sets trending at
NNW-SSE and ENE-WSW are apparent (Fig. 3-4). In contrast, at Little Bluff, Breaker and Old
Issacs, the W-E and NNW-SSE sets dominate (Fig. 3-4). Vertical or westward dipping (~25°)
solution-widened joints, up to 4 m wide (Fig. 3-12), in the Old Isaacs area, are open or filled
with various deposits (Jones, 1992b). There is no correlation between the orientation of the
joints and their width (Jones, 1992b). The vertical joints are commonly filled with flowstone and
various types of breccia that are characterized by white dolostone lithoclasts held in white, red
and orange limestone matrices, and dolostone matrices, whereas the westward dipping joints are
commonly filled by caymanite (Jones and Smith, 1988; Jones, 1992b).

On Grand Cayman, three sets of photolineaments, comprising Set I that trends N-S,
Set II that trends ENE-WSW, and Set III that trends NNW-SSE, are evident in the Cayman
Formation that is exposed in the areas around “The Mountain™ and HRQ (Fig. 3-4). Around the
Mountain, the N-S and ENE-WSW sets are more common than the NNW-SSE set (Fig. 3-4).

Photolineaments in the areas around HRQ show similar trends to those in “The Mountain™,
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Fig. 3-12. Solution-widened joint (~ 1 m wide) in dolostones of the Cayman Formation, Old
Isaacs on Grand Cayman. The NNW-SSE joint is filled largely with dolostones lithoclasts
that came from the Cayman Formation.

including the ENE-WSW set and the NNW-SSE set (Fig. 3-4). Photolineaments in the area

between “The Mountain” and HRQ are dominated by the N-S set (Fig. 3-4).

In areas close to HRQ, transects across the photolineaments (sets I and II), derived from the
DEMs, show that they are formed of ridges that are separated by valleys, with a local relief up to
2 m (Fig. 3-13). Each of the ridges appears symmetric, with gentle slopes (up to 5°) that merge
with the valleys that are 20-100 m wide (Fig. 3-13). Although photolineaments are detectable on
DEMs (Fig. 3-13), they are impossible to detect on surface outcrops in the field because of the

dense tropical vegetation that grows in those areas.
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Fig. 3-13. Topographic transects (C-C’, D-D’, E-E’, F-F’, and G-G") showing topography of

photolineaments on Grand Cayman. See Figure 3-9 for precise location.

The orientations of the photolineaments are similar to those of the joints. The NNW-SSE
trending joints and NNW-SSE photolineaments (Set III) are parallel the northeastern or eastern
margin of the Grand Cayman block. The ENE-WSW trending joints present at Grape Tree Point,
1s comparable with the lineaments trending at ENE-WSW (Set II), which are parallel to the NE

trending faults that define the southeastern margin of Grand Cayman block of Grand Cayman (Fig.
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3-4). The E-W joints are consistent with the E-W faults that define the south and north margins
of Grand Cayman block (Fig. 3-4). The N-S photolineaments, in contrast, appear to be parallel

to the eastern edge of the Grand Cayman block.

7.3.2. Cayman Brac

On Cayman Brac, DEMs show that photolineaments are limited to the periphery of the
uplifted core and dominated by three sets trending at ENE-WSW (Set IV in Fig. 3-6), E-W (Set
Vin Fig. 3-6), and WNW-ESE (Set VI in Fig. 3-6). Sets V and VI are only evident on the eastern
half of the uplifted core.

Although the photolineaments in Set IV on Cayman Brac have a similar orientation to those
in Set IT on Grand Cayman, the orientations of the other photolineament sets on Cayman Brac and
Grand Cayman differ. Transects across Set IV photolineaments shows that each photolineament
1s a ridge, which 1s separated from its neighbours by valleys that are up to 150 m wide (Figs. 3-6,
3-14D, 3-14F, 3-14H). Each of the ridges appears to be symmetric, with a gentle slope of 2-3°
on each side (Figs. 3-14D, 3-14F, 14H). The relief of the photolineaments is variable, with the
highest relief of up to 5 m being in the northeastern area (Figs. 3-6, 3-14D, 3-14F, 3-14H). Set V
(E-W) photolineaments, with a relief up to 1.5 m, is only evident on the northeastern margin of
the uplifted core (Figs. 3-6, 3-14E). A transect across this areas shows that each photolineament
is a ridge, with a relief up to 1.5 m, which is separated from its neighbours by valleys that are
up to 12 m wide (Figs. 3-6, 3-14E). The ridges are symmetrical with slopes up to 3.5°. Set VI
(WNW-ESE) photolineaments, evident only on the southeastern corner of the uplifted core,
are less obvious on the DEMs than the other two sets of photolineaments. Their relief (Set VI)
between the ridges and surrounding valleys is typically lower than 1 m (Fig. 3-14G). On each
side of the ridges, the slopes are < 2° (Fig. 3-14G). Valleys between these ridges are up to 15 m
wide.

In general, the photolineaments are parallel to the faults that define the boundaries of the
Cayman Brac fault block. The ENE-WSW (Set IV) photolineaments are parallel to the north and
south margins of the Cayman Brac fault block (Figs. 3-1, 3-6). Set V, trending approximately E-W,
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of the photolineaments on Cayman Brac. See Figure 3-10 for precise location. Note that the

peripheral rims on the upslope margin are more pronounced than those on Grand Cayman.

1s parallel to the escarpment between Spot Bay and East End, whereas the WNW-ESE trending

set (Set VI) appears to parallel to the northeastern most limit of the Cayman Brac fault block (Figs.
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3-1,3-6).
8. Modifications of the exposed Cayman Unconformity

8.1. Topographic features

Based on laboratory experiments, Purdy (1974) suggested that the development of surface
features on an exposed carbonate block depends on the balance between the rate of rainfall
and the rate of the fluid flow off that block. In the “oversupply model”, in which the former
exceeds the later, a solution film will continuously cover the entire surface and a subdued surface
will be produced. In the “ balanced model”, in which rainfall is slightly less than runoff, a
solution meniscus will form over the interior part of the block. This leads to the formation of a
continuous peripheral rim that surrounds a central solution depression that is characterized by
a smooth floor. The “undersupply model”, when the rate of rainfall is much lower than that of
runoff, leads to a discontinuous solution film over the block and the formation of discontinuous
peripheral rims and a rugged surface on the interior. According to these models, the peripheral
rims that developed on the exposed surface of the Cayman Formation during the late Miocene
probably formed when the rate of rainfall was less than that of the runoff (Jones and Hunter,
1994b; Liang and Jones, 2014).

Uplift of Cayman Brac led to greater modification of the surface exposures of the Cayman
Formation than on Grand Cayman. Based on his experiments, Purdy (1974) suggested that
the peripheral rims on the surface of an inclined carbonate block would be intensified because
surface runoff would be promoted in one direction and thereby lessen dissolution on the
upslope edge of the block. This is applicable to Cayman Brac where the peripheral rim is more
pronounced on the eastern upslope margin than on the western downslope margin. In addition,
this unidirectional runoff also led to accentuation of the karst relief on the eastern upslope edge
on Cayman Brac.

Embayment-shaped depressions found on the east coasts of Grand Cayman and Cayman

Brac (Fig. 3-4) probably formed by wave activity. Their location on the eastern ends of the
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islands is consistent with the fact that those coasts experience the greatest fetch of any coast on
the 1slands (Blanchon and Jones, 1995).

There are no surface streams or rivers on the Cayman Islands. Squair (1988) attributed the
absence of surface rivers on Grand Cayman to (1) low relief, (2) small area (175 km®), and/or (3)
the high porosity and permeability of the bedrock. Observations indicate that the high porosity
and permeability of the host carbonate i1s the most plausible explanation for the lack of surface
water on Grand Cayman and Cayman Brac because any rain that falls on Grand Cayman and
Cayman Brac quickly drains into the bedrock via joints, sinkholes and any other cracks that exist

in the rock (Squair, 1988; Ng et al., 1992).

8.2. Sinkholes

On Grand Cayman, DEMs show that large sinkholes (> 3 m in diameter) are commonly
located close to the photolineaments. Such an association is expected given that sinkholes are
commonly found in association with joints and fault systems that provide avenues for water
movement and commonly focus dissolution in specific areas (White and White, 1995; Denizman
and Randazzo, 2000; Faivre and Reiffsteck, 2002; Waltham, 2002; Denizman, 2003; Florea,
2005; Gao et al., 2005; Basso et al., 2013).

Small sinkholes are common in all areas where the Cayman Formation is exposed and do
not appear to be intimately linked to joints, photolineaments, or any other feature. This probably
reflects the fact that development of the small sinkholes may be due to many different processes,
including soil development, biological activity, and local contrasts in porosity and permeability
of the bedrock (Pace et al., 1993; Harris et al., 1995; Mylroie and Carew, 1995; Ford and
Williams, 2007).

8.3. Joints and photolineaments
In many areas, like that on the southeast coast of Grand Cayman, joint development seems
to have been an ongoing process. The presence of joints that are filled entirely with caymanite,

which 1s a laminated, multicolored dolostone, indicates that the joints were formed and filled
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prior to dolomitization (Jones and Smith, 1988; Jones, 1992b, his Fig. 5). In contrast, other joints
that are filled by flowstone must have formed after the last phase of dolomitization. The open
joints may have been formed more recently. Given the suggestion that joints on Grand Cayman
are largely dictated by a regional tectonic control (Rigby and Roberts, 1976), the different timing
of joints suggests the regional tectonic stresses along the margin of the Grand Cayman block are
probably active periodically. This suggestion is feasible, given the fact that the Cayman Islands
are located in a tectonic active zone.

On Grand Cayman, the orientations of the photolineaments are generally similar to the joint
directions that have been measured from outcrops (Rigby and Roberts, 1976; Ng et al., 1992).
This suggests that the photolineaments may be surface expressions of subsurface joints and/
or faults that reflect a tectonic control (Ng et al., 1992). Determining if these photolineaments
represent joints or faults, however, is impossible because they cannot be located in the field
due to the dense, tropical vegetation that covers these areas. Regardless of their origin, the
photolineaments probably represent subsurface features that are important elements of porosity
and permeability and provide pathways for fluid movement (Ng, 1990; Ng et al., 1992). Indeed,
Ng et al. (1992, their Fig. 11) suggested that the joints system might define the boundaries of the
freshwater lens found on the eastern part of the island.

On Cayman Brac, the photolineaments have different orientations from those on Cayman
Brac, probably because the tectonic stresses on that island were different from those on Grand
Cayman (Ng et al., 1992). This is consistent with the conclusion that these two islands are
located on different fault blocks (Matley, 1926; Horsfield, 1975; Stoddart, 1980; Vézina et al.,
1999). Furthermore, the photolineaments on Cayman Brac are most prominent on the eastern
part of the island, suggesting that tectonic stresses on the eastern part of the Cayman Brac block
were probably higher than those that affected the western part of the island. This suggestion
is consistent with the fact that uplift was highest on the east end of Cayman Brac (Liang and
Jones, 2014). On the uplifted core, identifiable photolineaments are limited to the periphery of

the uplifted core. It is possible, however, that photolineaments in the interior of the uplifted core
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have been disguised by the development of other karst forms.

