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Cementation in Modern and Ancient Reefs. 

A thorough description of the petrography of Holocene reef rock from Florida and 
Belize provides the basis for the investigation of several major controls thought to be 
involved in the cementation process. The study has highlighted the importance of the 
interaction of cementation with other reef formation processes, namely construction, 
destruction and sedimentation. The geochemistry of the cements, in particular the 
carbon isotopic composition, indicates that there is no input of organic carbon to the 
inorganic carbonate. Furthermore, there does not appear to be any direct biogenic 
input; the cements were precipitated at or near to equilibrium with seawater of normal 
marine composition. 

However, one particular phase of peloidal cements is associated with organic matter. 
This is thought to be playing a promotional, but simply mediatory role in the precipita­
tion. The results of molecular biomarker analyses are consistent with a predominantly 
algal input to the organic phase. The nature of the inorganic-organic interaction is also 
discussed. 

The development of models to describe the cementation patterns in carbonate frame­
stones has been successful. Many of the features of the real system have been recreated 
through the use of simple mathematical descriptions of the geometry of the porosity 
and the nature of fluid flow through porous media. The results indicate that the most 
important control on the distribution of cements in modern reefs is the flux of water 
through the pore systems. This is in turn dependent on the local permeability and the 
energy of the environment. 

Finally, the spatial and temporal· distribution of cements in a Triassic reef has been 
investigated, concentrating on the reef scale variations. In this specific example, the 
precipitation of marine cements was perv3Sive and laterally extensive, with individual 
cement zones being correlatable both within and between facies. The stable carbon 
and oxygen isotopic compositions of most of the cements do not reflect a primary 
signature, but the results indicate precipitation in the marine environment followed by 
some diagenetic re-equilibration during shallow burial. The marine cementation was the 
most important diagenetic event affecting the porosity of the reef formation, reducing 
it from primary levels of up to SO% to less than 5%. 
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CHAPTER 1 

A review of Processes 

and 

Research Objectives. 



1.1 Jrnt:roduction. 

CHAPTER 1 

A :review of processes and the 

:research objectives of this thesis. 

The first chapter of this thesis serves to introduce the topic of cementation in 

modern and ancient reefs. The succeeding chapters discuss the various processes 

involved in the precipitation of cements within reef frameworks. 

This introduction sets the background from which several research objec­

tives have been defined in Section 1.14. The definition of the term 'cement' is 

given in Section 1.2 and this is followed by an introduction to the interaction of 

cementation with other reef processes (Section 1.3). The field areas are briefly 

mentioned in Section 1.4, and a history of the research on this topic is presented 

in Section 1.5. Section 1.6 outlines the basic prerequisites for cementation to 

occur and Section 1. 7 describes the chemical principles on which the processes 

controlling cementation can be discussed. 

Sections 1.8 to 1.11 discuss, previous work with reference to four major 

questions: 

i) What factors prevent precipitation from supersaturated seawater? 

ii) What factors control the cement mineralogy? 

iii) What factors control the cement morphology? 

iv) What factors control the spatial and temporal distribution of the cements? 

1 



Facies specific controls are mentioned in Section 1.12, and Section 1.13 

compares the cementation processes in modern and ancient reefs. This intro­

ductory chapter is concluded in Section 1.15 with a brief outline of the processes 

considered in the other chapters of the thesis. 

1.2 Cementation in the Marine Environment. 

Many carbonate grains in shallow tropical waters can be seen to be en­

crusted both internally and externally by crystals of calcium carbonate . In 

some cases the encrustation is so great as to actually bind together individual 

grains and hence the term 'cementation'. However, the term 'cement' as used 

in this thesis is not restricted to describing a precipitate which binds grains to­

gether. It is simply defined as a crystalline in situ precipitate. Bathurst (1975) 

similarly defined the term as follows: "Cements include all passively precipitated 

space filling carbonate crystals which grow attached to a free surface". 

1.3 Cementation and Other Reef Building Processes. 

Reefs are sites and products of a dynamic interplay of four main processes 

(Schroeder & Zankl, 1974) : 

1) Construction- by frame building and binding organisms. 

2) Destruction- by biogenic and mechanical processes. 

3) Sedimentation. 

4) Cementation. 
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The emphasis of this analysis should be on the dynamic aspect of reef 

formation; reefs are not just an accumulation of frame builders, binders, users 

and internal sediments. Each process yields several products, i.e. frame builders 

produce skeletal material but also inter- and intra-skeletal voids. Similarly, 

destructive processes produce altered voids and re-sedimented particles. These 

four major processes therefore interact in a highly complex and variable manner 

as envisaged on Figure 1.1. There are, however, some constraints on the system 

which produce a general sequence; these are mainly ecological requirements, 

for example, a secondary framebuilder requires a primary substrate. Boring 

organisms may cause microenvironmental changes which produce a change in 

cement composition, or allow internal sediment to fill further pores due to their 

increased connectivity. The relative intensities of the above processes are an 

important consideration; this in turn depends on environmental parameters such 

as energy conditions, oxicity, light penetration and turbidity. 
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Destruction 

Construction 
by organisms 

by organisms ...----

®l r® 
(j) 8 

Sedimentation 

Cementation 

Figure 1.1 The interaction of the four major reef building processes. The sequence 
naturally has to start with a construction phase, but can then continue 
with a wide variety of events. The emphasis is on the interaction in both 
space and time. (After Schroeder & Zankl, 1974). 
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1.4 Field Areas. 

Samples from three principal field areas have been studied during this 

project. The Holocene reefs of Florida and Belize provide an ideal starting 

point to study the initial genesis of the various cement phases and the processes 

controlling their precipitation. 

The second field area is in the Northern Limestone Alps near Innsbruck, 

Austria. Samples come from a Triassic reef buildup which has undergone several 

major phases of diagenesis in marine, meteoric and burial environments. The 

emphasis in the study of this material has been to describe the spatial and 

temporal distribution of the cements on the reef scale. 

The final study area was a patch reef from the Upper Miocene of Northern 

Spain, near Barcelona. These samples have been used to illustrate the effect of 

diagenesis in the the meteoric environment on the porosity and permeability of 

reefs. A brief description of each field area follows; full details can be found in 

Chapters 2, 5 and 6. 

1.4.1 Florida. 

The majority of the Holocene material has come from cores taken by Gene 

Shinn of the United States Geological Survey through several reefs of the South 

Eastern Florida carbonate shelf (Figure 1.2). Reef growth was initiated approxi­

mately 8,000 years b.p., when the sea level rose above the Pleistocene substrate. 

Some of the reefs were killed approximately 4,000 years ago at the time when the 

Flandrian transgression flooded the present day Florida bay leading to the efflux 

of turbid waters on to the shelf. However, most of the reefs are still growing 
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today. Some of the cores penetrate the underlying Pleistocene reef rock (Section 

2.18). These full cores are augmented by short cores and several hundred hand 

specimens collected from the surface.' of many of the shelf edge reefs. Further 

detailed description of the reefs and associated sediments can be found in Shinn 

et al. (1977) and Robbin (1984). Full core descriptions are given in Chapter 2. 

(Section 2.4, 2.10 & 2.15). 

Belize. 

All of this material, also Holocene in age, has been collected by Robert 

Ginsburg of the University of Miami, from the fore-reef and reef wall of reefs of 

the Belize reef tract (Figure 1.3). Most of the hand specimens were collected 

from a submersible (James & Ginsburg, 1979) and come from an atoll, Glovers 

reef, which is situated some 15 kilometers east of the main shelf-edge barrier 

reef. The samples were collected at depths of up to 100 meters. 

1.4.3 Alpine Triassic. 

These samples come from the Middle Triassic Wetterstein Limestone plat­

form near Innsbruck. The upper part of the platform is dominated by a massive 

reef buildup, the Hafelekar Reef Complex. The location and stratigra­

phy are given in Figure 1.4. This Hafelekar reef has been studied previously by 

Bradner & Resch (1981), and a full description of the reef palaeoecology and a 

summary of the diagenesis is given therein. 

Hand specimens were collected from all the major reef areas, including fore­

reef, reef fiat, reef core and back-reef facies. These samples have been studied 

m an attempt to correlate the cementation history across the reef. Detailed 
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description and petrography are given in Chapter 6. 

1.4.4 Miocene of Northern Spain. 

This final field area was in the Upper Miocene strata, near Barcelona, Spain. 

A location map is shown in Figure 1.5. One specific patch reef, previously 

described by Permanyer & Esteban (1973) formed the major part of this study. 

This reef is very well exposed in a disused quarry and shows all the characteristic 

stages of development as identified by James (1979). The reef therefore shows 

a good variation in depositional character on to which the diagenetic effects are 

superimposed. Seventy hand specimens were collected in a regular fashion from 

the major units exposed on the quarry faces. The porosity and permeability of 

these samples were measured, with the intention of using that data to constrain 

mathematical models of the hydrology on the reef scale. (Section 5.7). The 

emphasis has been to characterise the porosity and permeability variations on 

the basis of both the original depositional character and the diagenetic overprint. 
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Figure 1.2 Main features of the Florida Keys and the Florida Reef Tract. Samples were collected 
from two areas, marked with an '*', namely Alligator Reef and Dry Tortugas. (Map from 
Miilter, 1977. 
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Figure 1.3 Map of the Belize continental Margin, showing the main features of the Belize Reef Tract. 
The material studied comes from the east side of Glovers reef. (From James & Ginsburg, 
1979). 
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1.5 Previous Research on Cementation in Modern and Ancient Reefs. 

It was only in the late 1960's that it was first realised that the cement 

crystals observed in ancient reef cavities were also present in living reefs and 

were therefore precipitated in the submarine environment. (Ginsburg et al., 

1967; Ginsburg & Schroeder, 1969). Since that time there have been a multitude 

of reports in which observations of submarine cements have been documented 

from living reefs worldwide. Early descriptions of these cements can be found 

from reefs of Jamaica (Macintyre et al., 1968; Land & Goreau, 1970), from 

Panama (Macintyre, 1977), from the Red Sea (Amiel et al., 1971; Friedman et 

al., 1974), and from Mexico (Hoskin, 1971). Further descriptions can be found 

from reefs of the Great Barrier Reef (Marshall & Davies, 1981; Marshall, 1983a, 

1983b), Brazil (Jindrich, 1983), Bermuda (Ginsburg et al., 1971; Schroeder, 

1972a) and Belize (James & Ginsburg, 1979). Although a wide variety of cement 

morphologies is observed, there are essentially only two CaC03 mineralogies that 

precipitate from modern shallow seawater: aragonite and magnesium-enriched 

calcite. The most common areas to be cemented are the intra-skeletal cavities of 

the reef building and dwelling organisms. Here the chemical microenvironment 

is suitable for the precipitation and growth of crystals and the turbulence is low. 

