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ABSTRACT

To simulate the early diagenesis of carbonates, experiments
have been conducted at 183-200°C and 5-11 MPa hydrostatic
pressure for periods of up to six weeks using Recent oolitic
and skeletal sands in the presence of natural seawater,
SOi:reduced seawater and freshwater. Textural,
mineralogical and chemical changes occurred in the sediments
with partial dissolution of aragonite aﬁd precipitation of
calcite. The composition of the calcite varied but most
contained less than 10 mole % Mgcqs, up to 1.6 mole % SrCO

2- _
and 2 mole % SO4. Pore water chemistry also changed. The

2

3

2+ +
pore fluid mMg /mCa was reduced to less than 1 during the

. 2+ 2+
first two weeks and the mSr /mCa increased.

Granular-bladed and equant cement crystals were generated.
Equant crystals have been found where nucleation rates were
lowered due to higher pore fluid mMgz7mCa?+or lower rates of
supply of Ca2+and C0§t There is no evidence that the
morphology of cement crystals is controlled by the pore

2

2
fluid mMg'VmCa Tas proposed by Folk (1974). Organic matter

may act as a nucleation site for CaCO5.

Secondary porosity was created in coated grain cortices.
Where a high proportion of the cortex was composed of
micritic and organic lamellae only those composed of

aragonitic needles were removed. Partial infilling of these



by single calcite crystals occurred, retaining the outline
of the lamellar structure. Wider pore spaces were created
where there were fewer micrite/organic lamellae, these were

partially infilled by irregular mosaics of sparry calcite.

Near the grain edges of peloids, a small amount of
microporosity was created but most of the micrite which
reacted underwent neomorphism. Most aragonite bivalve and
gastropod fragments were unaltered although neomorphic
alteration of some occurred. Aragonite dissolution was

2-
significantly retarded by dissolved S0, in the pore fluids.



ACKNOWLEDGEMENTS

This research programw was made possible by an award from the
Natural Environment Research Council. Support in the field
was given by the Department of Geology, University of Kuwait
and the author gratefully acknowledges the help of all in
the department, especially Prof. and Mrs. D. Almond, Dr. A

Gunitalaka and Prof. D.J. Shearman.

Many thanks are also due to my supervisors, Dr. P.R. Bush
and Dr. J. Ferguson for their many hours of help, especially
during the writing up stage of the thesis. Also, Mr. B.
Clark for designwy . and maintaining the experimental

equipment used and for his help in operating it.

The staff of Applied Geochemistry are thanked for carrying
out some of the analytical work. Also other members of the
technical staff of Imperial College, especially Nick Morton

for preparing the final plates.

My family have played an especially important role in this
work. I would like to thank my parents for years of
support, both personal and financial, also my sister, Wilma
and brother-in-law, John. My husband, Ewan Neilson, is also
especially thanked, for keeping me 'normal' throughout

writing up, for his unending patience and for helping putting

the thesis together,



LIST OF CONTENTS

ABSTRACT

ACKNOWLEDGEMENTS .

LIST OF CONTENTS

LIST OF FIGURES

LIST OF PLATES

LIST OF TABLES

PART I - INTRODUCTION AND EXPERIMENTAL METHOD

CHAPTER 1 - INTRODUCTION TO THE STUDY
1.1 EARLY EXPERIMENTAL WORK
1.2 LITERATURE REVIEW
1.2.1 Studies of Natural Diagenesis
1.2.2 Experimental Studies
1.3 AIM OF STUDY

1.4 THESIS PRESENTATION

CHAPTER 2 - EXPERIMENTAL METHODS, MATERIALS AND DESIGN AND

ANALYTICAL PROCEDURE

2.1 INTRODUCTION

2.2 EXPERIMENTAL MATERIALS AND METHODS
2.2.1 Preparation of Materials
2.2.2 Experimental Proéedure

2.3 EXPERIMENTAL DESIGN

PAGE NO.

1

3
4

12
15

17

19

19
23

23
28
36

36

38

38
38
38
41
49

2.3.1 Investigation of fhe Response of Seawater

to tle Experimental Conditions

2.3.2 Investigation of the Sediments

2.3.3 Physical Experimental Conditions

50

50
51



PART II - RESULTS

2.4

2.3.4 Pilot Experiments
ANALYTICAL PROCEDURE

2.4.1 Petrography

2.4.2 Mineralogy

2.4.3 Geochemistry of Pore Fluids

2.4.4 Organic Matter

CHAPTER 3 -

CHAPTER 4 -

INVESTIGATION OF THE EFFECT OF DIFFERENCES

IN EXPERIMENTAL MATERIALS

3.1

3.2

3.3

3.4

3.5

3.6

INTRODUCTION

EVOLUTION OF SEAWATER DURING THE EXPERIMENTS
"AnalaR" ARAGONITE

GENERALISED PATTERN OF EXPERIMENTAL
DIAGENESIS

SEDIMENTS COLLECTED FROM DIFFERENT
LOCALITIES AND ENVIRONMENTS

3.5.1 Textural Variation

3.5.2 Pore Fluid and Cement Crystal Chemistry
INVESTIGATION OF SEDIMENTS

3.6.1 Sediment Composition

3.6.2 Grain Size

3.6.3 Organic Matter

INVESTIGATION OF THE EFFECT OF CHRNGES IN

THE EXPERIMENTAL CONDITIONS

4.1

INTRODUCTION

4.2 EFFECT OF TIME

4.2 .1 Textural Development

5

PAGE NO.

53
53

54

55
60
63

64

64

71
71

73

74
96

121

122
134

146

158

158

158

159



4.2.2 Cement Crystal Chemistry

4.2.3 Summary

4.3

4.4

EFFECT OF TEMPERATURE
EXPERIMENTS CONDUCTED AT DIFFERENT LEVELS OF

HYDROSTATIC PRESSURE

4.4.1 Textural Development

4.4.2 Pore Fluid and Cement Crystal

Chemistry

4.4.3 Summary

4.5

EFFECT OF NON-SAMPLING OF THE PORE FLUIDS

CHAPTER 5 - EXPERIMENTS USING PORE FLUIDS OTHER THAN

SEAWATER
5.1 INTRODUCTION
5.2 SULPHATE REDUCED SEAWATER

5.2.1 Textural Development
5.2.2 Pore Fluid and Cement Crystal Chemistry
5.2.3 Summary
FRESHWATER
5.3.i Textural Development
5.3.2 Pore Fluid and Cement Crystal Chemistry

5.3.3 Summary

CHAPTER 6 - GEOCHEMISTRY OF THE REPLACEMENT FABRICS

6.5

INTRODUCTION

SOLUTION CAVITY FILL CALCITE

NEOMORPHIC SPAR

EXAMPLE OF SHELL FRAGMENT REPLACED BY BOTH
NEOMORPHIC SPAR AND SOLUTION CAVITY FILL
CALCITE

SUMMARY

PAGE NO.

168

174
176

178

178

182

188

189

192

192

193
193

196

199
200
201

202

205

207
207

208

211

228

222



PAGE NO.

PART III - DISCUSSION AND CONCLUSIONS

CHAPTER 7 - FACTORS AFFECTING CEMENT CRYSTAL NUCLEATION

224
AND MORPHOLOGY
7.1 INTRODUCTION 224
7.2 CONTROLS ON THE MORPHOLOGY OF THE CALCITE
225
CEMENT CRYSTALS
7.2.1 Effect of Mg2+ Concentration of the
Precipitating Fluids on Crystal 225
Morphology
7.2.2 Effect of Coi- Concentration of the
Precipitating Fluids on Crystal 228
Morphology
7.3 CHEMICAL CONTROLS ON THE NUCLEATIOMN RATE OF
232
CRYSTALS DURING EXPERIMENTS
2+ .
7.3.1 Effect of Mg in Controlling the 232

Nucleation Rate

7.3.2 Effect of the Supply of Ions Through
Aragonite Dissolution on the Nucleation 234
Rate

7.3.3 Summary 236

7.4 PHYSICAL CONTROLS ON THE NUCLEATION RATE DURING

238

THE EXPERIMENTS
7.4.1 Effect of Grain Substrate 238
7.4.2 Effect of Organic Matter 244
7.5 GEOLOGICAL SIGNIFICANCE 254

CHAPTER 8 - CONTROLS ON THE COMPOSITION OF THE CEMENTING
259
PHASE

8.1 INTRODUCTION 259



PAGE NO.

8.2 PHASES CONTAINING SIGNIFICANT AMOUNTS

259
OF MgCO3
8.2.1 Cement containing more than 50 260
mole % MgCO3
8.2.2 Cement Containing 30~50 mole %
261
Mgco,
8.2.3 Cement Containing less than 30 mole %
262
MgCO3
8.2.4 Mineralogy of the Cementing Phase 262

2-
3+ SrCO5 and SO, 268

CONTENTS OF THE CEMENT PHASE

8.3 CONTROLS ON THE MgCO

8.3.1 Factors Affecting the MgCO, Content 268

8.3.2 Effect of SOZ— on Dolomite
278

Precipitation
8.3.3 Summary 279
8.3.4 Factors Affecting the SrCO3 Content 280
8.3.5 Correlation Between MgCO3 and SrCO3 285
8.3.6 SOZ_ Content of Cement 286
8.4 GEOLOGICAL SIGNIFICANCE 288
CHAPTER 9 - CREATION OF SECONDARY POROSITY AND FACTORS 290
AFFECTING ARAGONITE DISSOLUTION

9.1 INTRODUCTION 290
9.2 OCCURRENCES OF SECONDARY POROSITY 291
9.2.1 Coated Grains - Oomoldic Porosity 291
9.?.2 Micritic Carbonate and Peloids 295
9.2.3 Shell Fragments 296
9.2.4 Summary 297
9.3 FACTORS AFFECTING THE DISSOLUTION RATE 208

OF ARAGONITE



PAGE NO,

9.3.1 Effect of Grain Type 298
9.3.2 Effect of Grain Size 299
9.3.3 Effect of Pore Fluid Composition 301
9.4 GEOLOGICAL SIGNIFICANCE 307

CHAPTER 10 - CONTROLS ON THE DEVELOPMENT OF REPLACEMENT

310

FABRICS - TEXTURE AND COMPOSITION
10.1 INTRODUCTION .39
10.2 SOLUTION CAVITY FILL CALCITE 311
10.2.1 Coated Grains 311
10.2.2 Shell Fragments 316
10.2.3 Composition of the Solution Cavity 316

Fill Calcite

10.2.4 Age of the Solution Cavity Fill Calcite 317

10.3 NEOMORPHIC SPAR 319

10.3.1 Shell Fragments 319

10.3.2 Micritic carbonate 324

10.3.3 Composition of the Neomorphic Spar 326

10.4 GEOLOGICAL SIGNIFICANCE : 329

CHAPTER 11 - SUMMARY AND CONCLUSIONS 333

11.1 INTRODUCTION 333

11.2 FACTORS AFFECTING THE DISSOLUTION OF

334
ARAGONITE
11.2.1 Effect of Grain Type 334
11.2.2 Effect of Grain Size 335
11.2.3 Effect of Dissolved soz— in the Pore 335
Fluids
11.3 PRECIPITATION OF CEMENT 336

11.3.1 Effect of Organic Matter on Nucleation 336
9



11.3.2 Controls on Cement Morphology
11.3.3 Cement Crystal Chemistry

11.4 REPLACEMENT OF GRAINS
11.4.1 Solution Cavity Fill Calcite
11.4.2 Neomorphism

11.5 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

REFERENCE LIST

APPENDIX I -~ PORE FLUID DATA

APPENDIX II - DESCRIPTION OF SEDIMENTS

APPENDIX III - LIST OF EXPERIMENTS AND EXPERIMENTAL CONDITIONS
APPENDIX IV - MICROPOROBE DATA

APPENDIX V - X-RAY DIFFRACTION DATA

APPENDIX VI - LIST OF TERMS USED AND FOLD-OUT OF ABBREVIATIONS

10

PAGE NO.

337
339
341

341
342

343

346
369

383
393

396
414

418



LIST OF FIGURES

FIGURE NO. PAGE NO.

2.1 Schematic diagram of the experimental unit with
one pressure cell, thermostaticaly controlled oven, 42
screw pressure valve and water supply.