9. Discussion

The 30 to 180 m sea-level fall associated with the Messinian lowstand (Berggren and Haq,
1976; Adams et al., 1977; Vail et al., 1977; Cita and Ryan, 1978; Loutit and Keigwin, 1982;
Hodell and Kennett, 1986; Pigram et al., 1992; Aharon et al., 1993; Zhang and Scott, 1996) led to
the development of the Cayman Unconformity (Jones and Hunter, 1994b). On Grand Cayman,
the lowest point (~ 40 m bsl) yet found on this surface is in a paleo-sinkhole on the northeast
corner of the island (Jones and Hunter, 1994b). On the western half of Grand Cayman and the
west end of Cayman Brac, the Cayman Unconformity is covered by the Pedro Castle Formation
and/or Ironshore Formation (Fig. 3-7). This buried unconformity provides a snapshot of the
karst elements that existed prior to the sedimentation that took place following the Messinian
lowstand. The most dominant topographic feature is an atoll-shape depression, below North
Sound, that has its base more than 30 bsl (Jones and Hunter, 1994b, their Fig. 12; Wignall,
1995, his Fig. 8; Liang and Jones, 2014, their Fig. 14; Fig. 3-3). On the western half of Grand
Cayman, the peripheral rims that are found discontinuously along the southern, western and
northern margins of the depression are now buried below younger strata. Available data show
that the buried Cayman Unconformity typically dips from peripheral rims into the atoll-shaped
depression with a slope of 0.6-1.4° (Jones and Hunter, 1994b; Wignall, 1995; Liang and Jones,
2014). The buried Cayman Unconformity is generally a smooth surface with minor topographic
variations that is locally characterized by bivalve and sponge borings (Jones, 1992b; Wignall,
1995; Fig. 3-7B). The presence of these borings implies that the bedrock must have been hard
and lithified before the Pliocene transgression. Some large sinkholes that are associated with the
buried Cayman Unconformity (Jones, 1992b) are filled with various combinations of caymanite,
limestone, and dolomitized wakestones, packstones, and grainstones (Jones and Smith, 1988§;
Jones, 1992b). The erosive processes associated with the transgression that followed the
Messinian lowstand probably destroyed any small-scale surface karst features that once existed
on the Cayman Unconformity (Wignall, 1995).
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Today, the Cayman Formation that is exposed over most of the eastern half of Grand
Cayman and much of the uplifted core on Cayman Brac is characterized by a highly weathered
surface that typically has a desiccated, fretted, black, and honeycombed appearance (Fig. 3-11).
The thickness of strata lost to erosion and the development of karst landforms on the upper
surface of the Cayman Formation (Figs. 3-15, 3-16) reflect the interplay between eustatic sea
level, tectonic movement, and the climatic conditions that existed during the lowstands.

The net loss of strata from the eastern part of Grand Cayman and the central part of Cayman
Brac was the product of at least two phases of weathering, including: (1) Phase A that took
place during the Messinian before deposition of the sediments that now form the Pedro Castle
Formation, and (2) Phase B that followed the highstand that led to deposition of the sediments
that now form the Pedro Castle Formation. Erosion on the eastern part of Grand Cayman and
on the core of Cayman Brac during phase B removed virtually all of the Pedro Castle Formation
and the upper part of the Cayman Formation. The influence of climate on the development of
karst landforms has been documented by many studies (e.g., Lehmann, 1936, 1954; Lehmann et
al., 1956; Corbel, 1957; Tricart and Cailleux, 1972; Biidel, 1982) with rainfall commonly being
deemed the key factor (e.g., Choquette and James, 1988; Smart and Whitaker, 1991; Wright,
1991; Saller et al., 1994; Ford and Williams). The topography of the Cayman Unconformity
on Grand Cayman, for example, 1s lower on the western half than that on the eastern half of the
island. This contrast in elevations is consistent with the fact that today, the highest rainfall is on
the western part of Grand Cayman (Jones and Hunter, 1994b).

On Grand Cayman, a relief of at least 52 m developed on the surface of the Cayman
Formation during the Messinian lowstand. Given that the Messinian lowstand lasted for ~1.5
million years (Kastens, 1992; Hodell et al., 2001; Rouchy and Caruso, 2006; Jiménez-Moreno
et al., 2013), this translates into a denudation rate of 0.03-0.04 mm/year on the western part of
the island. Today, on the eastern part of the island, there is a maximum relief of 23 m on the
exposed surface of the Cayman Formation, which 1s topographically higher than the Cayman

Unconformity on the western part of the island. Although the cumulative length of time
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represented by erosion phases A and B is difficult to determine because of the oscillating sea
levels that characterized the period that followed deposition of the Pedro Castle Formation, it is
estimated to be a maximum of ~ 4.7 myrs, which is the length of the Messinian lowstand plus
the time between the end of deposition of the Pedro Castle Formation (3.6 Ma) and the onset of
deposition of the sediments that now form the Ironshore Formation (~400 ka). Given the relief
of the Cayman Unconformity on the eastern part of this island is up to 23 m and the fact that

the Pedro Castle Formation, which is at least 45 m thick (Jones, 1994; Jones et al., 1994b; Der,
2012; Liang and Jones, 2014), has been removed, the total thickness of lost strata is at least 68 m.
This means that denudation rate on the Cayman Formation on the eastern half of Grand Cayman
is between 0.01 and 0.02 mm/year. Iirespective of the actual rate, it is readily apparent that the
denudation rate over the eastern part of the island was low, especially when compared to the rate
of erosion that affected the western part of the island during the Messinian.

The rate of subaerial erosion on a carbonate block can be enhanced by tectonic uplift
because this increases the volume of the bedrock that is exposed above base level and commonly
induces faults and fractures that serves as pathways by which aggressive solutions can penetrate
the rock (Purdy and Waltham, 1999). This pattern is evident on Cayman Brac, where the eastern
end of the island was tectonically uplifted at an average rate of 0.04-0.05 mm/year, starting about
3.6 myrs ago (Zhao and Jones, 2012, 2013; Liang and Jones, 2014). Phase B weathering began
with the onset of uplift and available evidence indicates that the core of this 1sland has remained
above sea level since that time. On the Cayman Islands, the Cayman Formation is up to 165 m
thick and the Pedro Castle Formation is at least 45 m thick (Jones, 1994; Jones et al., 1994b; Der,
2012; Liang and Jones, 2014). On Cayman Brac, the Pedro Castle Formation has been stripped
from most of the island, now being found only on the west end of the island where it is no more
than 6 m thick. The thickness of the Cayman Formation increases from 20 m on the east end of
the island to at least 100 m in the western part of the island (Jones, 1994; Jones et al., 1994b).
Given that uplift was coincident with Phase B, oscillating sea levels characterizing the period

that followed deposition of the Pedro Castle Formation did not affect the uplifted core of Cayman
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Brac. Therefore, as much as 190 m of strata (145 m of Cayman Formation and 45 m of Pedro
Castle Formation) may have been lost from the east end of Cayman Brac due to erosion that
took place during weathering phases A and B over an estimated period of 5.1 million years. This
translates into an average denudation rate of 0.03-0.04 mm/year. Determining the denudation rate
during weathering Phase A as opposed to Phase B, however, is impossible because the amount
of erosion that took place on the Cayman Formation during the Messinian lowstand cannot be
determined for that part of the island.

On Grand Cayman and Cayman Brac, the buried Cayman Unconformity is found only
on the western part of the islands, whereas the exposed Cayman Unconformity is found on the
eastern and central parts of each island. This situation can be attributed to the following factors.
* The weathering rate during Phase A (Messinian lowstand) was probably higher on the

western parts of each island, possibly due to higher rainfall in those areas. This produced

topographic lows that were subsequently filled-in during the next highstand and therefore
became the sites where the maximum thicknesses of Pedro Castle Formation now exist. As

a result, the strata of this formation were not completely removed during the subsequent

phases of subaerial erosion.

* Weathering during Phase B (late Pliocene onwards) appears to have had the greatest impact
on the strata of the Cayman Formation and Pedro Castle Formation that were exposed on
the eastern parts of these islands. For Cayman Brac, this can probably be attributed to the
uplift that preferentially elevated the eastern end of the island. It is difficult, however, to
assess the reason for this on Grand Cayman because there is no evidence pointing to the
preferential uplift of the eastern end of that island.

Karst landforms can vary from locality to locality in accord with local climates, tectonic
movement, and the nature of the substrates being weathered. In the Caribbean region, for
example, Jamaica and Cuba have karst landscapes that are characterized by cockpit karst, cone
karst, and tower karst (e.g., Pulina and Fagundo, 1992; Donovan, 2002), which are the norm

in humid tropics (Lehmann, 1936; Lehmann, 1954; Corbel, 1957). In contrast, Grand Cayman
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and Cayman Brac lack these large-scale, positive karst landforms. Purdy and Waltham (1999)
argued that the development of large-scale, positive karst landforms was favoured by the uplift
of strata with well-developed joint and fault systems that provide pathways for fluid penetration.
This has, for example, lead to the development of large-scale karst landforms in many areas of
the world (e.g., Sweeting, 1958; Williams, 1972; Brook and Ford, 1978; Waltham et al., 1983;
Drogue and Bidaux, 1992; Purdy and Waltham, 1999; Ford and Williams, 2007), including the
Guilin tower karst in China (Drogue et al., 1988; Drogue and Bidaux, 1992; Sweeting, 1995;
Purdy and Waltham, 1999) and Jamaican cockpit and conical hills (Sweeting, 1958; Purdy and
Waltham, 1999). Although Grand Cayman and Cayman Brac are located on individual fault
blocks, there is no evidence of faults that cut through the islands. The joint systems that are
present in the Cayman Formation tend to be localized and irregularly distributed. Thus, the lack
of large-scale karst features in the Cayman Formation can probably be attributed to the lack of
faults and the poorly developed joint systems.

The development of an erosional unconformity in carbonate successions on isolated oceanic
islands, such as Grand Cayman and Cayman Brac, is dictated by numerous variables, including
custatic sea-level changes, climatic conditions and tectonic movement. Uplift, in particular,
may influence the development of the karst landforms by increasing the magnitude of base-
level lowering, and controlling the runoff direction (Williams, 1972; Purdy and Waltham, 1999).
Although the impact of uplift as opposed to eustatic sea-level changes on the development of
erosional unconformity is commonly difficult to establish, the contrasts between the Cayman
Unconformity on Grand Cayman and Cayman Brac shows that uplift plays an important role. In

general, uplift leads to accentuation of the topographic features and increased rates of erosion.

10. Conclusions

The upper surface of the Cayman Formation is an erosional unconformity that has
developed through numerous phases of weathering between the late Miocene and the present day.
Detailed comparison of the Cayman Unconformity on Grand Cayman and Cayman Brac has led
to the following important conclusions, which are also applicable to processes that have affected
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carbonate successions on isolated islands throughout the world.

* The karst topography on an erosional unconformity is commonly characterized by (1) various
topographic features including peripheral rims, atoll-shape depressions and topographic
highs, (2) karst features, such as sinkholes and pinnacles, and (3) solution-widened joints

and photolineaments.

Development of karst topography on an erosional unconformity on isolated carbonate islands

reflects the interplay between eustatic sea-level changes, climate, and tectonic movements.

The denudation rate on relatively flat landscapes is controlled largely by rainfall patterns.
During the Messinian, the denudation rate of 0.03-0.04 mm/year on the western part of
Grand Cayman was much higher than that on the eastern part of this island. This difference

1s attributed to rainfall being a maximum on the western part of the island, as it 1s today.

Tectonic uplift enhances the denudation rate on an erosional unconformity. The denudation
rate on Cayman Brac over the last 5.1 million years was 0.03- 0.04 mm/year, which was

more rapid than that on the eastern half of Grand Cayman where 1t was 0.01-0.02 mm/year.

Photolineaments might be the surface expression of faults and/or joints, which are dictated by
the region stress along the margin of fault-isolated block.