Inter-skeletal voids are also cemented, but this is generally less common as even 

slight turbulence and mechanical abrasion will destroy the fragile early crystals. 

Much of the present literature concerning the controls on the precipitation of 

cements in reefs and associated sediments is summarised in Bathurst {1980), 

and James & Choquette {1983), who both also discuss diagenetic zones other 

than the modern submarine environment. 
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1.6 Prerequisites for Cementation. 

From all the literature available on cementation in the marine environment, 

a number of basic prerequisites can be identified. The cementation process will 

not occur unless the following conditions are satisfied : 

i) There is a suitable stable substrate. From a thermodynamic point of view, 

homogeneous nucleation, or nucleation direct from the solution without a 

substrate, is energetically unfavourable. Therefore, a substrate is necessary 

so as to allow heterogeneous nucleation to occur. 

ii) There is a lack of mechanical abrasion. The delicate early crystals can be 

destroyed easily by mechanical abrasion. As mentioned above, therefore, 

the most common areas for cementation to occur are within intra-skeletal 

cavities. Grainstone sediments are rarely cemented to the same extent as 

framestone porosity in adjacent areas. Hardgrounds, notably, form several 

centimetres below the sediment water interface (Dravis, 1979), in a zone 

where there is little or no physical movement of the grains. 

iii) The seawater is supersaturated. It is now accepted that aragonite and high 

magnesium calcite are precipitated from water of normal marine compo­

sition (Ginsburg & Schroeder, 1973). Clearly, however, for precipitation 

to occur, the water must be supersaturated with respect to the mineral 

in question. This is indeed the case for shallow water in the tropical belt 

(Pytkowicz, 1965; & Takahashi, 1966; Alexandersson, 1972). 

iv) Water exchange is possible. A simple calculation of the molarity of the 

supersaturated seawater with respect to calcium and bicarbonate ions indi­

cates that many thousand pore volumes of pore water have to pass through 
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a pore in order to fill it with cement (Bathurst, 1975). As only that calcium 

carbonate above the saturation level will be removed from the solution, and 

as that process is likely to be quite ineffecient, this figure can probably be 

raised to the order of 100,000 pore volumes. Clearly, therefore, cementa­

tion will only occur in areas where there is an active pumping mechanism to 

force the large volumes of water through any body of sediment. Reefs are 

an excellent example of an area where there is likely to be a suitable hydro­

dynamic regime. The modern reefs of Florida have substantial relief over 

the sea floor and typically grow in the highest energy conditions located 

along the shallow shelf margin. Wave energy, tidal pumping and currents 

all contribute to the flow through reef porosity. 

v) The pore waters must be oxygenated. 

In small enclosed pores, available oxygen may be rapidly depleted by the 

decay of organic matter. Whilst this decay may well contribute to the pre­

cipitation of calcium carbonate, Zankl & Miilter (1977) found that pore 

waters from cemented areas were apparently higher in oxygen content than 

those from areas with no evidence of cementation. 

vi) Some considerable time must pass. This is not as obvious as it may seem at 

first. Even in the high energy shelf edge conditions, the cementation process 

will be very slow. The total percentage of cement in any reef accumulation 

will be dependent on the rate of growth of the reef. The latter does depend 

on the rate of change of sea level, although it is known that reefs can accrete 

laterally when sea level is constant. (Hubbard et al., 1986). As the rate 

of growth increases, the total volume of reef formccl in a fixed period of 
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time will also increase, but the rate of precipitation of cement will remain 

constant. Hence, cementation may appear to be less pronounced at times 

of rapid reef growth. 

1.7 Chemical Principles and the Supersaturation State. 

1.7.1 Introduction. 

The inorganic carbonate system interacts extensively with an organic and 

biogenic carbon cycle as indicated on Figure 1.6. Input from the organic cy­

cle to the precipitated cements is generally quite rare, particularly in the reef 

environment where the turbulence and oxygenated conditions mean that any 

organic matter is rapidly destroyed by the many microorganisms. When direct 

input of organically derived carbonate does occur, it is usually easy to identify 

as the product will have a 'light' carbon isotopic composition. The question of 

organic and biogenic input to the cements of modern reefs is discussed further 

in Chapter 3. 

1.7.2 Dissolved carbonate equilibria. 

A thorough understanding of the process of the precipitation of the cements 

from seawater ought to be based on a knowledge of the thermodynamic and 

kinetic principles involved. This topic is dealt with in a rigorous fashion by 

Stumm & Morgan, (1970), but a brief outline of the principles is described 

below. 
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THE TERRESTRIAL CARBON SYSTEM MAJOR RESERVOIR AND FLUXES 

Figure 1.6 The interaction of the inorganic and organic J biogenic cycles. (From Arthur 
& Anderson, 1983). 
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The starting point is a model system involving carbonate species dissolved 

in pure water. Initially, it is assumed that there is no gas phase, or in other 

words, the system is closed to the atmosphere. 

Six chemical species are then involved, (Stumm & Morgan, 1970) these are 

C02, H2COs, HC03, H+, and OH-. The chemical equilibrium ought 

therefore to be described by a minimum of six equations. In fact, the total 

dissolved C02, whether as C02 (aq) or in its hydrated form as H2C03 , can 

be defined as H2C03. The number of species is therefore reduced to five and a 

complete description of the system can be made using the following five chemical 

equilibria : 

K 1.1 

1.2 

nco; + n+ 1.3 

1.4 

1.5 

The equilibrium constants (K) define the position of each reaction at ther-

modynamic equilibrium. For equation 1.2, for example : 
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where [ .... ](eq) means the concentration of the species inside the square 

brackets, at equilibrium. IT this model aqueous system is now opened to the at­

mosphere, an extra equilibrium relationship between the gas and solution phases 

has to be considered: 

1.6 

The next stage involves the addition of metal ions to the system; in this case 

calcium carbonate precipitates are being studied, and extra equilibria can be 

defined to represent the interaction of the calcium ions with the other aqueous 

spectes: 

Kso 

CaC03(s) + n+ Ca2+ + HC03 

CaC03(s) + H2co; Ca2+ + 2HC03 

CaC03(s) + H20 + C02(g) Ca2+ + 2HC03 

CaC03(s) + 2H+ Ca2+ + C02(g) + H20 

CaC03(s) + 2H+ Ca2+ + H2co; 

1.7 

1.8 

1.9 

1.10 

1.11 

1.12 

Equation (1. 7) is the standard solubility relationship for calcium carbonate. 

The equilibria described in equations (1.8) to (1.12) simply indicate that the 

solubility of calcium carbonate can be characterised by different experimental 

variables. For example, the solubility equilibrium for calcium carbonate can 

be defined from a knowledge of pC02 , [Ca2+], and [H+] - equation (1.11), or 

from pC02 , [Ca2+], and [HC03]- equation (1.10). These parameters are easier 

to determine analytically than is the concentration of a figure which 

would have to be known in order to make calculations on the basis of equation 
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(1.7) alone. The above equilibria, (equations (1.1) to (1.12)), accurately and 

completely describe a model aqueous calcium carbonate system in contact with 

a gaseous phase. In a real system, however, there are a number of complicating 

factors which have to be considered: 

i) Seawater. 

In seawater, the activities of the various species described above are gen­

erally less than the measured concentrations. This is due to the formation of 

complexes or ion pairs with the other ions in the sea water. Effectively, not all 

of the analytically determined concentrations of the various ions are available 

for reactions. This is a vital consideration to take into account when making 

calculations involving carbonate equilibria in natural waters. 

ii) Kinetic Considerations. 

All of the ionised equilibria m the carbonate system are attained very 

quickly, in fractions of a second. Somewhat slower is the attainment of the 

equilibrium in the hydration of C02 : 

1.13 

This can, therefore, lead to many situations where the water is out of equilibrium 

with the atmosphere. Hence, it can be seen that although the thermodynamics 

provides information about the equilibrium position of any reaction, in order to 

gain a quantitative understanding of the products, it is essential to consider the 

kinetics of the system also. 
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1. '1.3 'Jl'he supersaturation state. 

This factor is quantifiable using the parameter fl, calculated as follows: 

aCa2+ X aCo2 -
fl= 3 

Kso 
1.14 

Note that it is activities (a) of the ions that is being considered, this repre-

sents the real available or effective concentrations as described in Section 1.7.2. 

Kso is the standard solubility product as defined in equation (1. 7). The value 

of fl is calculated relative to the solubility product of the mineral concerned; in 

this case relative to aragonite or high-magnesium calcite. The solution is super-

saturated when fl > 1. There is very little data available on the supersaturation 

state of waters around the Florida shelf or Bahaman platform. What there is, 

however, indicates that the sediment pore waters are up to 300% supersatu-

rated with respect to both aragonite and high magnesian calcite (Morse et al., 

1985). There are problems, already alluded to above, in the interpretation of 

these data, as it is not clear whether the observed saturation states represent a 

metastable equilibrium between the sediment and the pore waters or whether 

they are dominated by the kinetics of the system. It is not certain that the pore 

waters are in contact with the sediments for a long enough period of time in 

order for the saturation state to reach a steady state value. 

However, it does appear that the waters are supersaturated with respect 

to all the carbonate phases of interest. This supersaturation state is thermo-

dynamically metastable and precipitation should therefore occur. Although ho-

mogeneous nucleation is unfavourable, heterogeneous nucleation should be en-

ergetically possible and yet the supersaturation state still prev<tils. The reasons 

18 



for this are discussed in greater detail in the following section. 

1.3 Factors Preventing Precipitation from Supersaturated Seawater. 

1.3.1 Nucleation energies. 

Formation of a precipitate is a combination of two processes; nucleation and 

crystal growth. Distinction between the two can be made from an understanding 

of the energetics of crystallisation. A large excess of energy is required to create a 

new surface; this is related to the interfacial free energy and it is this whichforms 

a barrier to nucleation, (Figure 1. 7). For crystals larger than a few microns, the 

interfacial free energy is negligible in relation to the bulk free energy and can 

therefore be ignored. The energy of formation of a crystal varies as a function 

of the number of atoms in the nucleus as in Figure 1.7, and is also dependent on 

the supersaturation state. Increasing 0 causes a decrease in the energy required 

to form a crystal. 