2.2 Schematic diagram of the experimentzl unit with
four pressure cells, a thermostaticaly controlled 43
heating chamber, constant pressure pump and water
supply.
2.3 Simplified cross-section of pressure cell. 46
2.4 Schematic diagram showing the source of secondary
and back-scattered electrons from a specimen 56
surface.
2.5 Schematic diagram of the Inductively Coupled 60
Plasma
L. 2+ 2+
2.6 Plot of grlglail and rerun values for mMg /mCa
and mSr~ /mCa” pore fluid ratios for experiment 61
34/4.
3.1 Depletion in magnesium, calcium and sulphur levels 66
(ppm) from that of seawater during experiment 34/1.
’ : . 2+ 2+
3.2 Evo}gtlon gf seawater in terms of mMg /mCa and 69
mSr  /mCa pore fluid ratios.
3.3 Evolution of pore fluids from the composition of 8
seawater during experiments using (A)sediment BSO agd
(B) sediment ADEO, (C) sediment AKSO, (D) sediment 101
AKDO and (E) Shark Bay Ooids.
3.4 Mole % MgCO. and SrCO3 contained in cement crystals 104
precipitatea during eXperiments using sediment BSO.
2-
3.5 Mole % SO contained in cement crystals precipitated 106
using sediment BSO.
3.6 Mole % MgCO., and SrCO, contained in cement crystals 107
precipitatea using sediment ADDO.
3.7 Mole % 502_ contained in cement crystals 108
preciptiated using sediement ADDO.
3.8 Mole % MgCO. and SrCO, contained in cement crystals
precipitateé using seaiment ADRO. 109
2-
3.9 Mole % SO contained in cement crystals 110
precipita%ed using sediment ADRBO.
3.10 Mole % MgCO_ and SrCO., contained in cement crystals 111

precipitatea using seaiment AKSO.
11



FIGURE NO. PAGE NO.

2-

3.11 Mole % SO contained in cement crystals 112

precipitated using sediment AKSO.

3.12 Mole % Mgco., and SrCO_ contained in cement crystals 113
precipitatea using seéiment AKDO

2- .
3.13 Mole % SO contained in cement crystals precipltated115
using sediment AKDO.

3.14 Mole % MgCO., and SrCO., contained in cement crystals 117
precipitatea using Shark Bay Ooids.
2-
3.15 Mole % SO contained in cement crystals
precipita%ed using Shark Bay Ooids. 118

3.16 Evolution of pore fluids from the composition of
seawater during experiments investigating the 128
effect of the composition of the sediements. (30/1-4)

2+
3.17 Depletion in Mg {(ppm) from the original level of
seawater. Experiments 30/1-4. 129

3.18 Mole % MgCO. and SrCO_ contained in the cement crystals
precipitateé in experiments 30/1-3. AB)

2-

3.19 Mole % SO contained in the cement crystals 132

precipitated during experiments 30/1-3.

3.20 Evolution of pore fluids from the composition of
seawater during experiments investigating the 141
effect of grain size. Experiments 28/1-4.

2
3.21 Depletion in Mg +(ppm) from the original composition 142
of seawater during experiments 28/1-4. 4
3.22 Mole % MgCO., and SrCO_ contained in cement crystals
precipitatea during eXperiments 28/1-4. 143

2-

3.23 Mole % SO contained in cement crystals 144

precipitated during experiments 28/1-4.

2.24 Evolution of pore fluids from the composition of
seawater during experiments investigating the 152
effect of organic matter. Experiments 32/1-4.

3.25 Mole % MgCO_ and SrCO. contained in cement crystals 154
precipitatea during eXperiments 32/1-4.
2-
3.26 Mole % SO contianed in cement crystals 1
preciptia%ed during experiments 32/1-4. 55

4.1 Mole % MgCO, and SrCO, contained in cement crystals
precipitateg during agorted and short term 170
experiments.

2-

4.2 MOle % SO contained in cement crystals
precipitated during aborted and short term 1M
experiments,

12



FIGURE NO. PAGE NO.

4.3 Evolution of pore fluids from the composition
of seawater during experiments 3686, 4086 and 183
4186, investigating the effect of
hydrostatic pressure.

4.4 Mole % MgCO., and SrCO, contained in cement crystals
precipitatea during eXperiments 3686, 4086 and 186
4186.

4.5 Mole % contained in the cement crystals
prec1p1ta%ed during experlments 3686, 4086 187
and 4186.

4.6 Mole % MgCO, and SrCO, contained in the cement
crystals précipitated during experiments 18/1 190
and 37/1.

2-
4.7 Mole % SO contained in the cement crystals
preciptiated during experiments 18/1 and 37/1. 190

2+ 2+
5.1 Evolutign of pore fluids in terms of mMg /mCa
and mSr /mCa ratjons of experiment 2985 197
from that of the SO4 -reduced seawater.
5.2 Mole % MgCO, and SrCO in cement crystals
prec1pt1atea during experlments 2985 and 198
2185.

5.3 Mole % SOZ- contained in cement crystals
precipitated during experiments 2985 and 2185. 198
. . . 2+ 2+
5.4 Evolutign of re fluids in terms of mMg /mCa
and mSr /mCa ratios from the composition of 203
freshwater during experiment 3186.

5.5 Mole % MgCO_ and SrCO_. contained in the cement
crystals préciptiated during experiments 3186. 204
2-
5.6 Mole % SO contained in the cement crystals
precipitated during experiment 3186. 205
6.1 Mole % MgCO, and SrCO_, contained in unaltered
non—skeletai aragonité and solution cavity fill 209
calcite.
6.2 Mole % 502— contained in unaltered non-skeletal
aragonite ‘and solution cavity fill calcite. 210
6.3 Mole % MgCO_ and SrCO. contained in the skeletal 212
aragonite and neomorpglc spar.
2—
6.4 Mole % SO contained in the skeletal aragonite
. 213
and the neomorphic spar.
7.1 Geometric comparison of carboxyl group and 248
carbonate anion. 4
7.2 Highly idealised illustration of the interaction 248

of carboxyl groups with calcite surface.

13



FIGURE NO. PAGE NO.

8.1 X-ray diffraction (XRD) traces for the
sediments collected at the end of experiments 265
3586 and 3886.

8.2 Plot of average MgCO., content of cement crystals
precipitated during eéxperiments usin each2+ 571
sediment type against daily mean mMg /mCa
pore fluid ratio.

8.3 Evolution of the pore fluids from the composition
of seawater during experiments using (A) sediment 273
BSO, (B) sediment ADBO, (C) sediment AKSO, and
(D) sediement AKDO and (E) Shark Bay Ooids.
Baker and Kastner's (1981) stability fields for 274
magnesite, dolomite and calcite have been
superimposed.

8.4 Plot of average SrCO, content of cement crystals
precipitated during éxperiments usin +each2+ 282
sediment type against daily mean mSr /mCa
pore fluid ratio.

9.1 Data showing the aragonite-calcite equilibrium 291
curve as a function of temperature and pressure. 2
10.1 Average mole % MgCO, and SrCO_, contained in the
cement precipitated during experiments using each 318

sediment type, solution cavity £ill calcite and
neomorphic spar.

14



LIST OF PLATES

PLATE NO. PAGE NO.

2.1 Experimental equipment and sediments on 45
removal from pressure cells.

3.1 Anhydrite lath in sediment. T0
3.2 Experiments” using ‘Bahaman Subtidal Ooids. 75
3.3 Experiments using Abu Dahbi Dune Ooids. 78
3.4 Experiments using Abu Dhabi Beach Ooids. 82
3.5 Secondary electron 3-D images of cement 83

crystals.
3.6 Experiments using Al-Khiran Subtidal Ooids. 87
3.7 Experiments using Al-Khiran Subtidal Ooids. 88
3.8 Experiments using Al-Khiran Dune Ooids. 90
3.9 Experiments using Shark Bay Ooids. 93
3.10 Investigation of sediment composition. 124
3.11 Investigation of sediment composition. 125
3.12 Investigation of sediment composition. 126
3.13 Investigation of sediment grain size. 136
3.14 Investigation of sediment grain size. 137
3.15 Investigation of the effect of organic

matter. 148
3.16 Investigation of the effect of organic 150

matter.
4.1 Experiment 2485, experimental time 7 days. 160
4.2 Experiment 2585, experimental time 15 days. 162
4.3 Experiment 2685, experimental time 21 days. 164
4.4 Experiment 18/4, experimental time 26 days. 167
4.5 Mg-rich cement crystals. 169
4.6 Investigation of hydrostatic pressure. 179
4.7 Investigation of hydrostatic pressure. 180
5.1 Experiment 2986, SO4_—reduced seawater 194

15



PLATE NO.

5.2

10.1
10.2
AP1

AP2

2-

Experiments 2985 and 3186, SO, -reduced
4

seawater and freshwater.

Replacement fabrics.

Replacement fabrics.

Optically continuous overgrowths.

Original and secondary porosity fabrics.

Replacement fabrics.

Unaltered shell fragments.

Original sediments.

Original sediments.

16

PAGE NO.

201

215
219
241
293
315
323
389

390



LIST OF TABLES

TABLE NO. PAGE NO.

2.1 Point counted data for starting sediments 40
in volume %.

2.2 Mineralogical composition of sediments (wt.%) 41

2.3 Minimum temperature at which cementation occurred 52
at a given pressure.

3.1 Conditions for experiments run using sediments 74
BSO.

3.2 Conditions for experiments run using sediemnt
ADDO. 7

3.3 Conditions for experiments run using sediment
ADBO. 81

3.4 Conditions for experiments run using sediment 85
AKSO.

3.5 Conditions for experiments run using sediment 89
AKDO.

3.6 Conditions for experiments run using Shark Bay 92
Ooids.

3.7 MgCO. and SrCO, (mole %) levels of individual 105
cement crystals (BSO). ’

3.8 MgCO, and SrCO., (mole %) levels of one cement 116
crys%al precip%iated using sediment AKDO.

3.9 Summary of results for experiments conducted

. . . - 119

using the range of sediments available.

3.10 Grain size and surface area of sediments used 135
in the experiment 28/1-4.

4.1 Experiments studying the early stages of 159
textural and mineralogical development.

2+

4.2 DiEEerenceg+in concentrations (ppm) of Mg ,
Ca and S in the first pore fluid sample 184
from that of seawater in experiments 3686,
4086 and 4186.

6.1 EPMA (mole %) for relic gastropod shown in 214
Plate 6.1A.

6.2 EPMA (mole %) for peloid shown in Plate 6.1B. 217

6.3 EPMA (mole %) for the grain shown in Plate 6.1C. 218

6.4 EPMA (mole %) for relic gastropod shown in Plate 6.2a.218

17



TABLE NO. PAGE NO.

6.5 EPMA (mole %) for the grain shown in Plate 6.2B. 220

6.6 EPMA (mole %) for the grains shown in Plate 6.1D. 221
2+

7.1 Increase in Sr (ppm) from the level of seawater 253

during experiments 32/1-4.

8.1 Range of MgCO., (mole %) contents of cement
precipitated 3uring experiments using each sediment 260
type.

8.2 Details of the occurrences of intermediate
. 261
Mg-rich phases.
8.3 SrCO_, content (mole %) of cement crystals
precipitated at different temperatures using the 283
same starting sediments.

9.1 Levels of Sr2+ and Ca2+ (ppm) in the pore fluids 303
of experiments 2185 and 2985.

18



PART I

INTRODUCTION AND EXPERIMENTAL METHODS




CHAPTER 1 - INTRODUCTION TO THE STUDY

1.1 EARLY EXPERIMENTAL WORK

Work on this research program was started by Drs J. Ferguson
and P. Bush at Imperial College in 1980 and the results of
the preliminary experiments were published in 1981 (Ferguson
et. al., 1981). These early experiments were designed to
test the feasibility of simulating early diagenesis using
Recent ooids. Two experiments were carried out using the
equipment described in Chapter 2. One was conducted over a
period of 3 months, the other over 6 months. The samples
were held at constant temperatures (120 and 140°C
respectively) and pressures (4.8 and 9.6 MPa respectively).
Seawater was used as the initial pore fluid and
mineralogical changes were noted in the sediments of both
experiments althoh no large scale transformation of
aragonite to calcite occurred. The most significant changes
were observed in the 6 month experiment. Chemical changes
also occurred in the organic matter contained within the

sediments, a Type II evolutionary pathway being seen in the

kerogen.