The conclusions derived from the carbonate successions on Grand Cayman and Cayman
Brac are applicable to other isolated oceanic islands found throughout the world. Critically, it
has shown that thick successions of strata can be lost to erosion as karst processes are focused on
the exposed carbonates. The processes that control the development of unconformities in these
settings commonly lead to the loss of significant thicknesses of bedrock and greatly impact the

stratigraphic architecture of the successions.
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CHAPTER 4: PETROGRAPHIC AND GEOCHEMICAL FEATURES OF SINKHOLE-
FILLING DEPOSITS ASSOCIATED WITH AN EROSIONAL UNCONFORMITY ON
GRAND CAYMAN''

1. Introduction

Erosional unconformities in carbonate successions typically represent long periods of
subaerial erosion that are accompanied by loss of the rock record, vadose diagenetic and/or
pedogenetic alteration, and the formation of surface and subsurface karst (Esteban and Klappa,
1983; James and Choquette, 1990; Tucker, 1990; Clari et al., 1995; Hillgartner, 1998; Sattler
et al., 2005; Alonso-Zarza and Wright, 2010). Assessing the thickness of strata lost is difficult
because there 1s generally no physical record left. In some cases, however, this problem can
be partly addressed by examining the lithoclasts and associated sediments that are found in
sinkholes and caves that formed during the period of exposure. Studies like those by Daugherty
et al. (1987), Smart et al. (1988), Jones (1992b), and Miller et al. (2012a), however, are scarce
because there are few examples where sinkholes have been filled by carbonate rather than fluvial
siliciclastic sediments (Ford, 1988).

Grand Cayman is a carbonate island that is devoid of surface fluvial systems and the
lack siliciclastic sediments. On the eastern half of Grand Cayman, dolostones of the Cayman
Formation (Miocene) have been exposed since the late Pliocene (~3.6 Ma), when the overlying
Pedro Castle Formation was lost to subaerial erosion (Wignall, 1995; Zhao and Jones, 2013;
Liang and Jones, 2014). The exposed upper surface of the Cayman Formation, which is an
unconformity surface that is still developing, is characterized by numerous sinkholes. Some of
these sinkholes, which are up to 30 m in diameter and 10 m deep, remain open whereas others
are filled with a variety of deposits that include laminar rootcrete, breccias, loose limestone

and dolostone lithoclasts, and white, red and orange limestones. Information derived from

1 This paper was published as: Liang, T. and Jones, B., 2015. Petrographic and geochemical
features of sinkhole-filling deposits associated with an erosional unconformity on Grand
Cayman. Sedimentary Geology 315, 64-82.
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these deposits provides some insights into the processes that have been operative over the last
3.6 Ma. while this unconformity has developed. Some of these sinkhole-filling deposits have
been described in terms of their spatial development and petrography (Jones and Smith, 1988;
Jones, 1991, 1992a, 1992b; Alonso-Zarza and Jones, 2007). This study builds on that work by
assessing the deposits through the integration of stable isotope analyses, trace element analyses,
and examining the distribution of the Rare Earth Elements (REE). Using all of this information,
this paper (1) compares the petrographic and geochemical features of the different types of
sinkhole-filling deposits, (2) compares the geochemical signatures of the sinkhole-filling deposits
with the limestones and dolostones of the bedrock found on the island, and (3) determines

the provenance and sequential development of the sinkhole-filling deposits. In particular, it
examines the possibility that carbonates that formed in marine or non-marine environments may

be characterized by different REE signatures.

2. Terminology

Calcrete that is associated with roots has been referred as laminar calcrete (Wright et al.,
1988; Alonso-Zarza, 1999), rhizogenic calcrete (Wright et al., 1995), calcified root mat (Wright
et al., 1988), and rootcrete (Jones, 1992a, 1992c). Wright et al. (1995, p. 144) originally defined
rhizogenic calcrete as “... calcretes which are composed largely or wholly of textures which are
interpretable as due to the calcification on, in or around roots”. In their definition, rhizogenic
calcrete includes vertical and horizontal root mats (Wright et al., 1995, 1997). The term rootcrete
was used to describe calcrete crusts that covered the surfaces of cavities that had been created by
the activities associated with plant roots (Jones, 1992a).

The term “terra rossa”, first used in soil science by Kubiéna (1953), has been applied to
(1) red, shallow, undifferentiated soils that are associated with carbonate or calcareous material,
(2) red material which is transitional between weathered carbonate and new soils, and (3) any
red soil in the Mediterranean region (Stephens, 1953; Stace, 1956). In geological situations,
“terra rossa” has generally been applied to any reddish, clay-rich soils that lie on limestones or
dolostones (e.g., Torrent, 1995; Durn et al., 1999, 2001, 2013; Durn, 2003; Muhs and Budahn,
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2009; Muhs et al., 2010), whereas reddish, Al-rich soils are generally referred to as bauxite (e.g.,
Ahmad and Jones, 1969; Muhs and Budahn, 2009). The chief minerals found in terra rossa are
variable, but commonly include clay minerals, such as illite, kaolinites, chlorite, and various
combinations of quartz, feldspar, and mica (e.g., Macleod, 1980; Garcia-Gonzalez and Recio,
1988; Moresi and Mongelli, 1988; Boero et al., 1992; Bronger and Bruhn-Lobin, 1997; Durn et
al., 1999; Muhs and Budahn, 2009). Calcite and dolomite are present in some of these deposits.
Terrestrial oncoids are laminated coated grains, up to 85 mm in diameter, that develop
through microbially-mediated processes in a vadose setting (Wright, 1989; Jones, 1991, 2011).
The term “micrite”, in this study, 1s applied to carbonate crystals that are less than 4 um long (Folk,

1974; Reid and Maclntyre, 1998).

3. Geological setting

The Cayman Islands, comprising Grand Cayman, Cayman Brac and Little Cayman, are
1solated oceanic islands located on the Cayman Ridge in the Caribbean Sea (Fig. 4-1). To the
south of these islands lies the Oriente Transform Fault that defines the boundary between the
North American Plate and the Caribbean Plate. Grand Cayman is located to the northeast of
the Mid-Cayman rise, which 1s an active spreading center (DeMets and Wiggins-Grandison,
2007). Although located in a tectonically active area, Grand Cayman seems to have remained
tectonically stable since the Miocene (Zhao and Jones, 2012, 2013; Liang and Jones, 2014).

The Tertiary carbonate succession on the Cayman Islands was originally assigned to the
Bluff Limestone (Matley, 1926), which was subsequently renamed as the Bluff Group by Jones et
al. (1994a, 1994b). The Bluff Group is composed of the unconformity-bounded Brac Formation
(Lower Oligocene), Cayman Formation (Middle Miocene), and Pedro Castle Formation (Pliocene)
(Fig. 4-2). The Ironshore Formation (Pleistocene) unconformable overlies the Bluff Group (Fig.
4-2). The Pedro Castle Formation, which used to cover all of Grand Cayman, has been largely
removed from the eastern part of Grand Cayman by subaerial erosion over the last 3-4 million
years. As a result, the Cayman Formation 1s widely exposed over much of the eastern half of
Grand Cayman (Fig. 4-1). Dolomitization of the Bluff Group took place during the late Miocene
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Fig. 4-1. Location and geology of Grand Cayman and Cayman Brac. (A) Location, tectonic and
bathymetric setting of the Cayman Islands. Modified from Jones (1994), and based on maps
from Perfit and Heezen (1978) and MacDonald and Holcombe (1978). (B) Geology map of
Grand Cayman (modified from Jones, 1994) showing localities EEP (East End Pit), HRQ
(High Rock Quarry), HMB (Half Moon Bay), and Pedro Castle (PC) where samples were
collected. (C) Geology map of Cayman Brac (modified from Jones, 1994) showing locality
SQW (Scott Quarry West).
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Fig. 4-2. Stratigraphic succession on Grand Cayman and Cayman Brac (modified from Jones,

1994).

and early Pliocene (Jones and Luth, 2003; MacNeil and Jones, 2003; Zhao and Jones, 2012,
2013).

The Cayman Formation is formed largely of finely crystalline, fabric retentive dolostones
that contain numerous fossils, including corals, bivalves, gastropods, red algae, foraminifera,
Halimeda, and rhodoliths (Jones, 1994; Jones and Hunter, 1994; Wignall, 1995; Der, 2012).

The overlying Pedro Castle Formation is formed of limestones and finely crystalline, fabric-
retentive dolostones with free-living corals, foraminifera, red algae, and rhodoliths, along with
rare colonial corals, echinoids, and bivalves (Jones, 1994; Jones and Hunter, 1994; Wignall,
1995; Arts, 2000; MacNeil, 2001). The Ironshore Formation is formed of friable limestones that

contain numerous, well-preserved corals, bivalves, and gastropods (Jones, 1994; Vézina, 1997,
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Vézina et al., 1999; Coyne, 2003; L1 and Jones, 2013).

4. Methodology

Sinkholes are common features of the phytokarst that characterizes much of the eastern
part of Grand Cayman and the uplifted core of Cayman Brac (Fig. 4-3A,4-3B). For this study,
attention was focused largely on the southeast corner of Grand Cayman, because that area (1)
has numerous open and filled sinkholes (Fig. 4-3C), (2) has been largely cleared of vegetation,
(3) includes a small quarry that provides some vertical sections through the sinkholes (Fig.
4-3D), and (4) is easily accessible. Similar outcrops at other localities yielded a wide variety of
different sinkhole- filling sediments (Fig. 4-3E-H). During study of the sinkholes and sinkhole-
filling deposits in the field, 59 hand samples were collected for detailed study. This included five
rootcrete samples that were collected from SQW on Cayman Brac (Fig. 4-1C). Thirty-three large
(7.5%5 cm) thin sections were made from samples that were first impregnated with blue epoxy.

Small fracture samples (13 samples) for scanning electron microscope (SEM) analysis were
carefully extracted from various samples and mounted on SEM stubs using double-sided tape
and/or silver conductive glue and sputter coated with a very thin layer of gold or chrome. SEM
analyses were done on a JOEL Field Emission SEM (JOEL 6301F) with an accelerating voltage
of 5kV being used for imaging. The elemental composition of selected spots was determined by
Energy-dispersive X-ray (EDX) analysis (Priceton Gamma-Tech X-RAY) with an accelerating
voltage of 20 kV.

Powdered samples (75-150 um) of the different components in the samples, obtained by
drilling with a 2 mm diameter drill tip, were used for X-ray diffraction (XRD) analysis and
geochemical analyses. Eighty-five samples were analyzed on a Rigaku Ultima IV Powder XRD
system that was run at 38 kV and 38 mA using an Ultima IV X-ray generator with a Co tube.

All scans were run from 5° to 90° 20 at a speed of 2° 6/min. Using the same samples, oxygen

and carbon stable isotopes were determined for 80 calcite and 21 dolomite samples. Following

the method of McCrea (1950), the calcite samples were reacted with 100% phosphoric acid at

25 °C for 1-2 h, whereas the dolomite samples were reacted with 100% phosphoric acid for 2-3
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Fig. 4-3. Field photographs of sinkholes and sinkhole-filling deposits on Grand Cayman and
Cayman Brac. Locality codes as for Figure 4-1. (A) General view of phytokarst surface

on Cayman Formation, central part of Cayman Brac. Sinkholes are located between the
pinnacles. (B) Open sinkhole in Cayman Formation on Cayman Brac that is at least 16 m
deep. (C) Open sinkhole in Cayman Formation on Grand Cayman. Near EEP. (D) Cross-
section through sinkhole lined with rootcrete (RC) and filled with breccia (BR). Note
lithoclasts of various colors. Locality EEP. (E) Open sinkhole in Cayman Formation with
loose dolostone lithoclasts (from Cayman Formation) on floor of sinkhole. Near locality
EEP. (F) White dolostone lithoclasts from Cayman Formation (CF) with Mn-rich coatings
filling sinkhole in Cayman Formation. Locality HRQ. (G) White dolostone lithoclasts held
in red limestone matrices; note that some dolostone lithoclasts are coated by black, Mn-rich
laminae. Locality HRQ. (H) Contrast between red (left) and orange limestones (right) in

Pedro Castle Formation. Locality PC.
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days at 25 °C at the University of Alberta’s Stable Isotope Laboratory. The extracted CO, gas
was introduced into a Finnigan-MAT 252 isotope mass spectrometer for analysis of the 8°C and
8"®0, which are reported relative to the Pee Dee Belemnite (PDB) standard normalized to NBS-
18 in the per mil (%o0). Analytical reproducibility was 0.05 %o for 8°C and 8"*0. The oxygen
1sotope values of the dolostones were corrected for the phosphoric acid fractionation.