The interesting point about Figure 1. 7 is that crystallisation initially re­

quires an increase in free energy due to the creation of a new surface. This 

process is the nucleation phase. The maximum point on the curves is a 

position of equilibrium, where the solution is saturated with respect to crystals 

of a critical size (n). Only when they reach this size, and overcome the energy 

barrier can the process of growth take over. Further increase in size is 

accompanied by a decrease in free energy and is therefore thermodynamically 

favoured. A rigorous theory can be found in Berner, (1980). 
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Figure 1. 7 Plot of free energy of formation of a single crystal as a function of the 
number (n) of atoms, ions or molecules in the crystal. There is an energy 
barrier to the nucleation which corresponds to a critical size nucleus 
( n *). Once the nucleus is larger than n *, the process of crystal growth takes 
over from nucleation. Note that the free energy barrier is lower at higher 
supersaturation states. (From Berner, 1980). 
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Homogenous nucleation requires the subcritical size nuclei to attain the 

extra energy (..6.G*), in order to grow. The kinetics of such a process in natural 

systems are such that it is most unlikely that homogenous nucleation would occur 

(Wollast, 1971). However, there are an abundance of stable nuclei on which 

heterogeneous nucleation could occur. In this process, the seed crystals provide 

a substantial amount of the excess energy required for growth to occur. As there 

is no need to create an entirely new surface, the energy barrier is therefore much 

reduced, though not necessarily zero. In the ideal situation, where the seed 

and potential precipitate are of the same mineralogy, the nucleation energy is 

minimal and the crystallisation process is then essentially pure growth. It should 

therefore proceed easily under natural conditions, until the concentrations are 

reduced below saturation levels. Nevertheless, the supersaturation state prevails, 

and there must therefore be some other processes inhibiting the precipitation. 

1.8.2 Physical barriers. 

It has been suggested that there may exist a coating of mucilagenous or­

ganic material covering all suitable substrates and thereby physically preventing 

contact of the calcium and carbonate ions with a potential substrate surface 

(Berner et al., 1978). The nature of this material, if it exists, is poorly known, 

though there have been reports of fulvic or humic acid type substances (Berner 

et. al., 1978). As mentioned above, the highly turbulent and oxygenated na­

ture of the environment means that any organic matter is unlikely to remain 

intact for any substantial period. In order to act effectively, a coating which is 

deposited from the water would have to have a substantial thickness, perhaps 

sooA (500x 10- 10metres). The surface area of carbonate sediments is very high, 
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up to 5m2g- 1 , (Walter & Morse, 1984b; Appendix 5), this therefor!'! implies a 

large volume of organic matter: 

If the likely range of density for the organic matter is 1 to 2 gem - 3 , then this 

implies a range of 25 to 50% by weight organic matter. It is clearly 

the average organic content 
"'VOL4\J. 

of modern reefal sediments · be as.\.50%, and 
h 

as the total extractable organic matter from a 8000 year old reef rock (Chapter 

4) is less than 0.1 %, it seeems unlikely that this process would be effective. 

Jl..8.3 Biogenic inhibition. 

One might expect the calcareous organisms to have their own protection 

against external precipitation on their shell or skeletal material. This protection 

would most likely be some sort of membrane, and because it would be biogeni-

cally secreted it might be effective at a normal membrane thickness of perhaps 

50 to 100A. This would then imply a more reasonable level of organic matter in 

the sediment. However, as mentioned in Section 1.8.2, this organic coating will 

not survive for long periods of time after the death of the organism. Indeed, 

precipitation of cements in coral skeletons has been observed to occur within 

millimetres of the living surface (Hubbard, 1972), indicating that any inhibitory 

effect is particularly short lived. There are also many very important biogenic 

and organic effects which serve to catalyse or promote the precipitation of these 

cements. This topic is discussed in Section 4.3. 
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1.8.4 Inorganic inhibition. 

A number of inorganic ions have an inhibitory effect and can retard and even 

prevent the precipitation and growth of calcite and aragonite (Reeder, 1983). 

i) Magnesium ions. Both dissolution and precipitation kinetics are inhibited 

by magnesium ions, as shown by experiments involving the flow of solutions 

over calcium carbonate (Weyl, 1967). Berner (1975), found that magnesium 

had no effect on the precipitation kinetics of aragonite but had a very 

marked retarding effect on the precipitation of calcite. Magnesium ions are 

known to fit easily into the lattice of calcite but are not incorporated into 

the aragonite lattice. As the magnesium ion is smaller than the calcium 

ion, it has a higher surface charge and so attracts a larger hydration sphere 

than calcium. The reason for the inhibitory effect is thought to be related 

to the higher energy required to dehydrate the magnesium ions as they are 

incorporated into the calcite crystals. As magnesium ions do not fit into the 

aragonite lattice, they do not have any effect on its precipitation kinetics. 

ii) Phosphate ions. Orthophosphate in solution has also been found to inhibit 

seeded growth of calcite. The results indicate that ions are adsorbed on 

to the crystal surface and inhibit precipitation simply by blocking active 

nucleation and growth sites (Berner & Morse, 1974; Reddy, 1977). 
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1.9 The lFa.dors Controlling Cement Mineralogy. 

1.9.1 Thermodynamic control. 

Many experiments have been undertaken using simple solutions and sea­

water to try and determine which cement mineralogy is the most stable under 

natural conditions. The system is complex, with many interacting inhibitory 

effects (Section 1.8). In particular, the kinetic inhibition of the precipitation 

of calcite by magnesium ions means that the precipitation of aragonite may be 

kinetically favoured though not necessarily thermodynamically preferable. 

The most recent work (Walter & Morse, 1984a), suggests that aragonite is 

thermodynamically equivalent to a calcite with approximately 12 mole% mag­

nesium as magnesium carbonate. Hence, a magnesium calcite with more than 

12 mole% magnesium will be less stable than aragonite. This lowered stability 

in the solid state leads therefore to an increased solubility. Although the ex­

perimental figures do vary (Morse, 1974; Plummer & Mackenzie, 1974; Walter, 

1983; Walter & Morse, 1984a), it is clear that the solubility of calcite will in­

crease as the magnesium content increases and so at some point, a magnesium 

calcite phase will become less stable than an aragonite one. This effect is related 

to increased lattice strain (Chave et al., 1962), due to the incorporation of the 

smaller magnesium ions into the calcium and carbonate layers. As the process 

of crystal growth is a balance between dissolution and precipitation reactions, 

the growth rate of calcite will become progressively more inhibited as the mag­

nesium content increases, leading to a kinetic advantage for the precipitation of 

aragonite. Again it should be emphasised that it is important to analyse the 
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thermodynamic state of the system, but it is equally important to realize that 

the thermodynamics do not tell us anything about the rates of various reactions. 

It is this information about the kinetics which is essential to the understanding 

of the products. 

1.9.2 Organic and biogenic controls. 

There are several references in the literature concerning both intra- and 

extra-cellular skeletal production, which describe the interaction of high molec­

ular weight complex organic molecules with the precipitation of the inorganic 

phases. (Hayes & Goreau, 1977; Degens, 1979; Simkiss, 1986). These papers de­

scribe the association of proteinaceous carrier molecules with glycoprotein based 

mineralising matrices. These matrices are thought to be capable of chelating 

Ca2+ and ions in specific stereochemical geometries such that a partic­

ular cement mineralogy is preferred. Hence ions held in a 9-fold coordination 

geometry will nucleate aragonite and ions held in a 6-fold coordination geometry 

will p.ucleate calcite (Degens, 1976). 

A second form of control which is apparently exerted by some organisms 

is through their ability to exclude certain ions from their intra-cellular spaces. 

Hence, the ability of corals to nucleate only aragonite seeds, rests in their ca­

pacity to exclude magnesium ions from the site of intra-cellular skeletogenesis 

(Degens, 1976). 

As discussed in previous sections concerning the effect of organic matter on 

the precipitation of cements, the effects are only likely to occur over relatively 

short periods of time after the death of the organisms. Nevertheless, there 

exists the possibility that the controls discussed above may have a significant 
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effect on the mineralogy of nuclei on which further growth of cements may occur 

by purely inorganic processes. This leads to the concept of the physical control 

of substrate mineralogy on the mineralogy of the growing cements. 

1.9.3 Substrate control. 

It is often apparent that cements of a particular mineralogy are preferen­

tially precipitated on to a surface of the same mineralogy (Alexandersson, 1972; 

Ginsburg & Schroeder, 1973; Bathurst, 1980). This phenomenon is by no means 

exclusive and exceptions certainly do occur, (Ginsburg et al., 1971). Interlam­

ination of cements of different mineralogies also occurs (Bathurst, 1980). The 

reason for this common preference is due to energetic considerations (Section 

1.8.1). The closer the similarity of the substrate and cement in terms of their 

structure at the atomic level, the lower will be the activation energy barrier to 

the creation of a nucleation centre. This concept is taken to its extreme in cases 

where cement crystals are seen to grow in optical and therefore lattice continuity 

with their substrates. 

1.9.4 Other physical controls. 

A further physical effect that can potentially determine the mineralogy of 

the precipitated cement is the rate of supply of co;- ions, (Given & Wilkinson, 

1985). They suggest that high rates of supply produce aragonite, whereas lower 

rates of supply may lead to the precipitation of magnesian calcite. This there­

fore explains a common observation that magnesian calcite follows aragonite in 

individual pores. At first, fluid flow through a cavity is high, and therefore the 

rate of supply of co;- ions is also high and so aragonite precipitates. As the 
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pore throats become progressively more restricted by the precipitation of the 

cement, the fluid flow decreases to a point where the supply rates decrease far 

enough for the precipitation of magnesian calcite to be preferred. 

1.10 The Factors Controlling Cement Morphology. 

1.10.1 Surface charge effects. 

Lahann (1978) suggested that surface charge effects may be able to control 

calcite crystal morphology. The surfaces of calcite crystals at seawater pH will 

have a net positive charge simply due to the fact that there is an excess of cations 

to anions for the calcium carbonate system. The Ca2+ /HC03 ratio in seawater 

is about 4 and if magnesium ions are included then the cation to anion ratio 

rises to about 26 (Turekian, 1969). This theory is confirmed by the experiments 

of Somasundaran & Agar (1967), which showed that for pH< 8, calcite rhombs 

acquire a net positive charge. The crystallographic orientation of the anions and 

cations allows differences in the surface potential to be developed on different 

faces. For calcite in particular, it appears that the highest charge density will 

be on the c-axis faces. Crystal growth will be dependent on the rate of supply of 

the ions in lowest concentration (Doremus, 1958; Lahann, 1978), in this case the 

carbonate or bicarbonate anions. The c-axis faces, having the highest positive 

charge, will attract the largest number of anions and therefore the growth of the 

crystal will be fastest in a direction . -·to the c-axis. This hypothe­

sis accounts for the observation that most submarine cements are acicular with 

the c-axis being the longest dimension. The above argument is for calcite, and 
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although less is known about the kinetics of aragonite precipitation, by analogy, 

this also explains the acicular nature of marine aragonite precipitates. There 

are, however, several examples of cements which are undoubtedly precipitated 

in a marine environment, but are not acicular in morphology. Microcrystalline 

aragonite has been observed from the Great Barrier Reef (Marshall, 1983a), and 

is present in grapestones (Illing, 1954). Microcrystalline high magnesium calcite 

precipitates are ubiquitous. In these cases the microcrystalline morphology can 

be explained by considering relative rates of nucleation versus rate of crystal 

growth. In the acicular cements, crystal growth occurs on an individual or a few 

nucleation centres; so the rate of growth is rapid compared to the rate of nucle­

ation. In contrast, in the precipitation of microcrystalline cements, nucleation 

rates are very high compared to the rate of crystal growth. Hence, many nuclei 

form and then do not have the chance to grow to any substantial size, leading 

to the development of a fine grained texture. 