Over the next three years, thirteen experiments were

19



conduc ted (Ferguson et al., 1984). Temperatures between 120
and 210 °%C were employed with pressures ranging between 4.8
and 9.6 MPa. These experimentsran for periods varying from
28 days to 7 calendoar months. Gaseous and liquid phases
were collected and analysed at the end of the experiments.
The lowest temperature at which cementation occurred was at

140°C (after 7 months).

Two forms of calcite precipitation were observed:

(i) rim calcite cements were formed where Bahaman Subtidal
Ooids had been used while

(ii) replacement calcite fabrics formed in dune ooids from
the Arabian Gulf, containing 7 or 8 times less organic
matter.

This lead Ferguson et al. (1984) to conclude that the
organic matter contained within the ooids not only protected
the original aragonitic structure in the way described by
Shearman et al. (1970) but that it also physically prevented

or slowed the dissolution-precipitation process.

They also reported on the hydrocarbon phases generated
‘during the experiments. This was a continuation of the work
by Ferguson and Ibe (1981 and 1982) on the association
between oolitic sediments and light hydrocarbons. The gas
phase generated was found to consist predominantly of carbon
dioxide and nitrogen but a small proportion (<0.01%) was

composed of light hydrocarbons (C1-C5). Consideration of

20



the light hydrocarbons generated showed that the unsaturated
members dominated. Analysis of the organic solvent extract

and acid insoluble organic residues was also carried out.

During this time Goodman (1986) was also conducting similar
studies at Imperial College although her interest lay
primarily in the association between iight hydrocarbons and
base metal ore deposits, hosted in carbonates. She used the
same experimental apparatus and ran 6 experiments employing
the optimum conditions defined by Ferguson et al. (1984) of
200°C and 6.9 MPa and experimental times of up to 10 weeks.
Experiments were undertaken where solutions of lead and zinc
salts were introduced into the seawater to see whether these
would be precipitated out and, if so, where and in what

‘

form.

Possible controls on the experimental diagenetic reactions
were also discussed. Two types of material had been used,
detrital skeletal material and ooids. Both of these were
from the Bahamas. Only the sediments composed of ooids were
found to cement. Three factors were investigated as being
potential controls on cementation:

(i) the nature of the carbonate sediment,

(ii) the grain size and

(iii) the effect of organic matter.

Goodman (1986) suggested that as ooids have a higher packing

21



density than skeletal fragments, a greater surface area for
the adsorption of Mg?'from the pore fluids would be
available in sediments composed of ooids. Less Mg<*¥would be
available as an inhibitor to calcite precipitation in the
pore fluids and therefore allow cementation of the sample to
proceed. Although the inhibiting effect of Mgz+on the
precipitation of calcite is not disputed and indeed is well
documented (e.g. Berner, 1975 and Berner et al., 1978),
Goodmans experimental study was limited and factors such as
the actual availability of ions for cementation were not
investigated. Differences in cementation or
non-cementation were explained in terms of the Méh'levels in
the pore fluids. Another explanation put forward for the
lack of cement in samples composed of skeletal fragments was
that because fewer grain contacts occurred in samples
composed of skeletal fragments, fewer reaction sites were
therefore present, hence no cement was observed. This would
be a valid point in the vadose regime where water is held at
grain contacts and reactions mainly take place at these
points ( e.g. the meniscus cement described by Dunham, 1971)
but in the pressure cells, where conditions were totally
saturated this is not likely to be the case. The
differences observed when the effect of grain size was
studied were also attributed to the surface area available
for the adsorption of Mg?+. One experiment was carried out
to test the effect that organic matter had on the reaction

rate by placing a piece of blue-green algal mat in a

22



sandwich of ooids. No effect on the reactions was observed.

The position had therefore been reached where it was
possible to simulate the fabrics produced by the early
diagenesis of carbonates. 1Interest had mainly concentrated
on whether cementation did or did not occur. Different
forms of cement had not yet been generated. A more detailed
study was therefore initiated and the results and

conclusions of that study are presented in this thesis.

1.2 LITERATURE REVIEW

1.2.1 Studies of Natural Diagenesis

An exceptionally large body of literature exists on the
early diagenesis of carbonates based on studies of

Quaternary carbonates.

Significant contributions were made in the 1960's by
Friedman (1964, 68) and Gavish and Friedman (1969) in
developing the concepts of marine and freshwater diagenesis.
The late 1960's and 1970's saw the development of the
concept of the diagenetic environment with contributions

coming from authors such as Matthews (1967, 68), Land (1970,
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71, 73 a and b) and Folk (1974). 1In these early studies, it
was recognised that there appeared to be a link between
diagenetic texture and énvironment. Many detailed
petrographic studies followed e.g. those by Schroeder
(1972), Steinen (1974), Harrison (1975), Logan (1974),
Harris (1978), Picha (1978) and Halley and Harris (1979).
Good summaries can be found in Folk (1973, 74), Matthews
(1974), Bathurst (1975, 80) and Longman (1980). Longmads
paper is one which summarises many of the concepts of

earlier papers. It is therefore briefly summarised here.

Longman (1980) reports four major diagenetic environments:
(1) Marine Phreatic

(2) Meteoric Vadose

(3) Meteoric Phreatic and

(4) Mixing Zone.

(1) Marine Phreatic.

This is divided (igig.) into two zones:

(i) the stagnant zone - where there is little or no water
circulation. The result of diagenesis in this zone is
limited with little cementation occurring except in skeletal
micropores and no leaching or alteration of aragonitic or
high-Mg calcite grains.

(ii) the active zone - where water is being continually
pumped through the sediment by waves, tides or currents.

The typical product of this diagenetic environment is a high
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degree of cementation by random aragonite needles which form
isopachous fringes, often with polygonal boundaries.
Botryoidal aragonite, micritic Mg-calcite and isopachous

fibrous Mg-calcite are also common cementing phases.

(2) Meteoric Vadose

In the vadose environment, fresh water is held at points of
grain contact. Extensive solution occurs due to the
undersaturated nature of the pore fluids with respect to
CaCO3 , aragonite is preferentially removed to high-Mg
calcite producing moldic and vuggy porosity. The CaCOB,
derived through the dissolution of aragonite and high-Mg
calcite, is locally reprecipitated as a meniscus or pendant
low-Mg calcite cement consisting of crystals with an equant
morphology. The effects of diagenesis are limited and most
of the intergranular, primary porosity is preserved, little

secondary porosity being created.

(3) Meteoric Phreatic

Longman divides this environment into 3 zones:

(i) zone of solution - this occurs just below the meteoric
vadose zone where the further development of moldic and/or
vuggy porosity is found.

(ii) the active zone- some leaching continues but the zone
is characterised by rapid cementation by equant low-Mg
calcite crystals which coarsen in size towards the pore

centres. Primary and secondary porosity is infilled by
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equant calcite and the resultant rock shows little porosity.
(iii) the stagnant zone - little further cementation or
leaching occurs. The zone is characterised by the continued
stabilisation of high-Mg calcite and by the neomorphism of
aragonite to calcite with some preservation of original

textures.

(4) Mixing Zone

This marks the boundary between the marine and freshwater
environments with the pore fluid being a mixture of both
i.e. brackish. Diagenesis in this zone is poorly understood
mainly because examples are rare due to the narrowness of
the zone, migration of the zone during rainfall or sea-level

changes and the relatively stagnant nature of the water.

This zone however may be of great importance in the
diagenetic processes of dolomitisation. The "Dorag" model
of Badiozamani (1973) is a well known mixing-zone
dolomitisation model. It is based on the assumption that
the replacement of calcite by dolomite will proceed
preferentially in waters undersaturated with respect to
calcite but supersaturated with respect to dolomite.
Badiozamani (1973) showed that although this applies to
neither seawater nor freshwater, it does to mixtures of the
two. Hardie (1987, p.169) however points out that
Badiozamani's (ibid.) model is based on the solubility of

ordered dolomites and that many Holocene dolomites are more
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soluble, less ordered and Ca-rich. Other examples of
Quaternary dolomites which are interpreted as being
generated in the mixing zone are Land (1973 a, b and Ward

and Halley, 1985).

As a result of these studies, the proaucts of diagenesis in
Quaternary limestones are well understood. Process models
based on recent systems are now frequently applied to
ancient sequences in order to unravel their diagenetic
history (Wilkinson et. al., 1984). Over the last 10-15
years however, many workers (e.g. Folk, 1974; Sandberg,
1975, 83; Mackenzie and Pigott, 1981; Wilkinson et. al.,
1982, 84) have suggested that diagenetic models based purely
on Quaternary sequences may be inadequate. This is based on
evidence which suggests that through geological time primary
precipitation of CaCO; from seawater may have oscillated
between precipitation of aragonite and calcite (e.g.
Sandberg, 1975, Tucker, 1984). This has been attributed to
changes in the pCO, of seawater (Mackenzie and Pigott, 1981;

Sandberg, 1983 and Tucker, 1984).

Also, although the products of early diagenesis appear to
fit conveniently into diagenetic environments, significant
deviations from these patterns exist, as pointed out by
Given and Wilkinson (1985). For example, equant high-Mg
calcite cements have been found in the marine environment in

different localities such as Belize (James and Ginsburg,
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1979) and Eniwetok atoll (Warme and Schneiderman, 1983).
Similarly, in the freshwater environment, whisker low-Mg

calcite cements have been found (e.g. Longman, 1980).

Most diagenetic studies conducted in the 1980's have tended
to look at the processes of diagenesis in carbonates of all
ages. They have concentrated on particular aspects of
diagenesis such as cementation (e.g. Schneiderman and
Harris, 1985; Given and Wilkinson, 1985 and Meyers, 1987)
and the factors controlling the early creation of porosity
(e.g. Evans and Ginsburg, 1987). Processes of replacement
and the chemical stabilisation of grains have also been
studied (e.g. Sandberg and Hudson, 1983; Bruni and Wenk,
1985; Martin et. al., 1985 and Al-Assam and Veizer, 1986).
The conclusions of many of these papers are considered in
Chapters 7-10 of this thesis. There has also been an
increasing nowkter of experimental studies into the various

aspects of carbonaté diagenesis.

1.2.2 Experimental Studies

(1) Cementation

One of the earliest experimental studies, is that by
Robertson et al. (1962). A constant load was applied to
carbonate samples which were held in porous cylinders.

Pressures of 30 to 500 psi (0.2 - 3.4 MPa) and temperatures
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of 30 to 450 °C were employed. The experiments lasted for 1
hour to 4 days. The sediments which were used were peletal
limemuds and muddy peletal sands of clay and silt sized
fraction. Robertson et al. (ibid.) found that at higher
temperatures, cementation was initiated and that the
aragonitic sediments were partially converted to calcite.
This was an important step in the study of the experimental
simulation of carbonate diagenesis. Unfortunately no
further results were published although the authors realised
the potential of the experiments in the study carbonate

diagenesis.

Ten years later, Thorstenson et al. (1972) published the
results of a study which simulated vadose and phreatic
cementation of skeletal sands. The experiments involved
solution and precipitation as a function of variable CO2
pressure, employing the use of COz—charged distilled water
to leach a sample of carbonate sand. What they produced was
a well cemented calcarenite with textures similar to those
found in nature. A continuation of the work by Thorstenson
et al. can be found in Badiozamani et al. (1977) where the
results of experiments, also designed to simulate the
cemehtation of carbonates are published. Various conditions
of temperature, solution composition and physical
environment of cementation resulted in the formation of

cements similar to those found in nature. They concluded

that they could distinguish between cements formed:
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(i) in NaCl solutions,

(ii) fresh water,

(iii) seawater,

(iv) at various temperature and

(v) in the phreatic and vadose environment.

To produce an adequate amount of cement for analysis,
however, Badiozamani et al. (1977) found that the distilled
water, synthetic seawater and NaCl solutions had to be
initially equilibriated with one atmosphere of CO,, drained
through a column of carbonate sand to achieve saturation
with respect to CaCO3 and then flushed . through a second
column of carbonate sand in which precipitation of calcite
took place. The use of synthetic solutions, increased
concentration of CO, and increased saturation of CaCO3 all
done outside the experimental charge, would all add

uncertainties when studying the processes of diagenesis.