Powdered samples weighing more than 0.2 g (81 samples) were analyzed for their trace
clements contents (such as Mn, Fe, Al and REE) in the Radiogenic Isotope Laboratory at the
University of Alberta. Those samples were first digested in 10 ml 8N HNO;. Then, 1 ml of the
solution was diluted with 8.8 ml deionized water and 0.1 ml HNO3 and 0.1 ml of an internal
standard (B1, Sc, and In). A Perkin Elmer Elan 6000 quadrupole inductively coupled plasma
mass spectrometer (ICP-MS) was used to analyze the trace elements and REE in the diluted
solution. The detection limits for the trace elements are from 0.01 ppm for Th to 5 ppm for P.
The REE+Y distribution patterns and La/Yb-Sm/Yb parameters in these samples are illustrated
by normalizing each REE+Y concentration against Post-Archean Average Shale (PAAS)

(McLennan, 1989).
5. Results

5.1. Sinkholes

Numerous sinkholes are found in the Cayman Formation that is exposed on the eastern
half of Grand Cayman (Matley, 1926; Doran, 1954; Jones, 1987, 1992b; Jones and Smith, 1988)
and the central core of Cayman Brac (Fig. 4-3A, 4-3B). On Grand Cayman, the circular to
subcircular sinkholes are 1-30 m in diameter and 1-10 m deep (Doran, 1954; Jones and Smith,
1988; Jones, 1992b) with many being water-filled. On Cayman Brac some of the open sinkholes
are at least 18 m deep (Fig. 4-3B). Based on criteria developed by Cramer (1941) and Ford and
Williams (2007), these sinkholes probably originated through dissolution because (1) there are no
caves connecting to the bottoms of sinkholes, and (2) fracturing and rupture of the surrounding

bedrock are rare.
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Numerous sinkholes on Grand Cayman and Cayman Brac were subsequently filled with
terra rossa and colonized by various plants, including many of the native trees. Processes
association with the plant roots have modified the many of the sinkholes and mediated the
formation of a wide variety of deposits. Thus, many sinkholes, like those found on the southeast
corner of Grand Cayman are now partly or totally filled with rootcrete, breccia, red and orange
limestones, speleothemic calcite, and modern corals and shells (Fig. 4-3). In this area, many

generations of sinkholes are evident with younger ones commonly cross-cutting the older ones.

5.2. Sinkhole-filling deposits

Sinkholes developed in the white dolostones of the Cayman Formation are open (Fig. 4-3B,
4-3C) or filled with a diverse array of rootcrete, breccia, speleothem calcite, and modern corals
and shells (Figs. 4-3,4-4). There is no recognizable pattern to the distribution of the different

types of sediments (Fig. 4-5).

5.2.1. Rootcrete

Rootcrete 1s a laminated calcareous crust, up to 8 cm thick, that follows the contour of
the cavity created by roots and/or root hair (Figs. 4-4,4-6,4-7). XRD analysis showed that all
laminae in the rootcrete, which are up to 2 mm thick, are composed largely of low-Mg calcite.
These laminae are highlighted by their black and red colors, which reflect variations in trace
element concentrations (Figs. 4-4, 4-6). EDX analyses on the SEM show that the black laminae
typically contain Mn and Fe (Figs. 4-7A,4-7B, 4-8A), whereas the red laminae contain Al, K,
Fe, and Si (Figs. 4-7D-H, 4-8B-E). SEM analyses show that the rootcrete is formed mainly of
anhedral to subhedral micrite (< 4 ym long) and euhedral microspar (5-15 ym long), along with
minor amounts of Mn precipitates, Fe precipitates, chlorite, feldspar, quartz, and zeolites(?) (Fig.
4-7A-H). The micrite appears to have formed as the original groundmass, whereas the microspar
formed as a cement in the small pores that once existed in the micrite. Fossils in the rootcrete
include modern aragonitic gastropod and bivalve shells, which show no evidence of alteration.

Borings are evident in some of the biofragments (Fig. 4-7C). Voids in the rootcrete, up to 0.2
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Fig. 4-4. Field photraphs of rootrete lining walls of sinkholes developed in the Cayman
Formation. (A) Inner surface of rootcrete lining sinkhole. Arrow indicates location of panel B.
Locality HRQ. (B) Rootcrete with Mn-rich laminae coating surface of sinkhole developed
in the white dolostones of the Cayman Formation (CF). Locality HRQ. (C) Rootcrete lining
wall of sinkhole developed in dolostones of the Cayman Formation (CF). Locality HRQ.

(D) Cut and polished section through rootcrete developed on white dolostone of the Cayman
Formation (CF). Locality HRQ.

Filled sinkhole Phytokarst Filled sinkhole

Cavity-filling Deposits

Breccia Laminar rootcrete
Lithoclasts Matrix =
I I
Dolostone (white) Limestone i
m [ White limestone
—"—  —"—_ Redimesione Orange imesione ,———__
1 [

S 0 e O

Unconated Coated  Black White

Skeletal Oncoid

Fig. 4-5. Schematic diagram, based on the analysis of numerous sinkholes on Grand Cayman,
summarizing the spatial relationships between different sinkhole-filling deposits.
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mm
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i
4-6. Thin section microphotographs showing petrographic features of rootcrete. All images
with plane polarized light. Locality codes as for Figure 4-1. (A) Rootcrete overlying host
dolostone of the Cayman Formation. Locality HRQ. Yellow square indicates location of
panel B. (B) Boundary between host dolostones and rootcrete. Note peloids in the rootcrete.
Locality HRQ. (C) Contrast between laminae in rootcrete. Locality HRQ. Yellow square
indicates location of panel (D). (D) Mn-rich lamina in rootcrete. Locality HRQ. (E) Alveolar
septa structure. Locality EEP. (F) Peloids filling voids between septa in alveolar septa
structure. Note spar calcite inside some of the peloids. Locality SQW.
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mm long, are commonly lined with fiber calcite crystals that are up to 0.4 #m diameter and 15
um long (Fig. 4-7M, 4-7N).

Alveolar-septal structures are common features of the black and red rootcrete lamina (Fig.
4-6). The arcuate micritic septa (up to 0.1 mm thick) define irregular-shaped voids that are
generally < 1 mm in diameter. Beside spar calcite cement, fillings in those voids vary between
different laminae. In the black laminae, for example, Mn-rich reticulate coatings, bladed
crystals, or fuzzy coatings are common (Fig. 4-7A, 4-7B). The morphology of the very small Fe
precipitates, which are present in some of these deposits, cannot be resolved.

In the red laminae, the voids are partly filled by spherical to vaguely laminated elliptical
peloids (up to 0.4 mm in diameter) and, in some cases, feldspar, quartz, rare zeolites (?), and
dolomite (Figs. 4-6B, 4-6F, 4-7D-G). Some of the vaguely laminated peloids contain spar calcite
cement inside them (Fig. 4-6F). SEM and EDX analyses show that the peloids are formed of
micrite and minor amounts of chlorite (Figs. 4-7H, 4-8E). Compared to the micrite that forms
the alveolar septa, the peloids appear to contain more chlorite. In some samples, the chlorite
forms rims composed of platelets that are arranged perpendicular to the peloid surface (Fig.
4-7TH). In other samples, the chlorite 1s found as individual plates or fibers that are <2 um long
(Fig. 4-7A). Euheral feldspar crystals, up to 5 um long, subhedral quartz crystals (up to 9 um
long), and zeolites (up to 25 um long) are present in some of the red laminae (Fig. 4-7D-G).
Euhedral to subhedral dolomite crystals, up to 15 um long, are randomly distributed in some of
the rootcrete from localities HRQ and SQW (Fig. 4-7E).

All laminae in the rootcretes, irrespective of color, contain numerous calcified spores and
filaments. Spherical spores, 0.9-1.3 um in diameter, are commonly embedded 1n the calcite
cement and/or associated with the fiber calcite. Based on their surface morphology, three types
of spores, which are similar in size, are evident. Type I (Fig. 4-7J) 1s morphologically akin to the
“ovate to spherical cocci having smooth surfaces™ described by Jones (2011, his Fig. 9F). Type
IT (Fig. 4-7K) is similar to the “smooth spore with radiating spines™ described by Jones (1991, his

Fig. 9E, 2011, his Fig. 9B). Type III (Fig. 4-7L) 1s comparable to the “smooth spores with pores™
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Fig. 4-7. SEM photomicrogaphs showing micro-fabrics in rootcrete. Locality codes as for Figure
4-1. Black circles labeled E1 to E5 indicate locations of EDX analyses shown in Figure 4-8.
(A) Spores (S) and reticulate Mn-Fe precipitate (vellow arrow) embedded in micrite in black
lamina of rootcrete. Note scattered chlorite plates (blue arrows). Locality SQW. (B) Fuzzy
Mn precipitate coating on surfaces of calcite crystals. Locality EEP. (C) Boring (yellow
arrow) in the biofragment derived from bivalve. Locality EEP. (D) Zeolite (Z) found in the
red lamina of rootcrete. Locality HRQ. (E) Dolomite (D) rhombs associated with micrite
and microspar (C) in red lamina. Locality HRQ. (F) Feldspar (yellow arrow) in red lamina.
Locality HRQ. (G) Quartz (Q) in red lamina. Locality HRQ. (H) Chlorite platelets (yellow
arrows) arranged perpendicular to the peloid surface, SQW. (I) Collpased filament (yellow
arrow) in micrite. Locality SQW. (J) Type I spore, with smooth surface. Opening on top of
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spore 1s probably an attachment collar. The surrounding platelets are chlorite. Locality SQW.
(K) Type II, smooth spore with radiating spines. Locality SQW. (L) Type III, smooth spores
with pores surrounded by low rims, SQW. (M) Type I reticulate filament (yellow arrow)
with diamond-shaped openings on surface. Locality SQW. (N) Type II filament (yellow
arrow) with i1solated spines on surface. Locality SQW. Note fiber calcite crystals associated
with the type I and type II filaments. (O) Type III, branching filaments (yellow arrows) that
have been completely replaced by euhedral calcite crystals. Locality EEP.
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Fig. 4-8. EDX analyses for various laminae in rootcrete. See Figure 4-7 for precise locations of

each analysis.
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described by Jones (1991, 2011, his Fig. 9M). Many of these spores have one main opening (<
100 nm) that may be an attachment collar.

The calcified filaments, commonly found in the voids or among fiber calcite crystals,
include three morphological types. Type I and Type II are non-branching filaments that are at
least 15 pm long and up to 1 um in diameter (Fig. 4-7M, 4-7N). Following the descriptions of
the reticulate filaments found on the Cayman Islands (Jones, 1991, 2009, 2010b, 2011), Type I
is characterized by diamond and spiral chambers (Fig. 4-7M), whereas Type II is characterized
by 1solated surface spines (Fig. 4-7N). Type IIL, up to 1 mm long and 1~2 pm in diameter, 1s a
branching filament that has been completely replaced by euhedral calcite crystals (Fig. 4-70).