1.10.2 Substrate control on morphology. 

In some coral skeletons, microcrystalline aragonite occurs in pores where 

there is plenty of room for the crystal to grow larger. This is probably due 

to an effect on the nucleation rates as mentioned above. This effect may be 

attributable to the involvement of a Ca2+ binding organic secretion from the 

corals which may enhance the nucleation rate. Further discussion on the possible 

role of organic matter is given in Chapter 4. Constantz (1986), has shown that 

the micro-architecture of coral skeletons affects the dissolution susceptibility of 

the aragonite and it may also therefore affect the morphology of the cements 

precipitated. 
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1.10.3 Magnesium poisoning. 

Lahann (1978) and Folk (1974) have discussed the effects of magnesium 

poisoning the calcite lattice and enhancing growth in the c-axis direction es­

sentially by inhibiting growth on the other faces. The magnesium ion, being 

smaller than the calcium ion, causes a distortion of the lattice whenever it is 

incorporated into the growing layers. This distortion results in further growth 

around the incorporated magnesium ion being difficult. The calcium and car­

bonate ions are formed in layers perpendicular to the c-axis, and according to 

Folk (1974), the incorporation of a magnesium ion into a position at the edge of 

a growing cry.stal causes more distortion (due to a lower coordination number), 

than if it was incorporated into the middle of a continuous layer of calcium ions. 

Therefore, growth in directions other than parallel to the c-axis is inhibited, and 

acicular crystals are formed. 

1.11 The Factors Controlling the Spatial and Temporal Distribution 

of the Cements. 

1.11.1 Spatial distribution. 

Many studies have shown evidence that the cementation patterns are ex­

tremely inhomogenous on a variety of scales. On the whole shelf and regional 

scales, there does seem to be a correlation between higher energy and greater 

cementation. Hence, the shelf edge environments tend to show more evidence 

of cementation than do the shelf interior facies, (Marshall, 1985). Similarly, the 

seaward edge of reefs is commonly cemented to a greater extent than the shore-
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ward edge, (James & Ginsburg, 1979). However, on the smaller scales of the 

core, hand specimen, and thin-section, the degree of cementation is extremely 

irregular. This inhomogeneity is obvious right down to the scale of individual 

pores, where widely differing volumes of cement are observed within adjacent 

pores. 

It appears that there is a whole hierarchy of scales on which this irregularity 

of cementation occurs and this variety is probably due to the complex nature 

of the pore systems in reef rock. There exist many different types of connected 

and non-connected pores in the reef framework; this variety is greatly enlarged 

by the activity of boring organisms, which serve to increase the connectivity 

of the pores, and the effects of sedimentation which tend to block pores. The 

cementation process itself also has an effect on the pore network, a sort of 

negative feedback. This complexity of interaction is that which was discussed 

previously (Section 1.3). The emphasis again has to be not only on the static, 

spatial interaction of these processes but on the dynamic aspect, the interaction 

over time. This concept leads to an understanding of the way in which cement 

generations of different mineralogies can be seen to be superimposed in some 

pores. H there is an area in which aragonite is being deposited and this area 

becomes open to a different or evolving chemical environment, perhaps through 

the action of some boring organism, then in the new environment it may be 

preferable for a magnesian calcite to precipitate. So, although it may be difficult 

to understand the reasons for a sudden change in cement mineralogy from the 

frame of reference of an individual pore, the controlling factors become more 

obvious from a dynamic point of view. In order to explain this irregularity, 

the concept of the 'microenvironment' has been developed Schroeder, (1972a). 
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Hence, it is suggested that where different volumes or even different morphologies 

of cement are present in adjacent pores, that the microenvironments in the pores 

are actually different. These microenvironments are considered to be under both 

chemical and permeability control. 

.n. . .n..n..2 Chemical microenvironments. 

There are several examples in the literature where it is suggested that ad­

jacent pores have different pore water chemistries. This is particularly the case 

when micro-organisms are thought to be involved (Schroeder, 1972b). This 

concept appears to create something of a paradox. In order to fill a pore with 

cement, it is necessary to pass through many thousands of pore volumes of water 

(Section 1.6). This therefore implies a highly 'open' and permeable pore system. 

However, the concept of a chemically varying microenvironment implies that the 

system is at least partially closed . 

.n. . .n..n..3 Permeability control. 

The complexity of the biogenically formed skeletons leads to an equally 

complex pore system which can be modified by other processes (Section 1.11.1). 

This produces a great variability in the pore scale permeability and a widely 

ranging pore water flux throughout the reef framework, from pores which are 

highly turbulent to those which are essentially stagnant. This aspect of microen­

vironmental permeability has received very little attention in the literature and 

is followed up in a quantitative manner in Chapter 5. 
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1.11.41: Temporal distribution. 

All of the prevtous discussion has been concerned with the controls on 

the precipitation of cements in the initial submarine environment. The tempo­

ral distribution of cements within any particular reef is entirely dependent on 

the temporal variation in the fluids occupying and flowing through the forma­

tion. These in turn are dependent on the diagenetic zones through which the 

reef passes. There are two further zones in which large volumes of cement are 

precipitated, the meteoric (phreatic and vadose) and the burial environments. 

Some description of meteoric cements is given in the petrographic description of 

samples collected from cores which penetrated the Pleistocene substrates of the 

Florida Holocene reefs. Prior to the Flandrian transgression, these substrates 

were exposed and therefore subject to the effects of meteoric waters. The basic 

physico-chemical controls on the precipitation of these cements are assumed to 

have been similar to those discussed above. 

On a shorter timescale, however, there may be some evolution of the pore 

water passing through a formation as it interacts with the solid phases present. 

Although there is unlikely to have been any evolution of the pore waters pass­

ing through the modern reefs of Florida, progressive evolution of pore waters 

has recognised in some ancient formations (Dickson & Coleman, 1980), 

and this aspect is investigated in the study of a Triassic buildup presented in 

Chapter 6. If the rate of evolution of the chemistry of the pore waters is fast 

relative to the speed of movement through the formation then this can lead to 

an interesting and complex temporal control on the spatial distribution of the 

diagenetic products (Pingitore, 1982). 
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1.12 Facies Specificity and Regional Cement Distribution. 

There are only a limited number of studies of the larger scale and regional 

distribution of cements within reef systems. Those that do exist indicate that 

cementation is essentially restricted to the seaward margins of shelf edge reefs 

and that reefs shorewards of the shelf edge tend to show very few signs of lithifi­

cation (James & Ginsburg, 1979; Marshall, 1985). James et al. (1976) suggested 

a facies and fabric specificity in the diagenetic products within cavities of the 

Belize Barrier reefs. Most of these observations can be explained on the basis 

of more fundamental controls. Hence, grainstones can be cemented to a greater 

extent than adjacent framestones due to their greater permeability and the con­

comitant greater flux of water. Conversely, in areas of very high energy, such as 

shelf edge reefs, although there is evidence of cementation in the reef framestone 

facies, the interstitial and cavity filling grainstones are commonly not cemented. 

This observation is probably best explained by the fact that the environment is 

so turbulent that the grainstones are constantly in motion and the mechanical 

abrasion destroys any cement crystals before they have chance to develop. 

1.13 Ancient Reefs. 

All of this introduction has been concerned with the controls on the pre­

cipitation of cements in modern reefs and therefore during only the very earliest 

stages of the diagenetic history. Much of the thesis is devoted to examining 

this aspect of cementation in reefs and associated facies; the initial controlling 

factors, the products, and their spatial distribution. 

Chapter 6, however, presents a study of the diagenetic history of a Triassic 
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reef buildup. The emphasis in this chapter is not on understanding the controls 

on the initial precipitation, but to concentrate on the nature of the products and 

their spatial and temporal distribution. Although it is assumed that many of the 

basic physico-chemical controls on the cementation process were the same in the 

ancient seas, it is clear that the sea water chemistry may have been different in 

the past and hence, may lead to differences in the chemistry and the mineralogy 

of the precipitated cements. 

According to Sandberg (1983), aragonite was probably the most stable 

phase during the Triassic, so the original cement mineralogies may have been 

similar to those precipitating in modern reefs. However, the detailed geochem­

istry may have been different in the past and many diagenetic alterations might 

be expected to have occurred since the Triassic. In conclusion, there is little 

point in trying to compare the specific products of the modem and ancient 

environments. However, it is useful to study the diagenetic history and the dis­

tribution of the products observed in the ancient examples with the knowledge 

and understanding of the factors controlling the initial diagenetic events in the 

depositional environment. 
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1.141: Research Objectives. 

From the previous discussion of the past literature concerning the controls 

on the precipitation of cements in modern and ancient reefs, it is apparent that 

there are a number of areas which deserve further study. This thesis is, therefore, 

dedicated to gaining an understanding of the following processes: 

i) The degree of biogenic control on the precipitation of cements. 

ii) The role of organic matter, whether direct or indirect, on the precipitation 

of cements. 

iii) The factors controlling the distribution of cements on all scales. 

iv) The nature of the timing and distribution of cementation in ancient reefs. 

1.15 Chapter Outlines. 

Chapter 2 describes the petrography of modern reef material from Florida 

and Belize in terms of the reef constituents and the relationships of the cements 

to them. This leads to the development of an idea of the relative intensities of 

the major reef forming processes as described in Section 1.3. The distribution 

of these exclusively marine cements is described on a range of scales, from the 

thin-section to the regional level. 

Chapter 3 discusses the problem of the possible control of biogenic effects 

on the cementation process. It clarifies the role of reef building and dwelling 

organisms in the precipitation of cements. 