The effect of M92+on the precipitation of aragonite and
calcite was studied experimentally by Berner (1975) and
Berner et al. (1978). Dissolved Mé“‘in seawater was found
to have no effect on the seeded precipitation of aragonite
but was found to severely retard the seeded precipitation of
calcite. This demonstrated one of the controls that pore

fluid composition can have on cementation.

Further controls on the composition of carbonate cements

have also been recently investigated by Burton and Walter
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(1987). Laboratory experiments were carried out (ibid.) to
investigate the relative growth rates of calcite, high-Mg
calcite and aragonite in seawater as functions of
temperature (5, 25 and 37‘%) and of the carbonate ion
concentration (2.5 to 15 times supersaturated with respect
to calcite). Their study showed that the well documented
shift towards the precipitation of lower mole % Mg calcite
and the decrease in the abundance of aragonite cements with
increasing oceanic depth and latitude could be attributed
largely to lower temperatures and not the Cé? concentration

as suggested by Given and Wilkinson (1985).

Another area of investigation regarding carbonate cements
has been that into the distribution coefficients for Sr and
Mg in calcite and aragonite. TIf the factors which determine
the distribution coefficient of each could be determined
e.g. the pore fluid composition or the temperature of
formation, then a powerful tool would be available for
unravelling the diagenetic history of rocks. The results of
experimental studies (e.g. Holland et al., 1964; Kinsman
and Holland, 1969, Katz et al., 1972; Thorstenson and
Plummer, 1977; Loréns, 1981; Baker et al., 1982 and Lahann
and Siebert, 1982). However, the results of experimental
studies have been conflicting and they are discussed in

detail in Chapter 8.
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(2) Formation of Secondary Porosity and Alteration of

Biogenic Grains

Donath et. al. (1980) simulated the creation of secondary
porosity during burial diagenesis by imposing conditions
equivalent of about 10,000 ft. (axial pressure of 10,150 psi
(70 MPa), lateral confining pressure of 8,700 psi (60 MPa)
and a pore fluid pressure of 5,800 psi (40 MPa)). Samples
of Mississippian oolitic limestone (low~-Mg calcite) were
tested using the pressure conditions»outlined above and CO2
-charged water was passed through the sediment. They found
that oomoldic porosity could be generated in this way and
that the secondary porosity that was generated was fabric

selective.

Experimental studies into the relative stability of biogenic
grains have been conducted by Walter and Morse (Walter,
1985; Walter and Mofse, 1985). The paper by Walter (1985)
summarises the results of an experimental investigation into
the dissolution rates of various biogenic carbonates and
evaluates the roles that mineralogy, grain microstructure
and solution saturation state play in determining the
relative stability of aragonite and magnesian calcite during
the dissolution phase of diagenesis. The dissolution
experiments were performed in seawater and meteoric type
solutions using crushed samples of different skeletal grain

types composed of calcite, aragonite and magnesian calcite
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at common grain sizes (37-125 microns). The kinetics of
these dissolution experiments were reported by Walter and

Morse (1985).

Land (1967) was the first to experimentally study the
stabilistation of skeletal grains. The reactions, using
aragonitic and high-Mg calcite shell fragments, were
conducted in hydrothermal bombs (5 ml capacity) at 285(%
using distilled water. Aragmﬂtic inversion was found to
produce coarse grained equigranular mosaics while high-Mg
calcites underwent incongruent dissolution to produce

2+
calcite plus a solution enriched in Mg .

Turner et al. (1986) investigated the mechanism of
alteration of high-Mg calcite to low;Mg calcite by
conducting dissolution runs at 35 and 70‘% with distilled
water saturated with 3 and 100% CO,. Changes in the
biogenic high-Mg calcites were monitored by calculating
mMg27mCa?+ratios in the solid and by studying the isotopic
shifts. Differences in the microstructure of the grains

appeared to control the changes in chemical and isotopic

composition.

The importance of using natural material in experiments
studying diagenetic reactions has been emphasised by the
recent work of Bishoff et al.(1987). 1In this experimental

study, the relative stabilities of synthetic and biogenic
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high-Mg calcite in aqueous solution were investigated.
Biogenic samples were found to be less stable than synthetic
phases of similar Mg concentrations. This difference in
stability was attributed to a greater variation in chemical
and physical heterogeneities in biogenic samples. Bishoff
et al. (ibid., p.1413) concluded that "only the results of
synthetic dissolution experiments should be used to model
the thermodynamic behaviour of the magnesian calcite
solid-solution. The results for synthetic phases however,
may not be appropriate to use for interpreting diagenetic
reaction pathways for magnesium calcites in modern
sediments." This stresses the importance of using natural

materials in experimental diagenetic studies.

(4) Dolomitisation

Land (1967) also experimentally studied the process of
dolomitisation. This was done by reacting weighed amounts
of high-Mg calcites in stainless steel bombs with solutions

of known C£+

and M§+ concentration near 300°C. He found
that dolomitisation was speeded by:

(i) increased instability of the reactant,

(ii) increased Ca and Mg concentration in the solution,
(iii) increased mMg27mCa2+ratio of the solution,

(iv) increased solid/solution ratio and

(v) increased temperature.
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Another study on dolomitisation is that by Baker and Kastner
(1981). The dolomitisation of aragonite and calcite was
studied by conducting hydrothermal reactions at 200 °c using
seawater. Baker and Kastner (ibid.) found that the
dolomitisation of CaCO3 was not controlled primarily by the
mMf Y mcL* ratio of the precipitating fluids but by the
dissolved concentration of scfi They found that S i-

severely retarded the precipitation of dolomite.

A comprehensive review of current views on the controls on

dolomite precipitation can be found in Hardie (1987).
(5) Compaction

Interest has also been shown in compaction studies because
of the link between compaction and the reduction of primary
porosity. Examples can be found in Fruth et al. (1966),
Bhattacharyya and Friedman (1979, 84) and Shinn and Robbin
(1983). Textural features similar to those found in nature
such as grain interpenetration, crushing and faulting were
noted. Bhattacharyya and Friedman (1979) showed that where
a high proportion of mud was contained in the sediment, the

effect of compaction was greatly reduced.

35



1.3 AIM OF STUDY

The experiments conducted during this study used natural,
largly unmodified sediments and fluids. The need for
increasing the pCO2 as in the studies by Thorstenson et
al., (1972) was unnecessary because of.the inherent
instability of aragonite under the conditions employed {(see
section 9.1). The slightly lower pH of the seawater used
(see section 2.2.1 (1)) also would have helped initiate the
reactions. Diagenesis could therefore proceed through a
dissolution-reprecipitation mechanism which produced fabrics
identical to many of those seen in nature. The aim of the
study was therefore to investigate the factors which
controlled the generation of these fabrics during the
experiments and to see if any parallels could be drawn with
those which operate in the natural environments, i.e. to

investigate the processes of diagenesis.

1.4 THESIS PRESENTATION

The thesis is presented in three parts. The first, of which
this chapter is a part, comprises the introduction to the
study and descriptions of the materials and methods which
were employed. The results of the study are presented in
the second part. However, much of the raw data can be found
in the Appendices which are at the back of this volume. The

third part of the thesis contains discussions on
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cementation (morphology and composition of the crystals),
aragonite dissolukion and the creation of secondary porosity
and the processes of replacement. In each case, the
geological significance of theiexperimental results is
considered. The conclusions of the study are presented im

the final chapter.
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CHAPTER 2 - EXPERIMENTAL METHODS, MATERIALS AND DESIGN AND

ANALYTICAL PROCEDURE

2.1 INTRODUCTION

This chapter gives details of the methods and the objectives
of the experiments. The first section describes the actual
experimental methods. The second section discusses the
experimental design while the last gives details of the
analytical proce and techniques that have been carried
out and used in the collection of the data presented in this

thesis.

2.2 EXPEKRIMENTAL MATERIALS AND METHODS

2.2.1 Preparation of Materials

(1) Liquids

Most of the experiments were carried out using seawater and
a quantity was collected for this purpose from the English
Channel in an opaque polythene container. On collection,

following the methods previously established by Ferguson et
al. (1984), the seawater was slightly acidified (20 mls 10%

HCl per gallon) to kill off and prevent the further growth
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of bacteria and other organisms. This would account for the
slightly lower pH value of 7.1 (see Appendix I) when
compared to average values of 7.8 - 8.2 (e.g. Drever, 1982).
Prior to storage, the water was filtered in the laboratory
using membrane filters (pore size 0.45 um) to remove most of

the suspended material.

Pilot experiments usingfxit{educed seawater and freshwater

were also conducted. The Soi-was removed from the seawater
by adding a calculated amount of barium chloride. This
precipitated the sulphate as barium sulphate and left an
equivalent amount of chloride ions in_solution. The
freshwater (rainwater) used was collected in the north of

Scotland. This again was filtered prior to storage but was

not acidified. Both solutions had a lower pH than the

seawater.

Elemental analyses and pH values of all liquids used can be

found in Appendix I.
(2) Solids

Material for the experimental work was obtained from
deposits of Recent sediments from four areas:

(i) the Bahamas,

(ii) Abu Dhabi,

(iii) Kuwait and
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BSO ADDO ADBO

Coated grains 64.5 69.2 79.8

Peloids 35.5 30.8 16.8

Shell fragments tr tr 3.1

Quartz grains 0.0 0.0 © tr

Feldspar 0.0 0.0 tr

Dolomite 0.0 0.0 0.0
AKSO AKDO SBSO SBDO
60.9 60.0 57.6 70.1
28.8 36.8 31.2 20.7
8.2 2.4 9.2 6.0
1.2 tr 2.7 2.3
tr tr 0.0 0.0
0.0 0.0 0.0 tr

Table 2.1 - Point Counted Data for Starting Sediments in
volume %. Less than 1 volume $ denoted by 'tr'. BSO -
Bahaman Subtidal Ooids, ADDO - Abu Dhabi Dune Ooids, ADBO -
Abu Dhabi Beach 0Ooids, AKSO - Kuwait Subtidal Ooids, AKDO -
Kuwait Dune Ooids, SBSO - Shark Bay Subtidal Ooids, SBDO-
Shark Bay Dune Ooids.
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(iv) Shark Bay, Western Australia.

These sediments are predominantly oolitic but contain
varying probortions of skeletal carbonates and reworked
grains from older formations (quartz, feldspar and dolomite)
as shown in Table 2.1. Samples of purely skeletal
carbonates were also collected from Kuwait. Mineralogical
data are also given in Table 2.2. Detailed descriptions of

these sediments can be found in Appendix II.

ARAG LMC HMC QTZ FSP
BSO 96.4 1.6 2.0
ADDO 97.6 0.6 1.8
ADBO 80.0 9.0 5.0 5.0 1
AKSO 86.0 4.0 - 3.0 7.0
AKDO 87.0 5.0 2.0 6.0
SBSO 76.0 5.0 9.0 10.0
SBDO 71.0 : 7.0 12.0 10.0

Table 2.2 - Mineralogical composition of sediments from
X-ray diffraction analysis. Values in wt.%.

2.2.2 Experimental Procedu@©

Two experimental units using the same design of pressure
cell but different modes of applying temperature and
pressure were available. These are shown schematically in

Figs. 2.1 and 2.2 and the laboratory is shown in Plate
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SINGLE CELL

(schematic)

@ pressure dial

) shut off valve

- sampling point

water
supply
pressure
cell '}H-
with
charge screw valve for
increasing
hydrostatic pressure
heating chamber

Fig. 2.1 - Schematic diagram of the experimental unit with one
pressure cell, thermostatically controlled oven, screw pressure valve
and water supply.

42



194

(schematic)

FOUR CELLS

heating chamber

F/ constant
pressure

water

supply

jnot permanently
conected

water
reservoir

pump

symbols as in Fig. 2.1

Fig. 2.2 - Schematic diagram of the experimental unit with four pressure cells, a thermostatically
controlled heating chamber, constant pressure pump and water supply.