The morphological attributes of those spores and filaments are considered to be taxa-
specific because the different types are commonly intertwined with each other. Based on
morphological features, the spores and filaments found in sinkholes are similar to those found in
cave pearls (Jones, 2009), in notch speleothems (Jones, 2010a), cave speleothems (Jones, 2010b)
and terrestrial oncoids (Jones, 2011). Those spores have been allied with actinomycetid spores
(e.g., Tresner et al., 1961; Dietz and Mathews, 1969, 1971; Miyadoh et al., 1997), whereas the

taxonomic affinity of filamentous microbes remains open to debate.

5.2.2. Breccia

Many of the sinkholes are filled with various types of breccia (Fig. 4-3D, 4-3F, 4-3G,

4-5). The lithoclasts are formed of dolostone or limestone. The limestone lithoclasts are further
divided, based on color, into white and black/gray types. The limestone matrices are divided on
the basis of color into white, red, and orange. The white limestone matrices are further divided
into the skeletal and oncoid types. Different combinations of lithoclasts and matrices give rise to
a diverse array of breccias.

The sub-angular to sub-rounded white dolostone lithoclasts, up to 6 cm long and 4 cm
wide, (Fig. 4-3G) are formed of very finely crystalline dolomite and commonly characterized by
numerous fossil mouldic cavities after corals, bivalves, foraminifera, and/or red algae (Fig. 4-9A).
Some of the dolostone lithoclasts are coated with black, Mn-rich laminated crusts that are up to 1
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Fig. 4-9. Thin section microphotographs showing petrographic features of breccias in sinkholes.
Locality codes as for Figure 4-1. (A) Coated dolostone lithoclast. Locality HRQ. (B)
Skeletal white limestone lithoclasts (above yellow arrows) in the skeletal white limestone
matrix (below yellow arrows). Locality EEP. (C) Micro-fabrics in skeletal black limestone
lithoclast. Note corals (C) and pseudomorphically replaced foraminifera (F). Locality EEP.
(D) Mudstone (right) and interclast packstone (left) in black limestone lithoclast. Locality
EEP. (E) Unaltered biofragments, derived largely from red algae (R), in skeletal white
limestone matrix. Locality EEP. (F) Oncoid white limestone matrix below rootcrete. Note
some oncoid grains have leached biofragments as their nuclei. Locality EEP. (G) Micro-
fabrics in orange limestone matrix showing peloids (black arrows), SQW. (H) Micro-fabrics

in red limestone matrices showing peloids (black arrows). Locality EEP.
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cm thick (Figs. 4-3F, 4-3G, 4-9A). Each lamina, up to 0.5 mm thick, mimics the morphology of
the host lithoclast.

The white limestone lithoclasts include skeletal packstones to grainstones and oncoid
grainstones. The skeletal packstone to grainstone lithoclasts, up to 10 cm long and 4 cm wide,
include biofragments derived from corals, foraminiferas, and bivalves (Fig. 4-9B). All of these
biofragments have been leached and then filled with calcite cement. The oncoid grainstone
lithoclasts, 2 to 5 mm long, are formed of spherical to subspherical terrestrial oncoids (up to
0.5 mm in diameter) that are each characterized by a nucleus and a vaguely laminated cortex.
SEM and EDX analyses show that the oncoids are largely formed of micrite, along with trace
amount of clay minerals, Mn, and Fe. The black to dark gray limestone lithoclasts (Fig. 4-3D)
are divided into skeletal packstones to grainstones and mudstone. The skeletal packstone to
grainstone lithoclasts, up to 3 cm long and 2 cm wide, contain biofragments up to 1.5 cm long
derived from corals, foraminifera, and bivalves that have all been leached and then cemented by
calcite (Fig. 4-9C). The gray/black mudstone lithoclasts, which are up to 8 cm long and 4 cm
wide, contain scattered gastropods and bivalves (Fig. 4-9D). In most breccias, these gray/black
limestone lithoclasts are intermixed with the skeletal white limestone lithoclasts (Fig. 4-3D).
Besides the obvious difference in color, the skeletal white lithoclasts are generally larger and
more rounded than the gray/black lithoclasts.

The matrices in the breccias are formed of white, red, or orange limestone. The
white limestone is divided into skeletal packstones to grainstones and oncoid grainstones.
Biofragments in the skeletal white limestones were derived from red algae, foraminifera, corals,
bivalves, gastropods, and echinoids (Fig. 4-9E). The biofragments, up 2 mm long and 1.5 mm
wide, are typically encased by a micrite envelope (Fig. 4-9E). The red algae, foraminifera,
and echinoids are commonly well preserved with many of the bivalves and gastropods still
being formed of aragonite. In matrices formed of white oncoid grainstones, the spherical
to subspherical terrestrial oncoids are 0.2 to 3 mm in diameter, with some having leached

foraminifera or shell fragments as their nucleus (Fig. 4-9F). Based on SEM and EDX analyses,
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the vaguely laminated cortices are formed of micrite along with trace amount of clay minerals,
Mn, and Fe. The surfaces of these oncoids are smooth or crenulated.

In previous studies (Jones and Smith, 1988; Jones, 1992b) the orange and red limestones,
were called “lithified terra rossa” because they had the appearance of “soil” and were akin to
the terra rossa that is found in many modern sinkholes on the island (Fig. 4-3H). XRD analysis
of these rocks showed, however, that they are formed largely of calcite (> 98%) and only minor
amounts of dolomite, quartz, and feldspars. No clay minerals were detected by XRD analysis.
Thus, they are herein defined as limestone rather than lithified terra rossa.

The red and orange limestones are petrographically similar with both being formed largely
of peloids that are held 1n spar calcite cement (Fig. 4-9G, 4-9H). The sub-spherical to elliptical
peloids, 0.1 mm to 1.2 cm in diameter, commonly contain shell fragments derived from bivalves
and/or gastropods. Foraminifera are common in the red limestones, whereas aragonitic bivalve
fragments and gastropods are common in the orange limestone. Although formed largely of
micrite, SEM and EDX analyses show that the peloids also contain minor amounts of clay,
dolomite, quartz, and feldspars. The clay, which is probably chorite, is identified based on the
bladed morphology of the crystals (< 2 pm long) that are formed of Al, Fe, and S1 and trace
amounts of K (Figs. 4-10,4-11A,4-11B). Chlorite has also been reported from bauxitic soils
found on the Cayman Islands (Ahmad and Jones, 1969). SEM and EDX analyses indicate that (1)
the red limestone typically contains more chlorite than the orange limestone, (2) the clay crystals
in the red limestone (Fig. 4-10D) seem to be larger (up to 2 um) than those in orange limestone (up
to 1 um) (Fig. 4-10B), (3) quartz and feldspar are more common in the red limestones than the
orange limestones, and (4) the amount of Al is similar to that of Si in the orange limestones (Fig.

4-11A) but much lower than Si in the red limestones (Fig. 4-11B).

5.2.3. Speleothemic calcite

Voids (up to 1 cm wide and 3 cm long) or fractures (up to 1.5 cm wide) in the sinkhole-
filling deposits are commonly lined or filled with brown speleothemic calcite. Like the flowstone
covering the surface of the caves in the Cayman Formation (Smith, 1987; Jones and Smith,
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Fig. 4-10. SEM photomicrogaphs of micro-fabrics in orange and red limestones. Locality codes
as for Figure 4-1. Black circles labeled E6 and E7 indicate locations of EDX analyses shown
in Figure 4-11. (A) Peloid in orange limestone matrix. Locality EEP. Black square indicates
location of panel (B). (B) Chlorite in orange limestone matrix. Locality EEP. (C) Chlorite
in red limestone matrices. Locality HRQ. Black square indicates location of panel D. (D)

A platy chlorite crystal. Locality HRQ. Note that chlorite in red limestone matrices is finer

than that in red limestone matrices.
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Fig. 4-11. EDX analyses for chlorite in red and orange limestones. See Figure 4-10 for precise

locations of each analysis.
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1988), the fibrous calcite is banded. Its precipitation conforms to the shape of the cavity. In
some cases, dolostone lithoclasts are found inside the spelethemic calcite (Jones, 1987; Jones,

1992b).

5.3. Oxygen and carbon stable isotopes

The 8"°0 and 8"C values obtained from the different components of the sinkhole-filling
deposits can be framed against the 80 and 8"°C trends that are known from the limestones of
the Ironshore Formation, the calcareous crusts that formed on the unconformities in the Ironshore
Formation, the dolostones from the Cayman Formation, and the limestones and dolostones from
the Pedro Castle Formation (Fig. 4-12).

The negative 80 and 6"C values obtained from the rootcretes, limestone lithoclasts,
calcite cement in the host dolostones and dolostone lithoclasts, white limestone matrices, and
speleothemic calcite follow the same 8'°0-8"C trend, which is characterized by a wide range
of 8"°C values and a narrow range of 8O values (Fig. 4-12). Compared to limestones from the
Ironshore Formation, most samples in this group yielded more negative "C values, ranging
from -4 4 to -11.6 %o. In contrast, the 'O values that range from -6 .4 to -2.6 %o, are compatible
with those obtained from the limestones in the Ironshore Formation. The 8'°0 and 8“C in
the calcite (micrite and microspar) that forms the rootcretes tend to vary between localities.
Rootcretes from locality HRQ, for example, have more positive 8'°0 (average -3.5 %o) values
than those from locality EEP (average -4.6 %) and locality SQW (average -5.4 %c). The dPC
values in rootcretes from HRQ (average -8.1 %o,) are akin to those from SQW (average -9.2
%oc) but are more positive than those from EEP (average -10.5 %o0). Irrespective of location,
there does not seem to be any trend in the isotope values from the base to the top of individual
rootcrete crusts.

The "0 and 8"C in the skeletal white limestone lithoclasts, the skeletal white limestone
matrices, and the oncoid lithoclasts and matrices all fall in the ranges of -5.5 to -3.6 %o and -11.3
to -4.4 %o, respectively. The two types of black limestone lithoclasts yielded similar "0 and
8"C values that fall in the ranges of -5.7 to -4.5 %o and -11.1 to -6.5 %o, respectively. Compatible
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with speleothemic calcite that lines the voids and fractures in sinkhole-filling deposits, calcite
cement in the host dolostones and dolostone lithoclasts yielded 'O and variable 8"C values that
varied from -6.2 to -4.1 %o and from -11.3 to -4.9 %o, respectively.

The negative "0 and 8"C values in the red and orange limestone matrices are
characterized by variable 6'®0 and 6"°C that vary from -5.8 to -0.8 %o and -11 .4 to -8 4 %o (Fig.
4-12), respectively. The 80 values are consistent with those obtained from the limestones of
the Ironshore Formation. In contrast, the 8"°C values, which are much lower than those obtained
from the limestones of the Ironshore Formation, are compatible with the 8"C values obtained

from the rootcretes.

54. Trace elements and REE concentration

Except for Mn and Sr, the highest concentrations of trace elements and REE are in the
red and orange limestones, whereas the lowest concentrations are in the host dolostones.
Compared to the host dolostone and other sinkhole-filling deposits, the rootcrete contains higher
concentrations of Mn but lower concentrations of Sr. In the sinkhole-filling deposits, there is a
positive correlation between the Al and REE concentrations (2. REE), between the Fe and 2 REE,
and between the Mn and > REE (Fig. 4-13).