Chapter 4 considers the possible involvement of organic matter in the pre­

cipitation of cements. The topic is discussed from several points of view; whether 

the organic matter contributes directly to the inorganic carbonate of the ce-
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ments, or whether it simply acts in a mediatory fashion. A rigorous analysis is 

made of the organic matter associated with one particular cement phase from 

the Holocene of Florida. 

Chapter 5 is a study of the hydrodynamics of the cementation process 

and uses mathematical modelling to investigate the degree of control exerted 

by the permeability of the reef rock on the pattens of cementation. Poroperm 

data from samples of the Miocene patch reef described in Section 1.4.3 are 

used to investigate the possibility of modelling the flow characteristics on a reef 

scale. The porosity and permeability data are described in terms of both the 

depositional facies and the diagenetic overprint. 

Chapter 6 is a study of the diagenetic history of a Triassic reef. The detailed 

geochemistry of the cements is used to try and determine the environment of 

precipitation and to describe the diagenetic events which have occurred since 

the original deposition. Correlation of the cement phases across the whole reef 

body leads to an understanding of the timing of the cementation process on the 

reef scale. 

Chapter 7 concludes the thesis with a discussion of the major controls on 

the cementation process and attempts to provide a conceptual model to account 

for the geochemistry and distribution of cements on a variety of scales. The 

implications for the development of carbonate petroleum reservoirs within reefs 

and associated facies is briefly discussed. 
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CHAPTER 2 

Petrography of Recent and Pleistocene 

Reef Rock from Florida and Belize. 

2.1 Introduction. 

This chapter describes the petrography of Holocene reef rock from Florida 

and Belize. It is introduced with a general description of the regional and local 

settings of the Florida reefs and this is followed by a detailed description of 

one particular reef, 'Alligator reef' from which most of the material studied 

was collected. The components of the limestones are described separately, with 

emphasis on the cements and the porosity in which they are precipitated. The 

intensity of the various reef forming processes and the degree of interaction 

between them has been evaluated, again concentrating on the interaction of 

the cementation processes. The distribution of the cements is discussed on a 

variety of scales, fromthat of the thin section to the reef as a whole. A similar 

full description is given of the Dry Tortugas reef materials, highlighting the 

differences between them and the Alligator reef samples. A further section 

describes the reef rock of Belize, again comparing the characteristics with those 

of the Florida reefs. 

The chapter concludes with a discussion of the controls on the cementation 

processes in the various reef settings. A provisional model to account for the 
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distribution of the cements is presented, setting the background to the next 

three chapters, in which the processes controlling cementation are investigated 

in more detail. 

2.2 The Holocene Reefs of Florida. 

2.2.1 Regional setting. 

The Holocene features of the South Florida carbonate shelf are the latest 

development in a long history of shallow water carbonate deposition in the area. 

The carbonate producing region is extremely large, being bounded by Cuba in 

the south, by the deep Atlantic ocean to the east, the Gulf of Mexico to the 

west and clastic sediments to the north (Figure 2.1). 

Three major areas of shallow water sediments exist today: the S. Florida 

Platform, the Great and Little Bahama Banks and the Cay Sal Bank (Figure 

2.1). These are separated by channels of bathyal depth (1-4000 metres), namely 

the Straits of Florida, Providence Channel, Nicholas Channel, Tongue of the 

Ocean and Exuma sound. Water depths on the positive features are generally 

less than 15 metres and only a very small proportion of the region is land, all of 

which has very low relief. 

According to Applin (1944; 1951), the area has been one of predominantly 

shallow water carbonate deposition since the Jurassic and there exists up to 11 

kilometres of sediments above pre-Jurassic basement. Ball (1967) suggested that 

the presently observed topography is the result of exaggerated structural relief 

created by post Early Cretaceous faulting (Sheridan et al., 1981). An alternative 
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hypothesis is that the deep water basins originated as grabens in the rift stage of 

the Atlantic and have remained as negative features ever since (Mullins, 1977). 

For fuller details of the geological history of the area see Enos & Perkins (1977) 

and for a discussion of the origin of the Bahama Platform see Schlager et al. 

(1985). 
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Figure 2.1 Regional location map of the Florida-Bahamas carbonate province. (From 
Enos & Perkins, 1977). 

40 



2.2.2 Florida local setting. 

The area is an example of a rimmed shelf (Ginsburg & James, 1974) and 

1s characterised by the development of reefs and sandbodies along the shelf 

margin. The shelf is between 6 and 35 km. wide and is approximately 300 

km. long, forming an arcuate strip parallel to the Florida Keys (Figure 2.2). 

Carbonate sediments are also accumulating in Florida Bay, west of the Florida 

Keys. Holocene sediment thicknesses on the Florida shelf are generally less than 

1 metre except along the lower Florida Keys to Dry Tortugas, and at the shelf 

edge where reef development is significantly thicker. The topography seaward of 

the shelf edge is complex and characterised by a number of recognisable terraces 

and slopes (Enos & Perkins, 1977). The shallow shelf break is at less than 20 

metres water depth and is not the most prominent of the slopes. The material 

studied in this thesis was collected exclusively from the shallow shelf shorewards 

of the shelf break and principally from reefs of the shelf edge itself. 

. 2.2.3 Shallow shelf edge reefs. 

reefs growing on the shallow shelf form what is commonly known as 

'The Florida Reef Tract'. Two types of reef are developed on the reef tract: Acro­

pora palmata reefs situated along the shelf margin, and patch reefs, composed 

principally of head corals like Montastrea annularis, located several kilometres 

shorewards of the shelf break. The shelf edge reefs are mostly related to the an­

tecedent Pleistocene topography; cores through several reefs indicate that they 

are recent accumulations on Pleistocene shelf edge reefs. Thus the shelf edge 

in the Holocene is in much the same position as it was in the Pleistocene. The 
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patch reefs are restricted in development to sites in the lee of the outer shelf 

edge reefs where the waters are generally calmer. The Acropora dominated reefs 

are not restricted to the shelf edge; they do occur up to 1 km. shorewards of 

the shelf break, in places where there is a large gap in the outer reef chain. 

Present day flourishing reefs are restricted in their development to areas 

off the Upper Florida Keys (Figure 2.2). However, their occurrence is not hap­

hazard; they are absent seaward of the gaps in the Florida Keys which serve as 

channels to distribute Florida Bay sediments and waters deleterious to active 

reef growth. 

The shelf break acts as a focus point for wave energy so that water circu­

lation is at its most vigorous and the zone is highly turbulent. Much coarse 

sediment accumulates in back-reef areas and this can become emergent at low 

tides. Little Molasses island is an example of a sandy bar in the back-reef zone 

of Molasses reef and it is up to 1 metre above sea level. Skeletal debris occurs 

behind the reefs, concentrated there during storms and hurricanes. Each suc­

cesive storm is capable of affecting the morphology of these debris piles quite 

considerably (Miilter, 1977). 

In order for cementation to occur, large volumes of water have to pass 

through the pores (Bathurst, 1975), hence shelf edge reefs are commonly lithified 

to a greater degree than reefs shorewards of the shelf break. For this reason, 

collection of samples for this study was concentrated on shelf edge sites. The 

majority of the material comes from two areas, the first in the Upper Keys 

(Alligator Reef) and the second from Dry Tortugas, 150 km. west of Key West 

(Figures 2.3 and 2. 7) 
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2.2.4.1 Alligator reef. 

Alligator reef is an Acropora dominated reef which is now dead. It was 

killed by the efflux of turbid waters from Florida Bay about 4000 years b.p., 

at a time when the Flandrian transgression was starting to flood the Bay. It is 

situated seaward of a gap between Upper and Lower Matecumbe Keys (Figure 

2.3) and is formed principally from the frame building corals, Acropora palmata 

and Acropora cervicornis. The detailed morphology of the reef is only poorly 

known, though the shoreward edge terminates in an abrupt ledge (Figure 2.4). 

The reef is no more than 4 metres thick and is in 6 metres of water (mean sea 

level). Seven cores drilled through the reef by Gene Shinn of the United States 

Geological Survey have been studied in detail. The cores are in two transects 

positioned approximately as shown in Figure 2.5. Logs with major constituents 

are shown in Figure 2.6 from which it can be seen that recovery of the cores 

was far from complete. Shinn, (pers. comm.) suggests from observations of 

the material reaching the surface in the drilling fluids that most of the unrecov­

ered sections consisted of unconsolidated reef debris. Some of the sections may 

have beens caverns however, as the core barrel was observed to drop suddenly 

at some points. The depths of sampling points are only approximate due to 

some uncertainty about the exact positions of the recovered core pieces. All 

of the cores penetrate reef framework facies and there is no indication of any 

lateral migration of the facies with time. The core samples (approximately 100 

individual specimens) were augmented by a similar number of hand specimens 

collected by diving to the reef flat surface. The latter material consists mainly 

of rounded fragments of the branching corals. 
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Figure 2.2 Map of the Florida Keys, showing location of major reef growth. (From Shinn et al., 
1977). 
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Figure 2.3 Location map showing Alligator Reef, situated seawards of a gap between Upper and 

Lower Matecumbe Keys. 
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Figure 2.4 Schematic diagram of the shoreward part of Alligator reef, showing the abrupt ledge and 
the Pleistocene substrate. Also shown is the sea-level curve derived for the area from 
carbon dating studies on this reef. (From Robbin, 1984). 
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Figure 2.5 Location of the cores through Alligator reef. 
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2.2.4.2 Dry Tortugas reefs. 

Dry Tortugas (Figure 2. 7) is an isolated cluster of carbonate sand shoals 

and reefs with some emergent islands. The complex rises to the surface from 

a shallow limestone platform of 20 to 30 metres in depth which is probably a 

drowned Pleistocene surface (Jindrich 1983). The Holocene reefs have developed 

to a much greater extent than those of the Upper Florida Keys, reaching a 

maximum thickness of 13 metres. This is thought to be due to the fact that 

much of the accumulation has not built up in the traditional sense of reef growth 

but rather by accretion of reef debris thrown up and over the reef front during 

storms. 

Five cores were drilled in a transect north west to south east across South 

East Reef, Dry Tortugas, near Fort Jefferson (Figure 2.8). According to Shinn 

et al. (1977), South East Reef is thought to have been built up on the rim of a 

Pleistocene atoll. Two other cores have also been studied which were taken on 

Pulaski Reef and Loggerhead Key (Figure 2.4). Three of the cores penetrated 

the Pleistocene reef substrate which is described in Section 2.18. The major 

discovery from the initial investigation of the cores, which were also drilled 

by the U.S. Geological Survey, was that the framework building coral, Acropora 

palmata, is absent from the reef, which is instead built mostly of the head corals, 

Montastrea and Diploria. 