2.1 A. Fig. 2.1 shows a thermostatically controlled oven in
which a maximum running temperature of 200 +/- 2°C was
employed. This oven accommodated 1 pressure cell
(dimensions of inner chamber 52 mm diameter x 88 mm depth).
Varying hydrostatic pressures from 5 to 11 MPa were employed
using this cell. These pressures were achieved and
maintained by the use of a screw valQe. Fig. 2.2 shows a
thermostatically controlled heating chamber which was run at
183 - 186 +/- 2 oC. This chamber accowodated 4 pressure
cells of a slighlty smaller size than the one shown in Fig.
2.1 (dimensions of inner chamber 52 mm diameter x 53 mm
depth). Hydrostatic pressure could be set and maintained at
some predetermined level and maintained using a constant

nydraulic pressure pump.

The basic design of the pressure cells is shown in Fig. 2.3
(larger cell) and Plate 2.1 B (smaller cell). The stainless
steel cells allowed the experiments to be carried oﬁt at
elevated temperatures (200 OC maximum employed) and
hydrostatic pressures (11 MPa maximum employed). Equivalent

pressure units can be found in Appendix III.
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PLATE 2.1 - EXPERIMENTAL EQUIPMENT AND SEDIMENTS ON REMOVAL
FROM PRESSURE CELLS

(A) Photomicrograph of experimental laboratory. The oven on
the left had side houses the single pressure cell. The
heating chamber in the far right hand corner houses the four
pressure cells.

(B) Detail of the smaller of the experimental pressure
cells. Scale bar 5 cm.

(C) Surface of the sediments on removal from the pressure
cell. Calcite cement crystals bind sediment grains. Scale
bar 0.25 mm.
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Fig. 2.3 - Simplified cross-section of pressure cell.

Samples of the unconsolidated carbonate grains, weighing

approximately 50 gms (approximately 40 mm diameter x 20mm
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depth) were placed in PTFE containers (modified PTFE
beakers) and saturated with water. The PTFE containers with
the water saturated samples were then placed in the pressure
cells and the cells were topped up with water of the same
composition as that in the PTFE container. The cell was

then sealed.

The required experimental conditions of temperature and
pressure were built up over a period of 12 hours. Once
achieved, they were maintained for periods of one to six
weeks depending on the requirements of the experimental
design. The time was based on previous work by Ferguson et.
al. (1984). Using a similar experimental proceduvre , they
found that cementation occurred within four weeks with
conditions of 180 °C and 96.5 bars and of ZOO(E and 48.25
bars (pressures equivalent to 9.6 and 4.8 MPa respectively).
During this present study, time periods of up to 6 weeks
were employed as simulated diagenesis was found to proceed
to a greater extent and in many cases the system reached

apparent chemical equilibrium.

Using this equipment, temperature control was simple and
successful but control of the hydrostatic pressure proved to
be more difficult for two reasons:

(i) because of the reactions which occurred in the pressure
cells. The main reactions affecting the hydrostatic

pressure were the sediment volume change during the
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aragonite-calcite transformation (8% volume increase) and
the production of gases due to the breakdown of-some of the
organic matter (COZ’ nitrogen and minor quantities of light
hydrocarbons, Ferguson et. al., 1984) and

“(ii) because of the basic type of equipment used. The screw
valve shown in Fig 2.1 was operated gnd controlled manually.
Fluctuations in pressure therefore could not be continuously

rectified.

To monitor the geochemical changes that occéfred within the
System, small fluid samples (2-4 ml) were collected at
weekly intervals, resulting in a maximum of 5 volume % fluid
substitution occurring at weekly intervals. All liquid
samples were stored at 4 % until they could be analysed.
Analysis (see section 2.4.3 for technique) of the liquids
was usually carried out within two days of collection. This
meant that the chemical system was not entirely closed but
was restricted. At the hydrostatic pressure maintained
within the pressure cells, any gases generated were kept in
solution. The fluids however were collected at a point in
the system (see Figs. 2.1 and 2.2) which was at atmospheric
pressure. At this point therefore the fluids separated into

a gaseous and a liquid phase.

After the experiments had run for the required time, the
pressure cells were cooled over a period of 12 hours,

keeping the hydrostatic pressure above 3.5 MPa to prevent
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the fluids from boiling. Once the cells were opened
however, the fluid separated and any free gas escaped. The
liquid phase was drained off. Some well cemented samples
had to be cut from their PTFE containers while others, only
partially cemented were easily removed. Plate 2.1 C shows
the surface of a partially cemented sediment after its

removal from the cell.
2.3 EXPERIMENTAIL DESIGN

Initial studies by Ferguson et al. (1984) showed that the
possibility of simulating the early diagenesis of carbonats
using the equipment designed and built at Imperial College,
existed. In these experiments a limited selection of
oolitic carbonate sediments from the Bahamas and Abu Dhabi
was used and various experimental conditiéns of time,
temperature and pressure were investigated. Since that
time, a selection of oolitic and skeletal samples were made
available for the eiperimental work from Shark Bay and
Kuwait. The response of all these sediments to the
experimental conditions was therefore studied. 24
experiments were conducted. Various physical conditions
were imposed and pilot experiments involving different types
of fluids were also conducted. 18 of these were single cell
experiments, run in the apparatus shown in Fig. 2.1 while
the other 6 were run using the 4 cell apparatus shown in

Fig. 2.2. A total of 42 samples were therefore tested and
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studied. Details of these experiments are given in Appendix

IIT.

2.3.17 Investigation of the response of seawater to the

experimental conditions

To isolate reactions occurring due to the heating of
seawater, one cell with no solid sample was run under
standard time, temperature, pressure and pore fluid sampling
conditions. The evolution of the pore fluid in response
purely to the physical experimental conditions was studied.

The results are presented in section 3.2.
2.3.2 Investigation of the sediments

A series of experiments were run under very similar physical
conditions using seawater and sediment samples from all of
the different collection areas. The results of these
experiments (see seétion 3.5) were significant in that
different textural diagenetic features were produced under
the very comparable experimental conditions. Factors within
the sediments obviously had an effect on diagenetically
produced features such as cement morphology, replacement and
neomorphic textures. The parameters which differed between
sediment samples such as sediment composition, grain size
and the amount of organic matter were therefore investigated

(see results in section 3.6).
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2.3.3 Physical experimental conditions

(1) Time

Although most experiments were run for 40-50 days (see
Appendix III), the early stages in the development of the
textures were studied in experiments that lasted for between
7-26 days. The results of these experiments can be found in

section 4.2.

(2) Temperature and pressure

Ferguson et. al. (1984) have shown that the temperature at
which experiments were run was vital in controlling the rate
of reaction e.g. in 28 days, a sample run at 200 ¢ was
found to have cemented while one run at 130 °C was not,

hydrostatic pressure in both cases was identical.

Hydrostatic pressure also appeared to have some effect. The
data presented in Table 2.3 from Ferguson et al. (1984)
show that the higher the pressure, the lower was the
temperature required for cementation to occur. Thus,
temperature coupled with the level of hydrostatic pressure

imposed had an effect on the rate of the diagenetic

reaction.
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Pressure (bars) Minimum temp. at which cquntation
occurred ( C)

48.25 200
75.84 190
96.5 160

Table 2.3 - Minimum temperatures at which cementation
occurred at a given pressure, Ferguson et. al., 1984.

Samples which were identical were therefore run under
different pressures but identical temperature and sampling
conditions to determine the effect of hydrostatic pressure
on the diagenetic reactions. The results of these

experiments can be found in section 4.4.

(3) Effect of fluid sampling

The effect of non-sampling of the pore fluids was also
studied by comparing two experiments run under similar
experimental conditions of time, temperature and pressure
using the same sediment. The pore fluids of one experiment
were sampled in the normal procedece ., the pore fluids of
the other were not. The results of these experiments can be

found in section 4.5.
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2.3.4 Pilot experiments

As well as the main areas of investigation into the possible
control on the experimental diagenesis of sample type,
temperature, hydrostatic pressure, time and the effect of
pore fluid sampling, pilot experiments were conducted to
Study the effect of varying the pore fluid composition. The
results of these experiments are reported in Chapter 5.
These experiments gave interesting results but were not
followed up because of a lack of time. It is suggested that
further experimentation in this area would give valuable
insight into the effects of pore fluid composition on

diagenesis.
2.4 ANALYTICAL PROCEDURE

To obtain a full understanding of the diagenetic effects
that occurred during the experiments, various types of data
were obtained. Theée include:

(1) The petrographic examination of the solid material using
techniques such as standard optical microsopy, scanning
electron microscopy (both secondary and back-scatter
.maging) and a limited amount of transmission electron
microscopy.

(2) The mineralogical examination of the solid material
using X-ray diffraction analysis.

(3) The geochemical examination of the solid material using
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microprobe analysis.
(4) The geochemical examination of the resulting pore fluids

using inductively coupled plasma techniques.

2.4.1 Petrography

(1) Preparation of material

The partially lithified sediments were dried at room

temperature on their removal from the pressure cells. They
were then set in araldite containing a dark blue pigment and
thin sectioned. Thin sections were ground to a thickness of
15 pm and polished. Samples of the original sediments were

also impregnated and thin sectioned.

(2) Optical microscopy

The thin sections were examined using normal optical
microscopes to determine the changes that had occurred in
the sediments. Textural relationships between the original
grains and diagenetically produced features such as cement,
secondary porosity, replacement and neomorphic textures,
were studied. Many of these features were easily seen and
distinguished using this method and hence much of the
petrographic observations were made using standard optical

microscopy.
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(3) Scanning electron microscopy (SEM)

Broken specimen surfaces were examined using the secondary
mode of the JEOL 733 electron microscope. This gave a three
dimensional image from which information about the cement

crystal morphology could be obtained.

Small fragments of the samples were mounted on aluminium
stubs with a silicon glue. Once dry, these were then coated
with a thin layer of gold (around 200 %) to prevent
electrostatic charging of the specimen surface while under

examination in the SEM (Echelin, 1978).

(4) Back-scatter electron imaging (BSI)

Back-scattered electrons have a different source within the
specimen to secondary electrons (see Fig. 2.4). While
secondary electrons are emitted from the surface layer,
back-scattered electrons come both from the surface and from
beneath the surface within a volume of the material under
examination. The energy intensity of these electrons is
related to the mean atomic number of the crystal hence,
areas of different mean atomic number i.e. chemistry or

mineralogy, can be distinguished (Hall and Lloyd, 1981).
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Fig. 2.4 - Schematic diagram showing the source of secondary
and back-scattered electrons from a specimen surface.

The polished thin sections, covered with a thin film of
carbon to prevent charging, were used for this method of
examination. Back-scattered imaging proved particularly
valuable when studying for example the difference in Mg
content of the cements generated during the experiments.
Minerals with a high mean atomic number appeared lighter
than those with a low mean atomic number. Carbonates
containing a high level of Mgz+therefore appeared darker

than low-Mg calcite or aragonite and could be easily and

quickly identified.

(5) Transmission electron microscopy (TEM)

Significant levels of Sr2+ and soi' were contained in the

calcite which was precipitated. To check whether these were

present as a separate SrSO, phase or not, foils of the

4
cement crystals of one experiment were prepared and studied
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using the TEM. The author did not conduct any extensive
study using the TEM and the work was carried out by Drs.
K.H. Brodie and S.H. White. No detailed discussion of the

technique is therefore presented.

2.4.2 Mineralogy
(1) X-ray Diffraction (XRD)

X-ray diffraction (XRD) was used primarily to determine the
bulk mineralogy of the samples and to provide an indication
of how much of the original aragonite had been converted to
calcite. This provided a semiquantitative measure of the
degree to which experimental diagenesis had proceeded. The
Mg contents of the calcite however were not determined using
this technique. The XRD method for determining the amount
of Mg in the calcite lattice is based upon the d-spacing of
the crystal lattice.‘ As the precipitated calcite contains
S$+ and Soi-as well as Mg2+ as major trace elements, the
calcite lattice d-spacing would have been affected making

the method unreliable (Busenberg and Plummer, 1985).