The red and orange limestone matrices have different concentrations of Al and Ca but
similar Mn and Fe contents. The red limestone, for example, has higher Al (2533 to 4162 ppm,
average 3088 ppm) than the orange limestone (1942 to 2586 ppm, average 2313 ppm). The Ca
content of the red limestone (274621 to 322890 ppm, average 299246 ppm), is lower than that in
the orange limestone (317138 to 349450 ppm, average 338144 ppm).

The > REE+Y in the lithoclasts, white limestone matrices, and speleothemic calcite found
in sinkholes ranges from 0.3 to 20.0 ppm (average 8.1 ppm), whereas the > REE+Y of the red
and orange limestone matrices varies from 21.5 to 77.6 ppm (average 46.1 ppm). The 2 REE+Y
of rootcrete, in contrast, varies from 1.2 to 307.1 ppm (average 35.1 ppm).

The PAAS-nomalized REE+Y distribution patterns derived from all types of lithoclasts,
white limestone matrices and speleothemic calcite are different from those derived from the
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Fig. 4-13. Cross plots showing relationship between > REE of sinkhole-filling deposits and Al (A),
Mn (B) and Fe (C).

rootcrete, and the red and orange limestones. Like the Neogene limestones and dolostones and
Pleistocene limestones, all of the lithoclasts, white limestone matrices and speleothic calcite are
heavy-REE (HREE) enriched (Fig. 4-14). Their La/Yb and Sm/Yb ratios vary from 0.2 to 0.7
(average 0.5) and from 0.7 to 1.0 (average 0.8), respectively (Fig. 4-15). These values are akin
to those obtained from the Neogene limestones and dolostones and Pleistocene limestones, which
yielded La/YDb ratios of 0.2 to 0.7 (average 0.4) and Sm/Yb ratios of 0.3 to 1.0 (average 0.7).
Rootcretes and the red and orange limestones are less enriched in HREE but relatively more
enriched 1n light-REE (LREE) than other sinkhole-filling deposits, the Neogene limestones and
dolostones, and the Pleistocene limestones (Fig. 4-14). The La/Yb (0.1 to 1.0, average 0.5) and
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Sm/YDb (0.6 to 1.2, average 0.9) ratios obtained from the rootcrete are similar to those from the
red and orange limestones (Fig. 4-15).

With respect to La/Yb and Sm/Yb ratios, the rootcretes, and the red and orange limestones
follow the same trend, which is different to from the trend derived from the Neogene limestones
and dolostones and Pleistocene limestones found on the Cayman Islands (Fig. 4-15). Compared
to the latter group, the samples obtained from the rootcretes and the red and orange limestone
matrices typically yielded higher Sm/YDb ratios but similar La/Yb. The Sm/Yb and La/Yb ratios
in the rootcretes and the red and orange limestone matrices are partly overlap the range of values

associated with the Jamaican terra rossa (Fig. 4-15).

6. Interpretation

6.1. Sequential development of void-filling deposits

The absolute age of the void-filling deposits is difficult to determine because they lack
fossils that allow accurate dating and many of the lithologies are unlike any known from the
stratigraphic succession exposed on Grand Cayman. Thus, the evolution of the sinkhole deposits
can only be evaluated relative to the each other and relative to the surrounding bedrock (Table
4-1). The presence of dolostone lithoclasts derived from the Cayman Formation and/or the Pedro
Castle Formation and the lack of dolomite in the rootecrete, limestone lithoclasts, and limestone
matrices indicates that emplacement of these sinkhole-filling deposits postdated the last phase of
dolomitization, which took place during the early Pliocene highstand (3.6-5.0 Ma), according to
Zhao and Jones (2012, 2013).

Sinkholes, which are common features in areas where the Cayman Formation is exposed,
can be open or filled with a variety of deposits (Fig. 4-3). The contrast between open and filled
sinkholes indicates that the development of sinkholes is probably an ongoing process, with some
of them now being actively filled by loose dolostone lithoclasts derived from surrounding host
dolostones of the Cayman Formation (Fig. 4-3).

The formation of rootcrete and deposition of the limestone matrices were repeated many
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times. Rootcrete, for example, is present between the host dolostones and the sinkhole-filling
deposit, or between different types of sinkhole-filling deposits (Fig. 4-5). Similarly, matrices
formed of skeletal and oncoid white limestone were deposited at many different times. Some
of the white limestone matrices that overlie the host dolostones, for example, were subsequently
truncated by rootcrete, whereas other limestones formed after many of the rootcretes (Fig. 4-5).
The poorly consolidated nature of these matrices with their well-preserved aragonitic fossils
indicates that they probably formed when the limestones of the Ironshore Formation were being
deposited and/or as a result of relatively modern deposition associated with storms (Table 4-1).
The age of the oncoid white limestone matrices is not known and could even be forming today.
Today, loose dolostone lithoclasts found in many of the open sinkholes came from the
surrounding Cayman Formation (Fig. 4-3E). Similarly, most of the white dolostone lithoclasts

the lithified breccias probably came from the Cayman Formation (Table 4-1). It is possible,

Table 4-1. Sequential development of sinkhole-filling deposits associated with the exposed

Cayman Formation

Component Numbers of Provenance Age Evidence Active Reference
episodes today
Sinkhole Multiple Post late Yes Jones and Smmth, 1988
dolomitization Jones, 1992b
Rootcrete Multiple In situ growth Post late No dolomute Probably  Jones, 1992b
dolomitization Alonso-Zarza and Jones, 2007
Dolostone Numerous Cayman Formation Middle Same Yes Jones, 1992b
lithoclasts and ongoing  or Pedro Castle Miocene or lithologies
Formation Early Pliocene  asin
Cayman
Formation
and Pedro
Castle
Formation
Skeletal white  Probably one  Unknown marine Late Pliocene  Lithology No Jones and Kahle, 1985
and black carbonate to Pleistocene unlike any Jones, 1992b
limestone bedrock in
lithoclasts area
Skeletal white At least two Marine skeletal Pleistocene or  Well Yes Jones, 1992b
matrices deposits, but not the modern preserved
Ironshore fossils,
Formation itself poorly
consolidated
Oncoid white At least two Terrestrial Post Terrestrial No Jones, 1991
limestone dolomitization  oncoids Jones, 1992b
matrices and cemented Jones, 2011
lithoclasts by calcite
Red and orange Atleasttwo  Insitu Pleistocene Aragonitic  No Ahmad and Jones, 1969
limestone precipitation, mixed gastropods Jones and Smith, 1988
matrices traces of soil and bivalves Jones, 1992b
not leached




however, that some could have come from the Pedro Castle Formation (Table 4-1) that once
covered this part of the island.

The black and skeletal white limestone lithoclasts, which are of marine origin, cannot be
related to any of bedrock succession that 1s exposed on the Cayman Islands today. Thus, it seems
that these lithoclasts were derived from strata that have since been removed by erosion. This
suggestion is feasible given that that the period between deposition of the sediments in the Pedro
Castle Formation (early-middle Pliocene) and the initiation of the sedimentation for the Ironshore
Formation (500-600 ka) (Jones et al., 1994b; Wignall, 1995; Vézina, 1997; Zhao and Jones,
2013; Liang and Jones, 2014) was characterized by oscillating sea levels (Dowsett and Cronin,
1990; Miller et al., 2005, 2011, 2012b; Dwyer and Chandler, 2009; Sosdian and Rosenthal,
2009). Deposition during one of the sea level highstands may have produced limestones that
were removed by erosion during subsequent lowstands. Thus, the black and skeletal white
limestone lithoclasts may have been derived from sequences that were 3.6 Ma to 500-600 ka old

(Table 4-1).

6.2. Rootcrete

The following features indicate a biological, non-marine origin for the rootcrete.

The presence of numerous spores and filaments (Alonso-Zarza and Jones, 2007),

The presence of calcified root cells in some of the rootcrete (Alonso-Zarza and Jones, 2007,

their Fig. 5).

The presence of alveolar-septal structures (Fig. 4-6E), which are commonly associated with
plant roots (Klappa, 1978, 1979; Wright, 1986; Wright et al., 1988; Armenteros and Daley,
1998).

The variable size of the anhedral to subhedral micrite in rootcrete indicates that precipitation of

the carbonate was probably biogenically induced (Alonso-Zarza, 1999).

The presence of needle fiber calcite (NFC), which has been attributed to physicochemical and
biological processes. The inorganic processes would have involved solutions that were
supersaturated with respect to CaCO; (James, 1972; Riche et al., 1982; Jones and Peng,
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2014), whereas biological processes have generally been attributed to plant root and/or

fungal activity (Harrison, 1977; Calvet and Julia, 1983; Callot et al., 1985a, 1985b; Phillips

and Self, 1987).

* The voids in the alveolar-septal structures are commonly filled with peloids. The peloids may
be related to roots or the activity of microorganisms that are associated with plant roots
(Calvet and Julia, 1983; Jones and Squair, 1989; Alonso-Zarza, 1999, 2003; Miller and
James, 2012).

* The lack of marine fossils.

* The homogenous 8'°0 and variable 8"C of the Cayman rootcretes, which are consistent with
meteoric diagenesis in the vadose zone (Meyers and LLohmann, 1985; Lohmann, 1988).
The lack of positive covariance between the 80 and 8"C in the rootcretes indicates that
evaporation was not involved in the formation of the rootcretes.

Various features associated with the rooteretes, such as the calcified root cells and alveolar-
septal structures indicate that the rootcretes probably formed around the roots when the plants
were alive. After the decay of the plants, the rootcrete remains with the crust following
the outline the cavity that developed while the plants were alive. The rootcrete forms an
impermeable barrier that would have impeded fluid draining from the surface, including rainfall
and acids produced by the plants, which is similar to the situation associated with rhizogenic
calcrete horizons (Goudie, 1983; Reimann and de Caritat, 1998).

Laminar calcrete, which forms in the soil profile under biogenic control of plant roots
and their associated microorganisms (Klappa, 1980; Wright et al., 1988, 1995; Alonso-Zarza,
1999), develops through in situ alteration of the host rock (e.g., James, 1972; Goudie, 1973;
Arakel, 1982) and/or accretionary build-up (e.g. Wright et al., 1988, 1995; L1 and Jones, 2014).
For rootcrete, the in situ alteration model is discounted because the rootcrete 1s formed largely
of calcite, whereas the host rock is formed of dolostone. As noted by Alonso-Zarza and Jones
(2007), the accretion model is more feasible given that the various microorganisms contribute

to the rootcrete formation by (1) binding detrital micrite onto the substrate, (2) acting as nuclei
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for calcite precipitation, and (3) modifying the local microenviroment so that micrite can be
precipitated. Minor amounts of chlorite, feldspar, quartz, and zeolites, which were probably of
detrital origin, became incorporated into the rootcrete during these accretionary processes. The
incorporation of these minerals are probably responsible for the large variations in the 2> REE+Y,
the correlations between 2 REE and Fe, Mn, and Al, the HREE-enriched REE+Y patterns, and
the La/Yb and Sm/Yb values that are different from the Cenozoic carbonates found on the
Cayman Islands (Figs. 4-13,4-14,4-15). The Mn found in the rootcrete is probably related to

biological activity (Jones, 1992a).
6.3. Breccia

6.3.1. Lithoclasts

The white dolostone lithoclasts, with their fossil-mouldic porosity, are comparable with the
dolostones found in the Cayman Formation and the Pedro Castle Formation. This suggestion is
further supported by (1) the stable isotopes from the dolomite that follows the same 8'°0-8"C
trend as the dolostones from these formations (Fig. 4-12), and (2) REE+Y patterns and La/Yb
and Sm/YD ratios that are akin to those in the dolostones from these formations (Figs. 4-14,4-15).
Most of these lithoclasts seem to have been derived from the Cayman Formation.