Logs for all seven cores are shown in Figure 2.9. As the recovery was 

very low, sampling depths are again only approximate. The low recovery tends 

to confirm that there is a lack of corals in growth position and that a large 

proportion of the reef is uncemented debris. 
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Figure 2. 7 Location map of Dry Tortugas showing the transect through South East Reef and the 
Pulaski and Loggerhead core positions. 
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Figure 2.8 Cross section of South East Reef showing the position of the cores. (From Shinn et 
al., 1977). 
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Figure 2.9 Logs of cores through South East, Pulaski and Loggerhead Reefs. Recovery 
was low and thin section positions are again approximate. 
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2.3 Sea Level Rise and Reef Growth. 

Sea level in the Florida area is presently rising at less than 0.3 metres 

1,000 years- 1 (Enos & Perkins, 1977), but the rate of sea level rise has varied 

during the Holocene. The sea level curve for the local area which was derived 

using data from Alligator reef is shown in Figure 2.4 (Robbin, 1984). Alligator 

reef was in an active growth phase between 7,500 and 4,000 years b.p., during 

which period, the sea level rise was quite rapid, (1.3 metres 1,000 years - 1) 

Growth of the reef averaged 0.8 metres 1,000 years- 1 , equivalent in order to 

that of many Holocene reefs (Shinn et al., 1977). By comparison, 14 C-dating 

indicates that Dry Tortugas South East reef has accumulated at a much faster 

rate of between 2-4 metres 1,000 years- 1 (Shinn et al., 1977). This latter reef, 

although not necessarily grown in the classical sense, has reached sea level and 

is a good example of a 'catch up' reef as defined by Davies & Hopley (1983), 

this occurred more readily as the rate of sea level rise slowed over the last three 

to four thousand years. Alligator reef grew in much more of a 'keep up' sense 

until it was killed by the adverse change in environment. As sea level has risen 

only 1 to 2 metres since the death of Alligator reef, the reef is still near to the 

present mean sea level. This fact has important implications for the distribution 

of cements in the reef, and is discussed in Section 2.8.6. 
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Alligator Reef Petrology. 

2.4.1 Hand specimen appearance. 

The samples collected from the reef flat are mostly coral framestone, with 

smaller amounts of coralline algal bindstone material. Coral species are princi­

pally Acropora palmata with rare small fragments of Montastrea annularis. It 

can be quite difficult to identify the coral species due to the multiple generations 

of boring and sediment filling (Figure 2.10). Fuller description of the encrusting 

and boring organisms and the internal sediments is given in Sections 2.5.2 and 

2.5.4. The internal sediments are generally very poorly lithified and sand sized 

sediments disaggregate on drying indicating that there is little or no intergran­

ular precipitation of cements. In many samples the bored cavities are unfilled, 

giving the reef rock an extremely vuggy appearance (Figure 2.11). This macro­

porosity ranges from 5-50% of the total rock. The surfaces of the samples are 

invariably encrusted by a variety of organisms (Figure 2.12 and Section 2.5.2). 

These can be locally important secondary framebuilders, particularly in the case 

of the coralline red algae (Figure 2.11). Often surfaces are predominantly green 

in colour due to the presence of non calcifying green algae (Figure 2.13), often 

the last organism to grow over the dead encrusting community. 

Hand specimen samples can also include large pieces of molluscs, which 

are also invariably bored and encrusted (Figure 2.14). Slabbed cut surfaces of 

the samples are generally white to pale grey in colour and further illustrate the 

intensity of the boring, encrusting and cavity filling processes. 
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- lcm. 

Figure 2.10 Typical hand specimen from Alligator reef (sliced), originally a large branch of Acrop­
ora palmata, now difficult to recognise due to multiple bioerosional and sedimentation 

events. Surface encrustation of coralline red algae and Homotrema rubrum evident 
at upper left. 

Specimens in all the photographs are either hand specimens (H .S.) , 

or else from core samples. The latter are referred to using the 

codes as given in the point counting tables in the Appendices. 
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2.4.2 Core description. 

The seven cores taken on Alligator reef all pass through reef core material. 

The total porosity is surprisingly constant for all cores at approximately 30%. 

(See Appendix 1). The total rock (excluding porosity) consists on average of 

60% coral framestone, the remainder being secondary framebuilding coralline 

algal boundstone, internal sediments and cements. The average composition of 

the whole rock (including porosity), is: 

i) 42% framestone, 

ii) 9% bindstone, 

iii) 29% porosity, 

iv) 13% internal sediments, 

v) 7% cements. 

A few samples are in fact grainstones; these are rather friable but have 

been lithified enough to be preserved in the cores (Figure 2.21). The porosity 

in the core samples (29%) is split on average at about 27% micro porosity and 

2% macro or boring porosity. Hence, in these core samples, the macroporosity 

is lower than in the hand specimens, indicating a lesser role for macroboring 

organisms. The macroboring porosity can however reach similar levels to that 

at the surface in individual specimens (Figure 2.15). 
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- 1cm. 

Figure 2.11 Vuggy appearance of hand specimen due to multiple borings by lithophagid b ivalves t he 
sponge Clione sp. and polychaete worms. ( H · s .) 

lcm. 

Figure 2.12 Surface of sliced hand specimen showing encrustation by serpulids , Homotrema, bry­
ozoans and an attached mollusc . lH . s.) 
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- lcm. 

Figure 2.13 Green surface of encrusted hand specimen due to the presence of non-calcifying gre n 
(blue green 7) a lgae. 

- 1cm. 

Figure 2 . 14 Sliced conch shell ( Strombus gigas), heavily bored by sponges, creating a v icular 

texure , with encrustation by Homotre.ma and serpulids. 
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- lcm. 

Figure 2.15a Large scale bioerosional porosity in core specimen from Alligator reef, with small amoun t 
of geopetal internal sediment in the lower boring. 

- lcm. 

Figure 2.15b Hand specimen from Alligator reef showing a variety of borings , including t hose mad e 
by bivalves , sponges and polychaete worms. 
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2.5 Detailed Components of Alligator Reef Cores. 

This section describes the composition of the limestones in terms of the 

major components present. Point counting of 90 thin sections has given a quan­

titative idea of the relative amounts of each component. The data are presented 

in Appendix 1. 

2.5.1 Framebuilding organisms. 

The predominant group of framebuilding orgamsms is the scleractinian 

corals, forming on average about 60% of the rock (excluding porosity). The 

majority of this is the Acropora species, mostly Acropora palmata (Figure 2.16). 

Smaller amounts of the head corals Montastrea sp., particularly Montastrea an­

nularis occur, with rare examples of Siderastrea sp. and Diploria sp .. 

The other major framebuilders which play a secondary role and form 10% 

or so of the total framework are the coralline alga:e ( Goniolithon, Porolithon 

and Lithothamnion). The hydrozoan Millepora is also present. Most of these 

organisms are usually restricted to an encrusting role, but the volumes are such 

that they are important framebuilding contributors. Almost all exposed surfaces 

can be seen to be encrusted by these organisms (Figure 2.12). The balance (to 

100%) is provided by cements (10%) and internal sediments (20%). 

2.5.2 Encrusting and Binding organisms. 

As well as the coralline red algae mentioned above, several other encrusting 

organisms are commonly observed forming lamellar coatings over exposed sur­

faces. These include cheilostome bryozoans (Cuffey & Kissling, 1973), and the 
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encrusting foraminifer, Homotrema rubrum (Figure 2.17). 

Other organisms which can be found attached to, but not necessarily form­

ing extensive crusts on the coral framestones, include serpulids and bivalves. 

The total encrusting volume can reach 25 % of the total rock in hand specimen, 

but is generally less than 10%. 

These encrusting organisms can have a significant effect on the 

of the substrates on which they are growing. Because they tend to form lamellae 

and have generally quite low porosity, they therefore reduce the permeability of 

the substrates. This is discussed further in Section 2.8.2. 

2.5.3 Reef dwelling organisms. 

Many mollusc species form the majority of the preserved reef dwelling com­

munities; bivalves and gastropods are the most important. Rarer fragments 

of echinoids can also be found. The most commonly observed species are the 

lithophagid bivalves, which play a very important role in the destructive pro­

cesses of boring and sediment production. 

2.5.4 Boring organisms. 

Lithophagid bivalves excavate most of the boring porosity (Figures 2.15 & 

2.16), and often the shells can be found in place. Other boring organisms are 

the sponge Clione lampa which produces a vesicular texture (Figure 2.11), and 

large of serrated sand sized fragments (Figure 2.18). Polychaete worms 

excavate long smooth walled tubes (Figure 2.15). Most of the skeletal fragments 

are covered in micro borings (? fungal), typically SJ.Lm. in diameter and several 

hundred J.Lm. in length. These are illustrated in Figure 2.19. This boring activity 
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can create up to 50 % of the total porosity in hand specimen. 

2.5.5 Internal sediments. 

The texture and abundance of internal sediments varies enormously. Point 

counting shows that sediments can form up to 25% of the total rock, although 

the average is lower at approximately 13%. Of this average, about half is mud­

stone, the remainder being pack- or wackestone, with rarer grainstone cavity 

fills. The major identifiable components of the sediments are fragments of the 

various corals, commonly exhibiting the scalloped edges typical of the clionid 

excavations. Fragments of coralline algae, molluscs, Halimeda, echinoids and 

other reef dwelling organisms are also present. The wackestone sediments alone 

can account for up to 25 % of the total rock; packstones are usually rather less 

abundant and the grainstones limited to very local derivation and often being 

exclusively formed of the sponge chippings. 

A substantial variation in texture and abundance is apparent even in single 

hand specimens or small core pieces. Due to the mixed mineralogies of the reef 

building and dwelling organisms, the internal sediments are also a mixture of 

aragonite and high magnesium calcite (See XRD data in Appendix 3). Geopetal 

structures are commonly observed (Figure 2.16), as are multiple generations of 

sediments, distinguishable through their slightly varying textures and colours 

(Figure 2.20). Most internal sediments are poorly or un-lithified, suggesting 

that there is only a limited amount of cement precipitation. There is a very ma­

jor problem in trying to distinguish between mechanically deposited sediments 

and inorganically precipitated cements when the grain size is below that resolv­

able by the light microscope. Loreau (1982) was apparently able to distinguish 
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very fine grained skeletal fragments from cement crystals using the scanning 

electron microscope, but nevertheless, the problem of determining the relative 

proportions of cement and micrite in a featureless mudstone internal sediment 

is quite acute. A further detailed discussion of this problem and indeed the 

problem of defining micrite can be found in Section 2.7.4. 