Whole rock samples were ground to a fine powder (<2 pm) and
mounted, dry, onto XRD cavity mounts. These were scanned
and oscillated six times between 28 and 36 °29 to obtain a

reliable average peak height. Cobalt k, radiation, a time
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constant of 2 and a chart speed of |°26/minute were employed.
Variable count rates per second were used to achieve maximum
on chart peak heights. Average peak height values were
compared with peak height curves obtained for mixtures of
khown quantities of minerals using the data of Cuff (1972).
The precision of this technique is +/- 5-10% and all data

were used bearing this in mind.
(2) Microprobe Analysis

Geochemical data were collected using the JEOL 733 electron
microscope (see sections 2.4.1 (3) and (4)) which has a
microprobe facility. For this, the carbon-coated, polished
thin sections were used with the machine in back-scatter
image mode to assist in the location of suitable points for
danalysis. Energy-dispersive spectrometry (EDS) was used
with livetimes of 300 seconds and a beam current necessary
to achieve a counts per second rate of 1500-1600 on a cobalt
standard. Pure CaCO3 should have a cation oxide total of
56.03 (Schofield and Adams, 1986). Carbonates are
particularly difficult to analyse using an electron
microprobe because Coé-can be driven off as CO, if the beam
current is too high. Often due to operating difficulties,
fluctuations in the beam current were noted. These were
compensated for by frequently recalibrating with the cobalt
standard. Because of these difficulties, many analyses were

rejected. Cation oxide totals of 56.03 +/- 3 were accepted.
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However, there are occaswons where analyses with cation
oxide totals outside the stated range are used as they were
the only source of data (e.g. those used in section 6.4).
All data used are presented in Appendix IV together with the

method for calculating the mole % values.

The accuracy of the microprobe for Méh) Sr2+and Soi-was
checked by analysing standards of MgO and SrSO4. The mean
oxide total for each standard was 99.5 and 101.95 with
standard errors on those means of 0.85% and 0.71%
respectively. However, by using cation oxide totals of +/-
3, additional errors of up to +/- 5% have been incurred.

The maximum error in mole % MgCO, is therefore +/- 6.5 % and

3
2=
+/- 8% in mole % SrCO3 and SO,. These are large errors,

4

most calcite however contained less than 10 mole $ MgCO,, 1.3
mole % SrCO3 and 2 mole % Soi-(see Appendix IV). Errors of.
up to 8% on those levels are much less than the spread of
data encountered (see data in section 3.5.2 (2)). Also, in
the Mg-rich phases,Adifferences between 30-85 mole % MgCO3
have been observed (see section 4.2), errors of up to 6.5 %
will not remove or invalidate any differences observed.
However, it is accepted that smaller errors would have begn
preferential and it is for this reason that the trends of
the microprobe data only have been studied. 1In future
studies, if detailed geochemical data aw required, it would

be advisable to use a secondary standard of calcite of known

composition. Concentrations less than 1000 ppm are not
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detectable using the microprobe (Schofield and Adams, 1986).

2.4.3 Geochemistry of pore fluids

All pH values for unused water samples were obtained using a
standard pH meter, calibrated using buffer solutions with pH
4, 7 and 9. The meter was checked at regular intervals

during measurements.

plasma

-
load
coil spectrometer

plasma torch

Tsample
aerosol (3%)

nebuliser

Blaectronic

computer

test solution

waste (97%)

Fig. 2.5 - Schematic diagram of the Inductively Coupled
Plasma (modified after Thompson and Walsh (1983)).

Pore fluid samples were analysed using inductively coupled
plasma spectrometry (ICPS). This employs a conventional
spectroscopic technique, but with the addition of a unique

emission source - the inductively coupled plasma. Fig. 2.5
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shows the basic principals of the equipment. Fluid samples
are mixed with argon gas in a nebuliser to form a very fine
spray. This then passes through the plasma torch which is
located in a 2 or 3 turn induction coil, carrying a very
high frequency alternating current. This maintains
ionisation and keeps the temperature at about 10,000K.
Sample material passing through the plasma is completely
ionised. Details of the equipment and technique are given
in Thompson and Walsh (1983). All samples were analysed to
give elemental concentrations of Mg, Ca, Sr and S. Pore

fluid analyses are given in Appendix I.

(1) Precision of technique

61 o Original values
m Rerun values

Experiment 34/4

44

mM92+/mCaz+
w

1 e
s ]
o o o
1 2 3 4 5 6 7 8 9 10
(er2+/mC32+) x 102
. - 2+ 2+
Fig. 2 - PJot of original and rerun values for mMg /mCa

and er+/mCa'+pore fluid ratios for experiment 34/4.
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Thompson and Walsh (1983) give precision values for ICPS
analysis as being around +/- 1 % but can occasionaly be as
high as +/- 5 % (lower precision). Analysis of the standard
(see Appendix I) showed that the standard errors of M;h;
Ca2+, Sr2+and SG+ were 0.24%, 0.28%, 0.22% and 0.41%
respectively. As a check on the precision of the technique,
the pore fluids of samples from experiment 34/4 were rerun
two months after they were first analysed, the results are

shown in Fig. 2.6. No significant difference in the

molecular ratios were noted.

(2) Data handling

Although elemental concentrations (i.e. ppm) relative to the
starting liquid were used in a few cases (e.g. to study the
precipitation of anhydrite from seawater, see section 3.2 or
the uptake of Mgzt see Fig. 3.21), study of the geochemical
data in this way proved to be unhelpful. The trends
observed were much less consistent when compared to those
obtained using mMgZJr/mCaa+ and er2+/mCa2+ ratios. The latter
have therefore been used except in the few cases where use
of ppm values helped clarify the results. Both elemental

and molecular ratio data however have been presented in

Appendix TI.
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2.4.4 Organic matter

Total organic carbon (TOC) analyses were carried out on all
starting sediments using a Perkin Elmer 240C elemental
analyser. The reproducibility of this technique however was
found to be very poor possibly because of the tendency of
Recent organic matter to be broken down on treatment with
acid (e.g. Byres et. al., 1978; Van Iperen and Helder, 1985)

and the results were therefore not used.
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PART II - RESULTS




CHAPTER 3 - INVESTIGATION OF THE EFFECT OF DIFFERENCES IN

EXPERIMENTAL MATERIALS

3.1 INTRODUCTION

Preliminary investigations by Ferguson et al. (1984) and
Goodman (1986) showed that the differences in the diagenetic
fabric which were produced (i.e. the cementation and
replacement of grains), were linked, in someway, to the
nature of the carbonate sediments that were used as starting
materials for the experiments. Ferguson et al. (1984)
attributed major differences in the replacement fabric to
the amount of organic matter that was contained within the
sediment grains. Géodman (1986) attributed differences in
the extent of cementation to the ability of the sediments to
remove Mg?+from the pore fluids by the adsorption of Mg

onto the grain surfaces.

It was therefore considered necessary to experiment with a
range of calcium carbonate sediments, predominantly composed
of coated grains but with a variety of other carbonate and
non-carbonate grains (see Appendix II for full descriptions
of the sediments used). The causes of the differences in
the diagenetic textures generated, could then perhaps be
more fully understood. It was also considered necessary to
study the reactions which occurred during the heating of the

seawater under pressure in the absence of any sediment, so
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that the effect of this could then be separated from
reactions involving both sediment and seawater. To check
the effect that the experimental conditions had on pure
aragonite, one experiment was also carried out using
"AnalaR" aragonite as this material had no complicating
factors such as grain structure or organic matter (which

could provide a source of CO, to drive the reactions).

This chapter reports on the results of experiments studying
reactions involving:

(1) seawater only

(2) seawater and "AnalaR" aragonite aﬁd

(3) seawater together with sediment samples from different

depositional environments and of different composition.

3.2 EVOLUTION OF SEAWATER DURING THE EXPERIMENTS

One experiment (34/1) was conducted, to study the reactions
that occurred during the heating under pressure of seawater

alone under experimental temperature conditions of 183 +/-

(o]
2 C and pressures of 7.65 MPa (s.d. 0.74 MPa).
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Fig. 3.1 - Depletion in magnesium, calcium and sulphur

levels (ppm) from that of seawater (SW) during experiment
34/1.

The chemical evolution of the pore fluid over 30 days
experimental time, is shown in Figs. 3.1 and 3.2. The
results indicate that anhydrite (CaSO4) and some sort of
magnesium oxysulphate as found by Bishoff and Seyfried
(1978), precipitated. The following calculations show how

much of each phase was precipitated from 80 mls of seawater.
Phases precipitated at the beginning of the experiment:

6
From Fig. 3.1, it can be seen that 300 ppm S *was removed

from pore fluids therefore

(16x4) + 32.06 o-
x 300 = 898.8 ppm SO4 was removed.
32.06
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In molecular terms
o
SO4 removed = 898.8/96.06

= 9.4 millimoles
2+ )
250 ppm Ca was also removed from pore fluids, therefore

ca’t removed = 250/40.08

= 6.2 millimoles

L.e. a maximum of 6.2 millimoles of CaSO4 was initially
precipitated from approximately 80 mls of seawater which is
in close agreement with the data in Bishoff and Seyfried
(1978) where 6.8 millimoles of CaSO, was found to
precipitate from 100 mls of seawater at 2000C. An excess of

3.2 millimoles of sof' was therefore removed from the fluids

at the beginning of the experiments.

Bishoff and Seyfried (1978), in their calculations,
attributed the removal of Mg2+and excess SC?z to the
precipitation of "MgSO4" and "Mg(OH)z" phases. Following
their method of calculation, Fig. 3.1 shows that 135 ppm Mg2+

was also initially removed from the pore fluids.
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2+
i.e. 135/24.32 millimoles Mg

2
= 5.6 millimoles Mg

Assuming precipitation of 3.2 millimoles “MgSO4", using all
the available Scii an excess of 2.4 millimoles Mg2+was
removed from the seawater, suggesting that the “Mg(OH)z"
phase found to have been precipitated by Bishoff and
Seyfried (1978) may also have been precipitated in this
case, although Bishoff and Seyfried (ibid.) found it to be
precipitated only at temperatures greater than 300°C.
Bishoff and Seyfried (1978) found unidentified crystals at
the end of their experiments which "presumably are a single
phase that represents the combined "MgSO4" and "Mg(OH)2"
components inferred from the composition of the solution"
(ibid., p.845). They called this phase a magnesium
oxysulphate. The gradual increase of Mgz+and S6+in solution
during the experiment suggests that the Mg phase
precipitated may have been relatively unstable, whereas the
continued decrease in the amount of Ca2+in solution suggests
further precipitation of CaSO4.
At the end of the experiment, when the cells cooled down,
the bulk composition of the seawater returned to near that
at the start of the experiment (see Fig.3.2), indicating a
high rate of dissolution of the precipitated phases on
cooling of the solution. Sufficient anhydrite has been

found in other experiments for it to be analysed and
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identified but no magnesium oxysulphate has been identified.
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Fig. 3.2 - Eyolution of seawater (34/1) in terms of mMgiymCa *

and mSr /mCa pore fluid ratios.

The anhydrite usually occurred only on sediment surfaces and
lining the walls of the experimental cell and PTFE container
but Occasionally it has been found within the sediment.
Plate 3.1 shows such an occurrence. The relationship

between the sediment grains, anhydrite lath and cement
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“PLATE 3.1

Anhydrite lath within the partially
lithified sediment. Anhydrite (An)
predates the fringe of calcite cement

which surrounds the grain edge on which
no anhydrite is present.
Experiment 34/4. PPL. Scale bar 50 um.
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crystals confirm that it is of an early origin.

3.3 "AnalaR" ARAGONITE

One experiment (34/2) was conducted using very fine "AnalaR"
aragonite powder (produced by Hopkins'and Williams Ltd (BDH
Chemicals)) to study the effects of the elevated
temperature/pressure seawater system on pure aragonite. No
source of C02 was present within the solid material in the
form of organic matter (although a small amount of dissolved
organic matter was likely to have been present in the
seawater). The change in the solid is therefore attributed
to the temperature/pressure conditions of the experiment.
XRD analysis of the resultant material showed that the
aragonite was totally converted to calcite (see Appendix V).
It is however noted that the very fine aragonite
precipitated from concentrated solutions, such as that used
here, reacts extremely rapidly when compared to natural

material (Land, 1967).