The composition and microfabrics of the Mn-rich coatings found around some of the
dolostone lithoclasts is identical to the Mn-rich coatings evident in the rootcretes, suggesting that
their formation was also related to root activity.

The skeletal white and black skeletal limestone lithoclasts, which contain numerous fossils
(e.g., corals, foraminifera), are clearly of marine origin. The black mudstone lithoclasts are
probably also of marine origin because (1) some lithoclasts are formed of intercalated mudstone
and skeletal limestone (Fig. 4-9D), and (2) the REE+Y signatures of the mudstones are similar to
those obtained from the skeletal limestone lithoclasts. This is contrary to opinion of Jones (1992b)
who suggested that the black mudstone may have originated in fresh- to brackish-water ponds.

The black and skeletal white limestone lithoclasts are intermixed with each other, indicating
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that they probably originated from contemporary limestone deposits. There are, however,

no counterparts to these lithologies in the bedrock succession that is now exposed on Grand
Cayman. The limestones layers from which these lithoclasts came were probably removed by
erosion during periods of subaerial exposure.

The black color of carbonate lithoclasts has been attributed to (1) impregnation by Fe or Mn
sulfides (Sugden, 1966; Maiklem, 1967; Wright, 1986), (2) forest fires (Barthel, 1974; Strasser,
1984; Shinn and Lidz, 1988), or (3) dissolved, colloidal or very finely particulate organic matter
that formed under pedogenic conditions, including organic rich tidal and lacustrine environments,
microbial communities, and decayed terrestrial plants (Ward et al., 1970; Folk et al., 1973;
Strasser and Davaud, 1983; Strasser, 1984; Leinfelder, 1987; Lang and Tucci, 1997, Miller et al.,
2013). On the Cayman Islands, discoloration due to Fe and Mn impregnation seems unlikely
because no pyrite was found in the crusts and the Fe and Mn contents are similar to those of
white host dolostones. Blackening of carbonates by forest fires requires temperatures between
400 and 500°C (Shinn and Lidz, 1988; Vera and de Cisneros, 1993). Although possible for the
Cayman lithoclasts, there 1s no direct evidence to support this possibility because large forest
fires are rare on Grand Cayman and any that do occur are of short duration.

The pedogenic-meteoric diagenetic model seems to be the most feasible explanation
for the black limestone lithoclasts found on the Cayman Islands. The lack of black limestone
lithoclasts in the sinkholes without rootcrete implies that the environment that favored rootcrete
development also favored the development of black limestone lithoclasts. The development
of rootcrete is associated with decaying terrestrial plants, which favors organic staining of
limestones (Krumbein and Garrels, 1952; Suess, 1970; Strasser and Davaud, 1983; Strasser,
1984; Leinfelder, 1987; Lang and Tucci, 1997; Miller et al., 2013). Organic matter, however, did
not blacken all of the lithoclasts in the sinkholes as many of skeletal white limestone lithoclasts
remained white. Hips et al. (2011) suggested that blackening by organic matter is related to
the presence of unstable minerals (e.g., aragonite and high-Mg calcite). This is because the

replacement of unstable minerals would provide the opportunity for the absorption of organic
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matter into the crystal (Hips et al., 2011). If it is assumed that the blackening processes are
linked to the diagenetic alteration of unstable minerals, then the white limestone lithoclasts must
have stabilization prior to the onset of the diagenetic processes responsible for the blackening
of the lithoclasts. This notion is supported by (1) the fact that some white spots are still evident
inside some of the black lithoclasts, and (2) the 8"*C values of the black limestone lithoclasts are
more negative than those from the white limestone lithoclasts.

The terrestrial oncoids in the oncoid white limestone lithoclasts and oncoid matrices are
consistent with those described by Jones (1991). The subtle variations of the composition of

oncoids suggest subtle changes in fine-grained detritus and the ground water (Jones, 1991).

6.3.2. Matrices

The marine fossils and REE signatures indicate that the skeletal white limestone matrices
are of marine origin. The presence of aragonitic fossils suggests that these limestone matrices
probably formed during or after the Pleistocene (Table 4-1). Given that these limestones
have experienced meteoric diagenesis, which is similar to the limestones from the Ironshore
Formation, the different 8"*0-8"°C trend for these white limestone matrices and the limestones
from the Ironshore Formation indicates that they probably formed at different times (Fig. 4-12).

A terrestrial origin for the oncoid white limestone matrices is suggested by (1) the
morphological and compositional similarity between these terrestrial oncoids and those described
by Jones (1991), and (2) their negative 80 and 8"C values, which are consistent with meteoric
diagenesis in the vadose zone (Meyers and LLohmann, 1985; Lohmann, 1988). Jones (1991)
suggested that terrestrial oncoids were of biogenic origin. Thus, the environment around
rootcretes would be ideal for their development.

The red and orange limestone matrices do not appear to be of marine origin because they
are characterized by trace amounts of chlorite, quartz and feldspar crystals, and have different
1sotopic compositions and REE signatures than the limestones from the Ironshore Formation.
The different colors are probably related to variations in the carbonate content and the amount
of detrital quartz, feldspar, and chlorite (cf., Porter, 2000; Sun et al., 2011). The quartz, feldspar,
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and chlorite were probably derived from airborne dust, as on other Caribbean Islands (e.g., Muhs
etal., 1990, 2007; Foos, 1991; Borg and Banner, 1996; Herwitz and Muhs, 1995; Muhs, 2001;
Muhs and Budahn, 2009). The variable 8'*0 and homogenous &"C values of the red and orange
limestone matrices are consistent with the 6'*0-0"C trend that is typically associated with
evaporation (Salomons et al., 1978; Rossinsky and Swart, 1993). This suggests that the red and
orange limestone matrices may have been the product of in situ precipitation that was driven by
evaporation.

The > REE+Y, the La/YDb ratios, and the Sm/Yb ratios from the red and orange limestones
are different from those obtained from the Cayman Formation, the Pedro Castle Formation,
and the Ironshore Formation (Figs. 4-14, 4-15), indicating that REE from authigenic minerals
(e.g., Fe- and Mn-oxides) and/or terrigenous sediment (e.g., Nothdurft et al., 2004) are probably
nvolved. For the red and orange limestone matrices, however, the poor correlation between
> REE and Fe, between ) REE and Mn, and between > REE and Al (Fig. 4-13), indicates
that there 1s little contamination from authigenic minerals. Terrigenous contamination could,

however, have come from airborne dust and/or terra rossa that is present in some areas of the

Cayman Islands (Zhao and Jones, 2013).

6.4. Speleothemic calcite

Stable isotope compositions indicate that the speleothemic calcite that coats the walls
of many of the voids in the sinkhole-filling deposits was formed from meteoric water. Such
precipitation probably took place at the same time as speleothemic calcite was being precipitated
in many of the caves on the Cayman Islands, probably as a result of high rainfall (Jones and

Smith, 1988; Jones, 1992b).

7. Discussion
The sinkhole-filling deposits formed during sea-level lowstands while the subaerial
unconformities were developing. On the eastern part of Grand Cayman, sinkhole development

and filling have been processes since the late Pliocene (~3.6 Ma). As a result, the type of
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sinkhole-filling deposit varied with time as local conditions changed in accord with sea level and
climate conditions.

The stable isotope signatures of the sinkhole-filling deposits are similar to those obtained
from the calcrete crusts that are found on some of the unconformity surfaces in the Ironshore
Formation (Fig. 4-12). The 8"0 and 8"C values for these sinkhole fills, however, are
significantly different from those that characterize the limestones from the Ironshore Formation
and the dolostones and limestones of the Cayman Formation and Pedro Castle Formation (Fig.
4-12). Such comparisons support the notion that the sinkhole-filling deposits were subject
to significantly different diagenetic regimes that were largely mediated by meteoric waters.
Such diagenesis, which is commonly associated with erosional unconformities, is typically
characterized by evaporation and/or biological activity that yields 8"°0 values from -9 %o
to 3 %o and 8"°C values from -12 %o to 4 %c (Talma and Netterberg, 1983; McKenzie, 1985;
Salomons and Mook, 1986; Alonso-Zarza, 2003; Alonso-Zarza and Arenas, 2004). The isotopic
compositions of the Cayman sinkhole-filling deposits fall within these limits, with the 8"°C
values being near the limit of -12 to -13 %o known for soil carbonates (Cerling, 1984; Burns et
al., 1989; Alonso-Zarza, 1999). Such comparisons also indicate that biogenic factors played an
important role in the formation of sinkhole-filling deposits. The rootcrete offers clear evidence
of such biogenic processes.

For terrestrial deposits, the rare earth elements La (LREE), Sm (MREE), and Yb (HREE)
have commonly been used as indicators of provenance and to compare different deposits (Nakai
et al., 1993; Clift et al., 2005; Mubhs et al., 2007; Muhs and Budahn, 2009). The La/Yb and Sm/
YD ratios for the sinkhole-filling deposits on Grand Cayman plot along a different trend line
than that derived from the Miocene dolostones, the Pliocene limestones and dolostones, and
the Pleistocene limestones (Fig. 4-15). Although plotting along the same trend line as for the
Jamaican terra rossa, the Cayman sinkhole-filling deposits and Jamaica terra rossa only partly
overlap (Fig. 4-15). These comparisons further emphasis that the sinkhole-filling deposits

evolved in a different manner than the Neogene and Pleistocene marine carbonates.
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During periods of subaerial exposure, variations in local climate (e.g., rainfall, temperature,
storms) would have had a major impact on the deposits that accumulated in the sinkholes. The
formation and accumulation of black limestone lithoclasts, dolostone lithoclasts coated with
black, Mn-rich laminae, coated grains, acolian sediments and rootcretes, for example, probably
took place during periods when semi-arid climate prevailed (Wright, 1994; D’ Argenio and
Mindszenty, 1995; Kosir, 2004; Miller et al., 2012a, 2013; Brlek et al., 2013). In contrast,
precipitation of the speleothemic calcite required wet climates (Jones, 1992b; Miller et al.,
2012a). Compared to other sinkhole-filling deposits, the red and orange limestone matrices
yielded higher 80 values (Fig. 4-12), indicating that the meteoric water involved in their
development had probably undergone more evaporation (cf., Li and Jones, 2014). Storm waves
were also important because they commonly transported marine sediments from the shallow,
offshore lagoons on land and into the sinkholes (Jones, 1992b; Ng et al., 1992).

Plant roots played an important role in the development of the deposits found in the
sinkholes. As with rhizogenic calcrete horizons (Mutler and Hoffmeister, 1968; Klappa, 1980;
Jones, 1988; Jones and Ng, 1988; Wright, 1994; Kosir, 2004; Alonso-Zarza and Jones, 2007), the
roots (1) accelerated bedrock weathering, (2) penetrated into the substrate and thereby increased
porosity and permeability, (3) created fluids supersaturated with respect to CaCO;, (4) acted as
centers of calcification, and (5) provided substrates and nutrients for symbiotic microorganisms,
which may have enhanced the precipitation of micritic cement, formation of the terrestrial
oncoids, and blackening of the limestone lithoclasts.