This heterogeneity in the texture, abundance and sequences of internal 

sediments indicates the complex spatial and temporal variation in the types of 

porosity and the interconnectivity or permeability of the pore structures. The 

temporal variation is particularly interesting as it is this aspect which produces 

the multiple generations of sediments due to the opening up of new cavities to 

new sources of sediment. 
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Figure 2.16 Core through Acropora palmata with small boring containing geopet al sediment . 

Acropora palmata forms the majority of the reef fram ework of Alligator Reef. 

1cm. 

Figure 2.17 Further examples of the common encrusting organisms, including bryor.oans, H 0-
motrema and serpulids. 
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500J,Lm. 

Figure 2.18 Scalloped edges of coral and sand si:!•ed fragments typical of the boring sponge, 

Clione sp .. Photomicrograph, xpolars. l H. s . 4 \H .... 
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- lOOfLm. 

Figure 2 . 19 Photos showing microborings in coral skeleta, probably fungal in ongm. Upper SEM 
photo shows a ca11t of the coral made by re11in impre gnation foll owed by dissolu t ion of 
the CaC03 with dilute HCl. The impression of acicular cement crys t als can be seen in 
the centre of the picture. Lower photo in ppl. . ... 

-
Figure 2 . 19 . 
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500JLm. 

Figure 2 .20 Original coral framestone , now almost unrecognisable due to multiple sequence of boring, 
sedimentation and encrustation. Photomicrograph, xpolars. l F'1L... ) 
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2.6 Porosity 'I'ypes. 

The many types of depositional porosity are modified by the involvement of 

the various destructive processes, the effects of deposition of internal sediments 

and the precipitation of cements. The types of porosity have been classified by 

Choquette & Pray (1970), and are described in relation to the Alligator reef 

limestones in the following section. 

2.6.1 Cavernous porosity. 

The massive growth habits of modern reef corals, particularly Acropora 

palmata create substantial cavernous porosity which is very obvious when diving 

on flourishing reefs of the Florida Reef Tract. Whilst no such caverns are evident 

at the surface of Alligator reef, there is evidence that this large scale porosity can 

be preserved in the shallow sub-surface (Section 2.2.4.1). In all of the Alligator 

reef cores studied, the recovery is 70% on average, the remainder being both 

unlithified sediments and some cavernous porosity. 

2.6.2 Vuggy porosity. 

The range of the sizes of large scale pores is so wide that it is difficult to 

conceive of a useful classification based on size. The term 'cavernous' as used 

above, is intended to describe porosity on the basis of size as originally defined 

(Choquette & Pray, 1970); that into which a man could fit ! The term 'vug' is 

intended to describe any porosity of indeterminate or multiple origin in a size 

range of 1 metre to a few centimetres. There are many examples of macro­

porosity which is too large to have been formed by a single boring, does not 
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appear to be obviously growth framework in origin, and is too small to be called 

cavernous. These pores are likely to have been created by repeated boring and 

mechanical destruction events and are called vugs (Figure 2.21). 

Bioerosional porosity. 

The destructive activity of many boring and rasping organisms makes a 

very significant contribution to the overall porosity of reef rock and can sub­

stantially increase the permeability also. The evidence of boring is not always 

preserved; the grazing Parrot fish and echinoids are known to consume large 

quantities of skeletal material and produce a significant proportion of the sand 

and silt sized fractions of the sediments and yet there is no real evidence of their 

activities in hand specimens. Those bioerosional pores which can be recognised 

and identified, range in size from several em. to only a few microns. Boring 

bivalves produce abundant cavities 5mm. to Scm. in diameter with the shells 

often· preserved within them (Figure 2.22). The sponge Clione sp. produces 

abundant vesicular networks of pores 1-Smm. in size. Smaller borings are made 

by polychaete worms (cylindrical pores up to 3 or 4 em. in length and 1-2 

mm. in diameter), and micropores (1-10 JJ.m. diameter), by endolithic algae 

and fungi. 

It is very difficult to make a quantitative estimate of the contribution to 

the porosity of an entire reef unit which is made by the caverns, vugs and larger 

bioerosional pores. At the surface of a flourishing reef, visual estimates would 

suggest figures of as much as 70 %, but of course much of this would become 

filled by sediments as the reef surface is buried. It may be possible that up to 
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10% of the total porosity of a unit of reef at a depth of three metres may be of 

this type. Unfortunately the coring technique does not allow a more accurate 

estimate to be made; however, it is undoubtedly a contribution which should 

not be ignored when discussing the porosity and permeability of modern reefs. 

2.6.4 Intraskeletal porosity. 

This averages approximately 50% of the total rock, as measured by 

100-(framestone + encrusting material), and is defined as the first generation 

porosity as created by the growth of the organisms. It is modified in an infinite 

number of interacting events including the bioerosion described above, the de­

position of internal sediments and the precipitation of cements. The extent of 

this alteration can be so pronounced that there is little or no preserved primary 

skeletal material nor intraskeletal porosity (Figure 2.20). 

The primary intraskeletal porosity can reach 80% in some species (e.g. 

Diplo.ria, Figure 2.23), but in other species, particularly the coralline algae, 

it can be as low as 5%. Pore sizes range from 15-25J,£m. in the coralline al­

gae (Figure 2.24), to 25J,£m.-1 mm. in coral skeletons, 1-Smm. in gastropod 

chambers and worm tubes, to 1-2 em. in bivalve chambers. 

It is important to note that the intraskeletal porosity is not all necessarily 

'effective'; the build up of successive chambers in many coral skeleta and the 

arrangement of the septa and thecae are such that a significant proportion of 

the porosity as observed in thin section is not in fact interconnected and is there­

fore sealed from the environment. Comparison of the measurements of porosity 

of identical samples by point counting of thin sections and by pore-assymetry 
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reveals that effective porosity can be substantially overestimated by 

point counting (Appendix 6). This non effective porosity has a significant effect 

on the distribution of cements on the thin section scale and is discussed further 

in Chapter 5. 

2.8.5 futer-particle porosity. 

Inter-particle porosity again spans a very wide range of sizes from the cen­

timetre scale in coarse rudstones to the sub-micron scale in mudstone cavity 

fills. In the reef material studied in thin section, there is very little s.Y.&J.l 

porosity ( < 2%), this occurs between particles in grainstone skeletal sediments. 

In the reef as a whole the contribution of interparticle porosity will be more 

significant, particularly in reef flat and back-reef areas where a lot of coarse 

skeletal debris collects. It is interesting that these grainstones are very poorly 

cemented, considering that their permeability will be at the highest end of the 

range for reef facies. This is primarily due to the fact that the skeletal particles 

are constantly in motion, and there is no stable substrate on which growth of 

cements can occur (Section 1.6). 

2.8.8 §helter or growth framework porosity. 

This porosity varies in size from lmm.-2cm. and is created by the growth of 

lamellar encrusting organisms over irregularities in the substrate (Figure 2.25), 

or indeed by the irregular growth of the organisms themselves. Shelter porosity 

is typically created when disarticulated bivalve shells settle convex up. 
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2.6. 7 Intercrystalline porosity. 

This porosity varies according to the size of the crystals, from a few microns 

in microcrystalline cements to up to lDJ.tm. between acicular cement crystals 

(Figure 2.26). 
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- lcm. 

Figure 2 .21 Large, multiple origin vuggy porosity in hand epecimen from Alligator Reef, some cavities 
containing white , muddy internal sediments. Macro-porosity of this type can form up to 
50% of the porosity at the surface of the reef. ll-l · s.) 

Figure 2.22 Bioerosional porosity with bivalve in the cavity filled with internal edi­
ment . The linear pore at the bottom leftW<ts. proba9!Y created by a polychaete worm . Coral 
framestone specimen. Photomicrograph, xpolars . ll-l . S. 

1 
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500J.Lm. 

Figure 2 .23 Primary intra-&keletal poro&ity of the coral Diploria sp. , reaching a maxim u m of 80% 
in &ome Bpecimens. Porosity in blue in the photo, pink colouratio n due to ' p luckin g' 
during thin section preparation. Photomicrograph, xpolars1 .... 

- 250J.Lm. 
l l'"\. 

F igure 2 .24 · showing a wide range of porosity sizes , from 1- 2mm . bivalve 
and worm borings UfS•.2SJ.Lm' · Photomicrograph, xpolan. ( C 5) 
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- 250J.tm. 
Figure 2 .25 Shelter or growth framework porosity, created by t he irregular growth of coralline 

algal laminae. Some pores have spherulitic aragonite cements precipitated wi thin 
them. Photomicrograph, xpolars. lc C\ "'-) 

- 25J.tm. 
Figure 2.26 Inter-crystalline porosity between acicular aragonite c rystals. Photomicrograph , x po-

lars. (1>%) 
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2. 7 Cementation of Alligator Reef. 

2.7.1 Introduction. 

The precipitation of cements in modern reefs has been the subject of a large 

number of studies and publications (Bricker, 1971; Schneidermann & Harris, 

1985; Schroeder & Purser, 1986). Despite all of the research, many of the 

aspects of the geochemistry and particularly of the distribution of cements are 

still poorly understood. The following sections describe the petrography of the 

cements occurring in Alligator reef and the distribution of those cements on a 

variety of scales. Of fundamental importance to the understanding of the process 

of cementation, is the realisation that it is in continuous dynamic interaction 

with the other reef forming processes whose nature and products have been 

described in the preceding sections. A full analysis of the above mentioned 

interactions is presented in Section 2.17. The total abundance of cements is 

extraordinarily inhomogeneous on a variety of scales, but on average (on the 

thin section scale), cements form approximately 7% of the total rock. This total 

excludes microcrystalline magnesium calcite cements (Section 2. 7.4), because of 

the difficulty in distinguishing them from micrite internal sediments. Although 

this average figure is rather low, it must be emphasised that the cements should 

be considered relative to the porosity available at the time of precipitation. The 

ce""-e..-...\-
range of< abundance varies from (},-25% of the total rock, but this reflects a range 

of 0-85% of the available porosity. The average as a percentage of the available 

porosity is 18%. The term 'cement' is used under the definition given in Section 

1.2 as an in situ precipitate. Only two mineralogies of cement are known to 
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occur within the pores of all the Holocene reef material studied: aragonite and 

magnesium calcite. These are described in detail in the following section. 

Identification of the mineralogy has been achieved through the use of the 

electron microprobe, X-ray diffraction, and staining methods (See Appendix 3). 

2. '7.2 Aragonite cements. 

Aragonite cements form in four distinct morphologies: 

(i) Acicular crystals. 

(ii) Spherulites. 

(iii) Botryoids. 