3.4 GENERALISED PATTERN OF EXPERIMENTAL DIAGENESIS

The general pattern of reaction which occurred during the
experiments will be briefly outlined, so that the detailed

results of the experiments can be studied in terms of their

individuality.
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In the first few days of the experiments, anhydrite (CaSOa)
precipitated from the seawater and possibly a magnesium
oxysulphate phase as shown in section 3.2.1. This
precipitate was accompanied or succeeded by the dissolution
of aragonite and the precipitation of calcite. These
processes are shown by an increase in’the pore fluid

2+

2+ 2+ . . 2+ .
mSr /mCa ratio and a decrease in the mMg /mCa ratio

respectively.

When the cell was opened, originally unconsolidated
sediments were found to be either partially or completely
cemented. XRD results (see Appendix V) indicate levels of
aragonite dissolution ranging from 0 to 100% depending on
the experiment. Typical levels of aragonite dissolution in

sediment samples were approximately 10 - 30%.

Petrographic observation showed a wide range of
experimentally generated fabrics. Cement crystals of
different sizes and morphologies were observed. Originally
aragonitic grains had undergone dissolution forming either
moldic porosity which, in some cases, was partially infilled
by calcite or, had undergone neomorphism, resulting in

irregular mosaics of sparry calcite.
Geochemically, a variety of cement compositions were found.

Typically the cement phase was either a low-Mg calcite or a

high-Mg calcite with less than 10 mole % MgCO3. However, in

T2



some cases, cement crystals were found to contain up to 84
mole % MgCQ3. All replacement phases were composed of

low-Mg calcite.

3.5 SEDIMENTS COLLECTED FROM DIFFERENT LOCALITIES AND

ENVIRONMENTS

As noted in section 2.2.1, starting materials were available

from four locations:

(1) the Bahamas,
(2) Abu Dhabi,
(3) Kuwait and

(4) shark Bay.

Seven sediment types were available and full descriptions
are given in Appendix II. Experiments were conducted using
all of these sediments. After the experiments had been run,
the samples from the.different areas were found to display
differences in petrographic textures, particularly in cement
morphology. Variations in the chemical evolution of the

pore fluids and crystal compositions were also noted.

At the outset of the research program, the effect that
variations in the physical conditions of the experiments,
such as pressure and pore fluid sampling frequency, would
have on the reactions, were not fully appreciated. All

sediments were therefore rerun later under identical
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experimental conditions using the four cell apparatus (see
section 2.2.2). The petrographic differences that were
initially observed were found still to exist and hence the
results of all experiments are discussed. A complete list
of the experiments conducted and the experimental conditions

employed can be found in Appendix ITI.

3.5.1 TEXTURAL VARIATION

(1) Bahaman Subtidal Ooids (BSO).

Press. (MPa)

Expt. No. Time(days) Temp.(oc) ﬁL 0)
1685 45 186 6.2 1.05
30/1 43 183 7.8 1.09
34/3 37 183 7.7 0.74
4086 50 200 6.9 0.68
Table 3.1 - Conditions for experiments run using the

sediment BSO.

Bahaman Subtidal Ooids (BSO) were used as starting sediments
in experiments 1685, 30/1, 34/3 and 4086. The conditions
under which these were run are given in Table 3.1.
Fluctuations in the hydrostatic pressure within the
experimental cell occurred for the reasons given in section

2.2.2, the mean value Vi) and its standard deviation () are
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PLATE 3.2 - BAHAMAN SUBTIDAL OOIDS

(A) Experiment 1685 - Isopachous fringes of granular-bladed
cement crystals surround sediment grains. A wider cement
fringe is observed surrounding the peloid. The overlay
shows where lamellar secondary porosity (oomoldic) has been
created and infilled. Neomorphic spar has partially replaced
areas of the micritic peloid (see overlay). PPL. Scale bar
20 pm.

(B) Experiment 4086 - Isopachous fringes of granular-bladed
cement crystals surround grains. A cluster of cement
crystals (C), resembling the form of an algal filament, is
observed in the sediment pore space. Secondary porosity
(oomoldic) has been created in the cortex of the coated
grain (see overlay) while micro-porosity has been created in
the peloid. Some of the micritic carbonate has been
replaced by neomorphic spar (N). PPL. Scale bar 50 pm.

(C) Experiment 34/3 - Detail of cement crystals (C) on an
algal filament which is protruding from the grain surface.
PPL. Scale bar 20 pm

(D) Experiment 1685. Detail of grain in which the oomoldic
porosity has been infilled by solution cavity fill calcite
retaining the original structure of the coated grain cortex
(see overlay). Some areas of unfilled secondary porosity
remain. Micro-porosity is observed in the micritic peloid.
Isopachous fringes of granular-bladed cement crystals
surround grains. PPL. Scale bar 50 pm.

OVERLAY KEY
Areas outlined - .oomoldic porosity
Areas stippled - micro-porosity

Areas shaded - replacement fabrics
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therefore given in Table 3.1.

Cement: At the end of each experiment, all samples of
sediment BSO, were found to show an identical form of
cement, an isopachous fringe of small granular-bladed
crystals (see Plate 3.2 A-D). SEM observation shows these
crystals to be of a 'baton' type morphology (see Plate 3.5).
The average width of this isopachous fringe is 10 pm,
ranging from 6 - 20 pm. Coated grains typically display a
cement fringebof single crystal width but micritic peloids
show several layers of cement crystals (see Plate 3.2 A and
D). Occasionally cement crystal clusters are found in

association with organic filaments (see Plate 3.2 B and C).

Secondary porosity: Oomoldic porosity has been created in
the cortices of coated grains by the dissolution of
aragonitic lamellae (see Plate 3.2 B). Micritic peloids are
also affected by dissolution with the development of

microporosity (see Plate 3.2 B and D).

Replacement: Solution cavity fill calcite is found in some
of the oomoldic porosity. This typically mimics the
original lamellae (see Plate 3.2 A and D). Some micritic
aragonite has been replaced by neomorphic spar where small
Crystals larger than the original micrite (typically less
than 10 pm in diameter), are observed (see Plate 3.2 A and

B).
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XRD data (see Appendix V) can only be used in the broadest
sense as it is only correct to +/- 5-10%. In experiments
using sediment BSO, 10-25% of the original aragonite was

removed.

(2) Abu Dhabi Dune Ooids (ADDO)
Abu Dhabi Dune Ooids (ADDO) were used as the starting
sediments in experiments 18/1 and 37/1. The conditions

under which these were run are given in Table 3.2.

Press. (MPa)

o)

Expt.No. Time(days) Temp.( C) !l 0)

18/1 47 183 6.9 N/D

37/1 47 183 7.9 1.3

Table 3.2 - Conditions for expériments run using sediment
ADDO.

Cement: The partially lithified sediments which were
collected at the end of both experiments show an identical
form of cement, an isopachous fringe of small
granular-bladed crystals as shown in Plate 3.3 A-C. The
width of this fringe is typically 7 - 9 pm where a single

layer of crystals are present. The cement is similar to
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PLATE 3.3 - ABU DHABI DUNE OOIDS

(A) Experiment 37/1 - Isopachous fringes of granular-bladed
cement crystals. Peloids show the developmenc of several
layers of cement crystals (C) while coated grains show only
one layer. Oomoldic porosity has been created in the
cortices of coated grains with micro-porosity being created
in the micritic (see overlay). A small amount of the
oomoldic porosity has been infilled by lamellar calcite (see
overlay). Neomorphic spar (N) partially replaces micritic
carbonate. PPL. Scale bar 50 pm.

(B) Experiment 37/1 - Several layers of granular cement
crystals are observed on the peloid while one layer of

cement crystals only is observed on the coated grain. PPL.
Scale bar 20 um.

(C) Experiment 18/1 - The cortex of.the central grain has
been replaced by solution cavity £ill calcite (R). Areas of
secondary porosity remain between the replacement calcite
and the original micritic nucleus (P). All grains are
surrounded by an isopachous fringe of bladed cement
crystals. PPL. Scale bar 50 pm.

(D) Experiment 37/1 - Detail of neomorphic spar (N)
replacing micrite. PPL. Scale bar 20 pm.

OVERLAY KEY

Areas outlined - oomoldic porosity

Areas stippled - micro-porosity

Areas shaded - lamellar calcite
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that generated using sediment BSO. Coated grains show the
development of a single layer of cement crystals while
peloids show the development of multiple layers of cement

crystals (see Plate 3.3 B).

Secondary Porosity: Oomoldic porosity has been created in
the cortices of coated grains by the dissolution of
aragonite lamellae (see Plate 3.3 A) while micro-porosity
has been created in micritic peloids (see Plate 3.3 A).
Both of these types of porosity are similar to those

observed in experiments using sediment BSO.

Replacement Textures: The infilling of oomoldic porosity by
solution cavity £fill is well developed and takes two forms.
The most common form is where the original lamellar cortices
of coated grains have been partially replaced by calcite
retaining the original outline of the grain (similar to that
observed in the partially lithified sediment BSO, see Plate
3.3 A). The second form has developed where the solution
cavity was sufficiently large to be filled by sparry calcite
as shown in Plate 3.3 C. Neomorphic spar (typically less
than 10 pm diameter) has been found replacing micritic
peloids, where patches of calcite larger than the original

micritic aragonite, are observed (see Plate 3.3 A and D).

All diagenetic textures generated are therefore very similar
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to those found in experiments where sediment BSO was used.
XRD data however showed that 20-25% of the original
aragonite was removed, slightly more in experiments using

sediment BSO.

(3) Abu Dhabi Beach Ooids (ADBO)
Abu Dhabi Beach 0Ooids (ADBO) were used as the starting

sediments for experiments 1785 and 37/2. The conditions

under which these were run are given in Table 3.3.

Press. (MPa)

Expt. No. Time(days) Temp. ( %n ﬂl (0]
1785 47 186 6.0 0.7
37/2 47 183 7.9 1.3

Table 3.3 - Conditions for experiments run using sediment
ADBO.

Cement: The partially lithified sediments from both
experiments display a cement fabric which is composed of
equant crystals (see Plate 3.4 A and B), very different from
those previously described from experiments using sediments
BSO and ADDO. SEM observation show these crystals to be of
a rhombohedral morphology, similar to those precipitated

using sediment SBO (see Plate 3.5). The size of these
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PLATE 3.4- ABU DHABI BEACH OOIDS

(A) Experiment 1785 - Continuous and discontinuous fringes
of equant cement crystals surround sediment grains.
Clusters of cement crystals are associated with areas of
organic matter (OM). Secondary porosity (P) has been
created in the cortices of coated grains and micro-porosity
in areas of micrite. An anhydrite lath (An) is observed in
the sediment pore space. Back-scatter electron image.
Scale bar 50 pm.

(B) Experiment 37/2 - An irregqgular mosaic of neomorphic
calcite (N) replaces the cross-lamellar structure of an
aragonitic shell fragment (A). Areas of oomoldic porosity
and micro-porosity are also seen. Areas of original
aragonite occur between some of the neomorphic spar.
Isolated, egquant cement crystals occur along the grain edge.
XP. Scale bar 20 pm.

(C) Experiment 37/2 - Detail of fabric shown in Plate 3.4 B.
Note how the neomorphic spar (N) and the skeletal aragonite
(A) interfinger. XP. Scale bar 20 pm.

(D) Experiment 1785 - Detail of neomorphic calcite (N)
replacing an aragonitic shell fragment (A). This is not the
same grain as featured in Plate 3.4 (B) or (C). The
aragonite and calcite boundaries interfinger but the
boundaries between spar crystals are much straighter. XP.
Scale bar 50 pm.
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PLATE 3.5 - SECONDARY ELECTRON 3-D IMAGES OF CEMENT
CRYSTALS

(A) Experiment 1685 -~ Isopachous layer of
granular-bladed cement crystals on sediment grain. The
cement crystals are tightly packed leaving little room
in which further growth sidewards could occur. Scale
bar 10 pm.

(B) Experiment 1685 - Detail of isopachous cement
crystals. 1In 3-D, these crystals show a 'baton' type
of morphology. Scale bar 10 pm.

(C) Experiment 1584 - Equant cement crystals. The
isolated nature of the crystals is clearly shown. More
rhombohedral crystal faces are developed than in the
granular-bladed fabric. Scale bar 10 pm.