Roots also played a role in the development of the black limestone lithoclasts, because
decayed root material and/or symbiotic microorganisms provide organic matter that acted as
a coloring agent (Strasser, 1984). These roots may also have created local concentrations of
calcium bicarbonate ions in the pore fluids (Miller et al., 2013), which facilitated adsorption
of organic matter onto the calcite crystal surface by the alteration of unstable minerals (i.e.
aragonite and high-Mg calcite) and creating alkaline and anoxic microenvironments (Krumbein

and Garrels, 1952; Suess, 1970; Strasser, 1984).
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Black limestone lithoclasts, like those found on the Cayman Islands, are known from many
different geological settings throughout the world (e.g., Ward et al., 1970; Perkins, 1977; Beach
and Ginsburg, 1980; Strasser and Davaud, 1983; Strasser, 1984; Shinn and Lidz, 1988; Lang and
Tucci, 1997; Hips et al., 2011; Miller et al., 2013). Features common to all settings include (1)
the angular shape of the lithoclasts, (2) the variable black coloration, (3) lithoclasts formed of
mudstone (micritic) or skeletal wackestones, and (4) the lack of lithological counterparts in the
surrounding bedrock succession. Although all of the black limestone lithoclasts formed under
pedogenic and meteoric diagenetic conditions, commonly in association with calcrete and root
cast, plants have rarely been regarded as a factor in their formation (Miller et al., 2013).

Based on the black limestone lithoclasts found 1n middle Miocene, late Pliocene and
Pleistocene deposits across southern Australia, Miller et al. (2013) argued that these lithoclasts
were calcified root cells that trapped organic matter into their cellular structures during
calcification. This model, however, contrasts with the widely accepted notion that black
limestone lithoclasts are reworked marine and/or lacustrine carbonate (Strasser and Davaud,
1983; Strasser, 1984; Leinfelder, 1987; Lang and Tucci, 1997; Hips et al., 2011). The black
limestone lithoclasts in the Cayman examples, for example, are of marine origin and display no
evidence of calcified root cells.

Some of the sinkhole-filling sediments contain trace amounts of chlorite, quartz and
feldspar that could have been derived from (1) dissolution of the bedrock, (2) terra rossa, and/
or (3) airborne dust. Ahmad and Jones (1969) argued that the terra rossa found on the Cayman
Islands formed as the carbonate bedrock was dissolved and the insoluble residues accumulated.
The dolostones and limestones of the Cayman Formation and Pedro Castle Formation, however,
contain little non-carbonate material and no quartz or feldspar crystals have ever been found in
them. Thus, it seems unlikely that the quartz and feldspars crystals, the immobile trace elements,
(e.g.,Th, Cr, Zr, Y), and that REE that are found in the sinkhole-filling deposits originated as
residues generated by bedrock dissolution. Given that Grand Cayman 1s geographically isolated

by deep oceanic water, the most probable source for these minerals and elements is from wind-
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blown material. Saharan dust has been regarded as the major contributor to the terra rossa that
1s found on islands throughout the Caribbean (e.g., Muhs et al., 1990, 2007; Foos, 1991; Borg
and Banner, 1996; Herwitz and Muhs, 1995; Muhs, 2001; Muhs and Budahn, 2009). For the
sinkhole-filling deposits on Grand Cayman, such an origin is supported by the fact that REE
characteristics of the sinkhole-filling deposits are akin to those found in the terra rossa on

Jamaica (Muhs and Budahn, 2009).

8. Conclusions
The sinkhole-filling deposits associated with the unconformity that caps the Cayman
Formation provide insights into the processes that have been operative since the late Pliocene (~3.6
Ma). New data from these deposits have led to the following important conclusions.
* The geochemical signatures of the sinkhole-filling deposits are significantly different from
those of the limestones and dolostones of Neogene and Pleistocene marine carbonates

found on Grand Cayman and Cayman Brac.

The REE signatures of the sinkhole-filling deposits are different from those of the dolostones
and limestones that form the Cayman Formation, the Pedro Castle Formation, and the
Ironshore Formation. Such differences may offer a means of “fingerprinting” carbonate

deposits and determining if they formed in marine or non-marine settings.

Although lithoclasts derived from the Cayman Formation are common in the sinkholes, no
lithoclasts originating from the Pedro Castle Formation or Ironshore Formation have been

found.

The laminated rootcrete formed through accretionary processes that were mediated largely by

plant roots.

Many of the limestone and dolostone lithoclasts found in the sinkhole-filling deposits have no
lithological counterparts in the stratigraphic succession found on the Cayman Islands today.
Presumably, they came from strata that have since been stripped from the surface of the

island by erosion.

The black limestone lithoclasts are reworked carbonates that probably became blackened by
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organic matter during diagenetic alteration.

* The red and orange limestone matrices found in some of the breccias are formed largely of
calcite and contain trace amounts of quartz, feldspar and chlorite that probably came from
airborne Saharan dust. The different colors in these matrices reflect different amount of

quartz, feldspar and chlorite.
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CHAPTER 5: CONCLUSIONS

In the terminal phase of the Miocene, the significant lowering of sea level by as much as
180 m (Berggren and Haq, 1976; Adams et al., 1977; Vail et al., 1977; Cita and Ryan, 1978;
Loutit and Keigwin, 1982; Hodell and Kennett, 1986; Pigram et al., 1992; Aharon et al., 1993;
Zhang and Scott, 1996), exposed many areas to subaerial weathering thereby forming surfaces
that would become unconformities once buried under younger sediments. Indeed, such
unconformities have been documented in the Mediterranean region (e.g., Ryan and Cita, 1978;
Roveri et al., 2001; Dela Pierre et al., 2002), which is associated with the formation of evaporates
(Hsii, 1973, 1987, 1988; Hsii et al., 1973, 1977; Ryan et al., 1973). Similarly, the Messinian
sea-level lowstand has been also recorded in the succession found on many Pacific atolls (e.g.,
Lincoln and Schlanger, 1987). In the Caribbean, however, the Messinian lowstand has rarely
been identified (Jones and Hunter, 1994). In Jamaica, Cuba, Great Bahama Bank and Florida, for
example, although the unconformable contact produced by the drop of the Messinain sea level
has been identified by biostratigraphy (Robinson, 1969; Berggren, 1993), seismic stratigraphy
(Anselmetti et al., 2000), stable isotopes, and paleomagnetic anomalies (Miller et al., 1994), its
topography has rarely been described and/or linked to the drop in the Messinian sea level. This
is because (1) the topography of the Messinian unconformity throughout most of the Caribbean
region has been disguised by the complex tectonic history (e.g., Wright, 1974; Berggren, 1993;
Katz and Miller, 1993; Kindler et al., 2011), and (2) Messinian karstic surfaces were largely
destroyed by the formation of fluvial systems and/or deposition and erosion of siliciclastic
sediments during the post-Miocene period (e.g., Denizman and Randazzo, 2000).

To address that knowledge gap, this study focused on the Messinian unconformity, and
other erosional unconformities in Cenozoic carbonate secessions found on Grand Cayman and
Cayman Brac. In particular, the comparison between the successions on Grand Cayman and
Cayman Brac provides important insights into the roles played by tectonic uplift as opposed
to eustatic sea-level changes on the development of an erosional unconformity. Collectively,
this study shows how karst surfaces developed in response to ever-changing sea levels, tectonic
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movements, biogenetic factors, and climatic conditions. Key conclusions in this respect are as
follows.

1) Grand Cayman has been tectonically stable since the Late Oligocene. Cayman Brac, in
contrast, underwent uplift of 133-173 m on the east end between the Late Pliocene (~3.6 Ma) and
~400 ka. The uplift rate on the east end of Cayman Brac was 0.04 to 0.05 mm/year.

2) Unconformities on Grand Cayman are characterized by rugged topographies, with
the relief consistent with the magnitude of sea-level fall. The relief on the upper surface of
the Cayman Formation indicates that the minimum estimate for the Messinian sea-level fall in
Caribbean 1s at least 61 m.

3) Uplift of Cayman Brac tilted Tertiary strata to the west, but also enhanced the erosional
processes. The Pedro Castle Formation and the upper part of the Cayman Formation, thus, were
removed from most of Cayman Brac. The removal of the carbonate strata is directly related to
the amount of uplift.

4) The upper surfaces of the Cayman Formation on Grand Cayman and Cayman Brac
parallel Purdy’s (1974) experimental results, which suggested that peripheral rims will develop
if the rate of rainfall is no more than the rate of runoff. The peripheral rims present on Grand
Cayman and Cayman Brac were initiated during the Messinian lowstand. Compared to those on
Grand Cayman, the peripheral rims on Cayman Brac are more pronounced due to uplift.

5) Besides karst processes and uplift, coastal erosion also influenced the topography of the
unconformities. Coastal erosion on Grand Cayman and Cayman Brac, which took place after
the Late Pliocene (~3.6 Ma) but before ~400 ka, cut into the Cayman Formation and/or the Brac
Formation and consequently modified the ancestral topography in the coastal areas.

6) The Cayman Formation is now exposed on the eastern half of Grand Cayman and
much of the uplifted core on Cayman Brac. The karst landforms on these exposures, which are
characterized by peripheral rims, phytokarst, sinkholes, and solution-widened joints, reflect the
interplay between eustatic sea-level changes, climate, tectonic movements and phytokarst over

the last 3.6 Ma.
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7) Due to uplift, the peripheral rims and karst features are enhanced on the upslope margin
of the uplifted core of Cayman Brac, whereas the local karst reliefs in the interior are minimized.

8) Neither Grand Cayman nor Cayman Brac exhibit typical tropical karst landforms
such as cockpit, tower karst or cone karst. Sinkholes, however, are common. The fact that
such landforms did not develop on these two islands suggests that uplift is not a key fact in the
development of tower, cone and/or cockpit karst. Instead, the lack of those positive karst features
on Grand Cayman and Cayman Brac is attributed to the poorly developed joints and faults.

9) The photolineaments on DEMs are probably the surficial expression of joints and/or
faults, which were produced by the tectonic stresses along the margins of the tectonic blocks.

This study also demonstrated that a wide variety of deposits are found in the sinkholes that
have developed in the Cayman Formation. These sinkhole-filling deposits provide insights into
the processes that have been operative since the Late Pliocene (~3.6 Ma) and are ongoing today.
A detailed study on these deposits, involving their petrographic and geochemical signatures, led
to the following conclusions.

1) The geochemical signatures (i.e., isotopes and REE) of the sinkhole-filling deposits are
significantly different from those of the limestones and dolostones of Tertiary and Pleistocene
marine carbonates found on Grand Cayman and Cayman Brac.

2) Many of sinkhole-filling deposits cannot be correlated with any of the bedrock that
1s now found on Grand Cayman and Cayman Brac. Many of the limestone and dolostone
lithoclasts found in the sinkhole-filling deposits, for example, have no counterparts in the
stratigraphic succession found on Grand Cayman. Presumably, they came from strata that have
since been stripped from the surface of the island by erosion.

3) Black limestone lithoclasts, found in many of the sinkholes, are of marine origin. They
were blackened by organic matter probably after they became lithoclasts.

4) The laminar rootcrete, dominated by biogenic components, formed through accretionary
processes that were mediated largely by plant roots.

5) The red and orange limestone matrices found in some of the breccias are formed largely
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of calcite and contain trace amounts of quartz, feldspar and chlorite that probably came from
Saharan dust. The different colors in these matrices reflect different amount of quartz, feldspar,
and chlorite.

In summary, these findings obtained from this study are important, because (1) they provide
a context in which the Messinian unconformities of other Caribbean i1slands could be viewed, (2)
they have direct application to other unconformities globally that formed during the Messinian,
and (3) they help to understand the development of an ancient erosional unconformities and
paleokarst. Additionally, the newly proposed REE data obtained from the various sinkhole-
filling deposits, herein, could serves as “fingerprint” of carbonate deposits. Such research
has direct application to other cavity-filling deposits, and could increase the understanding of
the depositional, erosional and diagenetic processes that occurred during an ancient erosional

unconformity was developing.
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