(iv) Microcrystalline. 

i) Acicular. The acicular cements form on a wide variety of substrates, often 

in optical continuity with them. The crystals generally grow with the c-axis nor-_, 

mal or sub-normal to the substrate, and exhibit straight extinction. Individual 

crystals are typically lOOJLm. long and lOJLm. wide but the size does vary and 

ranges from 4-25JLm. by lo-400JLm .. The crystals are commonly twinned (Fig-

ure 2.27) and have either pointed or chisel shaped terminations (Figure 2.28). 

The acicular crystals form isopachous coatings on various substrates; these coat-

ings vary in thickness and can be pore filling (Figure 2.29), though only rarely 

show compromise boundaries. They are most commonly observed in the intra-

skeletal cavities of Acropora palmata and Montastrea annularis (Figure 2.30), 

but are also present as linings on shell fragments. On the latter substrates, 

the crystals commonly form a more ordered or regular fringe of 50--250JLm. in 

thickness (Figure 2.31), which can be precipitated in optical continuity with the 

substrate. Fibrous cements also occur in the cavities of serpulid worm tubes, 
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where the generally larger crystals are pore filling (Figure 2.32). This fibrous or 

acicular growth habit is by far the most common, forming at least 90% of the 

total volume of aragonite cements. 

ii) Spherulites are a second morphology of cement which is commonly ob­

served (though of low total volume), and are similar to those described by 

Schroeder (1972a). Individual spherulites are formed of an array of crystals 

5-lOJLm. wide and up to 400JLm. long. These crystals radiate from a single 

point to form sectors of a sphere with opening angles of usually less than 90 

degrees, but with rare examples of up to 180 degrees (Figure 2.33). This mor­

phology is· defined as distinct from other fan shaped growths of the fibrous 

aragonite described above, the latter forming simply due to growth on substrate 

convexities (Figure 2.34). The spherulitic cements are most frequently observed 

in the growth framework cavities of coralline red algae and in borings through 

these organisms, but they also occur in the intra-skeletal cavities of various coral 

species. 

iii) Botryoids. The fabric of the spherulitic cements grades into a cement 

morphology which is similar to the botryoids described by James & Ginsburg 

(1979), albeit on a much smaller scale. These are rare and are of much 

smaller crystals than the spherulites described above, with the individual crys­

tals being unresolvable under the optical microscope (Figure 2.35). These botry­

oids can reach 1600J,£m. in size and are restricted to occurrences within intra­

skeletal cavities of corals. They have rarely been observed in internal sediments, 

where they have probably become detached and carried through into other cav­

ities with the sediments (Figure 2.36). Both spherulites and botryoids generally 

occur as individuals, showing sweeping extinction, but are locally developed as 
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interfering masses (Figure 2.37). 

iv) Microcrystalline. Another rare morphology of aragonite cement is a 

microcrystalline precipitate, restricted to occurrences in coral skeleta, with sub­

micron sized crystals which can form bridges across pores (Figure 2.38). 

A final morphology of blocky aragonite crystals, which has been described 

separately in the literature (Marshall, 1983a; James & Ginsburg, 1979), is at­

tributed in this study to be a fortuitous cross section through the above acicular 

aragonite crystals. The crystals are equant in shape, 1Q-15J.Lm. in size, and 

exhibit straight extinction. They are exceedingly rare and are almost certainly 

tranverse sections (perpendicular to the c-axis) through aragonite needles. 
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25p,m. 

Figure 2 .27 SEM photo of acicular aragonite cryl!talll, 11ome twinning evident , cryl!tall! growing with 
their c-axes normal to the sub11trate. (14 .s. 
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- 5J.Lm. 
Figure 2 .28 Aragonite cement crystals within the same species of coral, exhibiting both pointed and 

chisel-shaped terminations . .c;. t\'\ .. l.jtJ,.-
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- 50J.Lm. 
Figure 2.29 Substantial development of acicular aragonite within intra-skeletal poro6ity of a coral 

skeleton. C-axee again normal or sub-normal to the eub6trate, with irregular intergrowth 
of crystals from opposite sides of the pore. ( . 
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- lOOJ.Lm. 

Figure 2 .30 A cicular aragonite within cavities of Montastrea sp.. Photomicrograph, ppl. above, 
xpolare below. (J> g) 
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Figure 2.31 Ordered fringe of aragonite fibres precipitated on a shell fragment . The regular orienta-
tion may be due to some substrate control, and this is supported by the fac t that 
crystals often grow in continuity with the substrate. .. 

F igure 2 .32 Large aragonite crystals filling the intra-skeletal cavity of a serpulid worm t ube. Pho­
tomic rograph , xpolara . 
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- 100J.Lm. 
Figure 2 .33 Spherulitic aragonite formed of similar acicular crys tals to those described above. All 

the crystals radiate out from a single nucleation point , to create sectors of a cone. Pho­
tomicrograph, xpolars . (C.%) 

- lOOJ.Lm. 
Figure 2 .34 Fan shaped aragonite cement, similar to the above, but the shape is simply cr eated by 

growth on a substrate convexity, and is therefore not a spherulite. Photomicrograph, xpola rs . 

(Bs) 
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- lOOJLm. 
Figure 2 .35 Botryoidal aragonite in the intra-skeletal porosity of a coral skeleton. Individual crystals 

cannot be resolved in the optical microscope. Photomicrograph, xpolars . (1>8) 

- lOOJLm. 
Figure 2 .36 Another example of the botryoidal cement, in this case i t has become detached from t he 

substrate and carried into the pore with some internal sediment. Photomicrograp h , x polars . 

lC.'1 1-\) 
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- 250J.Lm. 
Figure 2.37 Botryoidal cements growing as coalescing masses, again within coral pores. Photomicro­

graph, xpolars. 
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- lOOJ.tm . 
Figure 2 .38 Rare occurrence of microcrystalline aragonite forming a bridge acro5s the cavities within 

a coral. Photomicrograph, xpolara. lk'+ } 

Figure 2 .38 Similar to above example , in SEM view . Some acicular aragonite a lso visible a t lower 
right. M ic rocrystalline cement marked with an 'm '. (£4} 
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2.7.3 Calcite cements. 

The calcite cements observed in the Holocene reefs are always associated 

with magnesium, having a typical composition of 12-16 mole% MgC03 • The ce­

ment forms in three distinct morphologies; peloidal, fibrous and microcrystalline. 

Whilst in many published descriptions of the diagenetic products within reefs, 

magnesium calcite cements are considered to be the most abundant (Schroeder 

& Purser, 1986), this is certainly not the case for the reefs of Florida, where 

they are present in equal or lesser volumes than the aragonite cements. Some 

confusion exists with respect to the nature of micrites and may have led to the 

overestimation of the volumes of Mg-calcite cements in the past or indeed to 

an underestimation of the volumes in this study. The problems are discussed in 

detail in the next Section (2.7.4). 

Fibrous fringes of Mg-calcite often described from other reefs (James et al., 

1976; Marshall, 1983a, 1983b), ate particularly rare in the Holocene Alligator 

samples, limited in fact, to a few individual occurrences. This morphology has 

been observed lining borings within internal sediments (Figure 2.39), and in 

one example only, within the intra-skeletal cavities of Halimeda plates (Figure 

2.40). In these examples it occurs as a more ordered habit than the aragonite 

cements and forms an isopachous fringe consisting of short stubby crystals less 

than 30J,Lm. long, with rhombic terminations. This is probably analogous to the 

bladed spar described by James & Ginsburg (1979). 

Magnesium calcite microcrystalline cements forming aggregates of small 

rhombs up to lOJ,Lm. in size, occur either as isolated crystals on the surfaces 

of skeletal fragments (Figure 2.41), or as a rind of cemented crystallites. lden-
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tification is generally only possible under the scanning electron microscope, as 

in transmitted light the crystals vary in appearance from clear to opaque and 

can be easily confused with physically deposited micrites. In some grainstone 

samples, magnesium calcite microcrystalline cements are developed as 'bridges' 

between the grains (Figure 2.42), and can then be easily identified as a cement 

phase in transmitted light. 
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- 50J.Lm. 
Figure 2 .39 Rare fringes of microcrystalline Mg-calcite found in the Florida reefll . Generally occur 

precipitated in cavitiell within internalllediments, and the crystals form an ordered fringe 
of less than 30J.Lm. in thickness . Upper photo with xpolars , lower photo in pp l. show 
the Mg-calcite mineralogy through staining with Titan yellow . Q> II:,) 
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- 25J.Lm. 
Figure 2.39 Short 11tubby growth of Mg-calcite ae i11opachous fringe in coral pore. (1> 1/:.} 

- lOJ.Lm. 
Figure 2 .39 Detail of the above. 
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- lOOJ,Lm. 
Figure 2.40 M g-calcite cement crys tal!! growing in Halimeda fragmen t . Photomicrograph , xpolar . 

(f 1'6 L) 
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- lOJ.Lm. 
Figure 2.41 Mg:.calcite also forms as small rhombic crystals , either as isolated growths on skeletal 

fragments (above), or as clusters covering the surface (below) . l 
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- lOOJLm. 
Figure 2.42 Microcrystalline Mg-calcite cement forming bridges between 15keletal fragments in a grain­

stone. Photomicrograph, x polars. (J>6 } 
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Micritic magnesium calcite cements. 

The problem of the identification of micrite cements precipitated within 

micrite internal sediments is one which has vexed sedimentologists for a long 

time (Folk, 1959; Bathurst, 1975; Friedman, 1985). Indeed the preceding sen­

tence illustrates much of the misunderstanding and misrepresentation of the 

term 'micrite'. Folk introduced the term in 1959 and later noted that it was 

a shortened version of microcrystalline calcite ooze (Folk 1962), representing a 

clay-sized matrix. Its description as a matrix implies mechanically deposited 

material, as distinct from precipitated cements (Bathurst, 1975), and so leads 

to a definition of micrite given by Friedman (1985) as "lithified, mechanically 

deposited lime mud" (Friedman & Sanders, 1978). 

The problems arise when the mechanically deposited matrix and precip­

itated microcrystalline cements become indistinguishable, as is frequently the 

case in lithified packstone to mudstone internal sediments. Friedman's assess­

ment of the fact that much of the micrite observed in reef rock pores is not 

mechanically deposited, but is in fact precipitated cement, is argued from the 

basis that the energy conditions are too high within reefs to allow clay sized 

material to settle and that no other deposits of lime mud are observed in his 

study areas (Friedman 1985). However, whilst the high energy environment 

may prevent lime mud accumulating by itself in shelf edge settings, this does 

not preclude the possibility that micrites ( = mechanically deposited clay sized 

material), may accumulate within the pore systems of reef rock. Although the 

shelf edge reefs are undoubtedly in a very high energy environment, large areas 

within the reef framework will be well protected and may even be almost stag-
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