(D) Experiment 1584 - Detail of equant crystals. These
crystals form a more continuous fringe than those shown
in Plate 3.5 C. Scale bar 10 pm.
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crystals ranges from about 7 pm to 30 pm, with an average of
15 pm. They are much larger than the crystals generated in
the granular-bladed fabric and form discontinuous rims.
Clusters of cement crystals on organic matter are common

(see Plate 3.4 A).

Secondary porosity: The creation of pore space is limited
when compared to experiments using sediments BSO and ADDO.
Where found, it takes the form of oomoldic porosity (see
Plate 3.4 A) with a small amount of micro-porosity developed

in micritic peloids (see Plate 3.4 A and B).

Replacement Textures: Solution cavity fill of oomoldic
porosity is limited (see Plate 3.4 A). Most replacement in
these sediments is of a neomorphic origin, in particular of
shell fragments (which are more abundant than in sediments
BSO and ADDO). Plate 3.4 B and C shows the results of
neomorphic replacement of an aragonitic shell fragments.
The cross-lamellar structure of the shell fragments (A) has
been partially replaced by an irregular mosaic of sparry
calcite crystals (N). Areas of aragonite exist between the
nedmorphic crystals and all phase boundaries are very
irregular (see Plate 3.4 C). Plate 3.4 D shows the results
of neomorphism in a shell fragment from experiment 1785.
The boundary between the original aragonite (A) and the
neomorphic spar (N) is irregular but the boundaries between

the neomorphic spar crystals are much straighter when
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Compared to those in Plate 3.4 B and C. The neomorphic
crystals shown in Plate 3.4 D are also much larger than

those in Plate 3.4 C.

XRD aragonite conversion data show that a significantly
smaller amount of the original aragonite has been
removed(<5%) when compared to sediments BSO and ADDO (10-25%
and 20-25% respectively) which correlates with the lack of
secondary porosity, generated through the dissolution of

aragonite.

(4) Kuwait Subtidal Ooids (AKSO)

Kuwait Subtidal Ooids (AKSO) were used as the starting

sediment in experiments 2185, 32/1 and 37/3. The conditions

under which these were run are given in Table 3.4.

Press.(MPa)

Expt.No Time(days) Temp.(OC) }L g
2185 38 186 11 2.3
32/1 40 183 7.4 1.2
37/3 47 183 7.9 1.3

Table 3.4 - Conditions for experiments run using sediment
AKSO.
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Cement: The cement fabric that has been developed on the
grains of these sediments is found to be a mixture of
granular-bladed and equant (see Plate 3.6 A) crystal
morphologies, varying from grain to grain. The cement
crystals form isopachous fringes (approximately 12 pm in
width on sediment grains). Differences in the cement type
is shown in Plate 3.6 B where the occurrence of a bladed
cement fringe is seen on a bivalve shell fragment (B) while
a coated grain displays a cement fringe of granular-equant
crystals (G). Plate 3.7 C shows an inner layer of granular
cement (G) overgrown by larger equant crystals (C).
Optically continuous overgrowths of caldite (0) are observed

on echinoid fragménts (see Plate 3.6 A)

Secondary Porosity: The typical development of oomoldic
‘porosity is observed where cortical aragonite has been
dissolved from coated grains (see Plate 3.6 A and 3.7 A) and
micro-porosity has been created in micritic carbonate (see
Plate 3.7 A and B). Occasional shell fragments also display
the effects of dissolution (see Plate 3.7 A and B). 1In
these cases certain zones of the shell structure have been
exploited as shown in Plate 3.7 B but such examples are

unusual.

Replacement Textures: Replacement fabrics are found to be
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PLATE 3.6 - AL-KHIRAN SUBTIDAL OOIDS

(A) Experiment 37/3 - Isopachous fringes of bladed,
granular and equant cement crystals (C) surround
sediment grains. Discontinous calcite overgrowths (0)
grow in optical continuity off echinoderm fragments. A
considerable amount of secondary porosity has been
created in the sediment (P). PPL. Scale bar 100 pm.

(B) Experiment 2185 - The morphology of the cement
crystals varies from grain to grain. A bladed cement
fringe (B) grows off the substrate of a bivalve
fragment while granular-equant cement crystals (G)
surround a coated grain. PPL. Scale bar 50 pm.

(C) Experiment 2185 - An irregular mosaic of neomorphic
spar (N) totally replaces the structure of a gastropod
shell fragment. PPL. Scale bar 100 pm.
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PLATE 3.7 - AL-KHIRAN SUBTIDAL OOIDS

(A) Experiment 2185. Isopachous fringes of bladed,
granular and equant cement crystals surround sediment
grains. A considerable amount of secondary porosity
has been created particularly in the cortices of coated
grains (see grains in top and bottom right hand
corners). Micro-porosity has been created in the
bottom right hand grain by the removal of micrite.

Some secondary porosity has also been created by the
dissolution of skeletal aragonite (A) and has been
partially infilled by solution cavity fill calcite (R).
Back-scattered secondary electron image. Scale bar
100 pm.

(B) Experiment 37/3 - The structure of an aragonite
shell fragment has been exploited during dissolution.
Micro-porosity (P) has also been created in the
micrite. Back-scattered secondary electron image.
Scale bar 10 pm.

(C) Experiment 37/3 - Outer fringe of equant cement
crystals (C) overlies an inner granular-bladed fringe
(G). Secondary porosity (P) has been created by the
removal of aragonite. Back-scattered secondary electcua
image. Scale bar 10 pm.
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predominantly neomorphic in origin (see Plate 3.6 C).
Replacement of grains by solution cavity fill calcite is
however observed. Plate 3.7 A shows a shell fragment (A)
undergoing dissolution to form secondary porosity which has

been partially infilled by solution cavity fill calcite (R).

XRD data show that 10-25% of the original aragonite has been

removed.

(5) Kuwait Dune Ooids (AKDO)

Kuwait Dune Ooids (AKDO) were used as the starting sediments

in experiments 2085 and 37/4. The conditions under which

these were run are given in Table 3.5.

Press. (MPa)

Expt.No. Time(days) Temp.(OC) #L O
2085 42 186 7.6 1.4
37/4 47 - 183 7.9 1.3

Table 3.5 - Conditions for experiments run using sediment
AKDO.

Cement: In this set of experiments, the cement that has
been precipitated on the grains is composed of isopachous
rims of bladed-granular cement crystals (see Plate 3.8 A-D).

The width of these fringes varies from 9 to 18 pm with the
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PLATE 3.8 - AL-KHIRAN DUNE OOIDS

(A) Experiment 37/4 - An isopachous fringe of
granular-bladed cement crystals surround each sediment
grain. A cluster of cement crystals (C) is observed in
the sediment pore space. Neomorphic spar (N) replaces
some of the original micrite. PPL. Scale bar 50 pm.

(B) Experiment 37/4 - An isopachous fringe of
granular-bladed cement crystals surround each sediment
grain. Note how cement crystals are clustered in the
bored surfaces of a coated grain (C). The secondary
porosity created in the cortices of coated grains (P)
can be clearly observed in the middle grain. PPL.
Scale bar 50 pm.

(C) Experiment 37/4 - Detail showing areas of secondary
porosity (P) and neomorphic spar (N) which replaces
micrite. Microporosity is present in some of the
original micritic grains (M). PPL. Scale bar 20 um

(D) Experiment 2085 - Shell fragment almost totally
replaced by neomorphic spar (N). Areas of relic
aragonite (A) remain. PPL. Scale bar 50 pm.
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widest cement fringes being found on peloids. Cement

clusters are again observed (see Plate 3.8 a)

Secondary Porosity: Oomoldic porosity is very well
developed (see Plate 3.8 B and C), with small amounts of

micro-porosity being developed in micrite (see Plate 3.8 C).

Replacement Textures: Replacement textures are limited with
no large scale infilling of the oomoldic porosity which was
generated (see Plate 3.8 A-C). Neomorphic calcite (N)
replaces micrite (see Plate 3.8 A and C) while shell
fragments are occasionally observed to be replaced by
irregular mosaics of neomorphic spar (see Plate 3.8 D).
Relic aragonite structures within the neomorphic spar are

very occasionally seen (see Plate 3.8 D).

XRD data shows that 20-40% of the original aragonite has

been removed.

(6) Shark Bay Ooids (SBSO, SBDO and SBO)

Shark Bay Ooids were used as the starting sediments in
experiments 1384, 3386 (SBSO); 1584 (SBDO) and 34/4 (SBO).

The conditions under which these experiments were run are

given in Table 3.6.
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Press. (MPa)

Expt.No Time(days) Temp.(oc) U 0)
1384 30 186 9.8 1.4
3386 44 186 8.9 1.0
1584 31 186 6.6 . 1.2
34/4 37 183 7.7 0.7

Table 3.6 - Conditions for experiments run using Shark Bay
Ooids.

Cement: The cement crystals generated in experiments using
Shark Bay Ooids, are typically equant in morphology. These
are shown in Plate 3.9 A-D. These crystals are often
isolated, forming a discontinuous rim around grains (see
Plate 3.9 D). SEM observation shows these crystals to be
rhombohedral (see Plate 3.5). However, ¢ccasional rims of
more granular-bladed crystals (C) are also observed (see
Plate 3.9 C). Areas of organic matter and bored grain
surfaces often display a thicker coating of smaller,
granular cement crystals than other grains (see Plate 3.9 A
and D). The width of this fringe varies from 15 - 50 pm but
typically a single crystal layer of cement is around 20 pm

in width (see Plate 3.9 B).
Secondary Porosity: Oomoldic porosity is very well
developed as shown in Plate 3.9 A, B and D with small areas

of micro-porosity (see Plate 3.9 B).
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PLATE 3.9 - SHARK BAY 0OOIDS

(A) Experiment 1584 - Equant cement crystals surround
sediment grains. A cluster of cement crystals is
observed in the sediment pore space (C). Secondary
porosity (P) has been created in the cortices of coated
grains and in micritic carbonate. PPL. Scale bar 75

pm.

(B) Experiment 1584 - Equant cement crystals surround
sediment grains. Secondary porosity (P) has been
created in the cortices of coated grains and in
micrite. PPL. Scale bar 20 pm.

(C) Experiment 3386 - Right hand grain (quartz)
displays a fringe of equant cement crystals while the
left hand grain (peloid) displays a fringe which is
composed of granular-bladed crystals (C) with an outer
equant (E) layer. PPL. Scale bar 20 pm.

(D) Experiment 34/4 - Discontinuous rims of equant
cement crystals surround grains. Clusters of granular
crystals (C) occur in bored surfaces of grains.
Secondary porosity (P) has been created in the cortices
of coated grains with neomorphic spar (N) replacing
some of the micrite. PPL. Scale bar 20 pm.
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Replacement Textures: Most of the secondary porosity which
was created during the experiments remains unfilled. The
replacement of micritic peloids by neomorphic spar, is the

most common form of replacement (see Plate 3.9 D).

XRD data show that 0-25% of the original aragonite was

removed.

(7) SUMMARY

Differences in diagenetic textures were observed between
sediment types. Each sediment type however displayed the
same type of textures when tested under a variety of
experimental conditions of time, temperature and pressure
although the degree of alteration was found to vary

slightly.
(i) Cement Morphology.

Cement morphologies range between two end members.

(a) Granular-bladed cement crystals - these form an
isopachous fringe of small crystals. The maximum width of
this type of cement fringe is around 20 pm, typically 6 - 13
pm.

(b) Equant cement crystals - these are larger crystals than

those in type (a). Individual crystals range from 10 - 30
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pm across, typically 15-20 pm, with maximum cement fringe
widths of 50 ym. This type of cement is formed by either a

continuous or discontinuous layer of crystals.

Micritic peloids and areas of organic matter in all
partially lithified sediments, often show multiple layer
cement fabrics while coated grains typically display only

one layer of cement crystals.

In most cases the partially lithified sediments are
characterised by having a cement fabric of either type (a)
or type (b) but variations in that fabric from grain to

grain have been noted.

(ii) Intra-grain textures.

Each grain type is found to react differently.

(a) Coated grains - the aragonitic cortex of coated grains
is greatly affectéd by dissolution in most cases. The
secondary porosity (oomoldic) which is created is, in some
cases, partially infilled by low-Mg calcite. The morphology
of the crystals infilling the porosity depends on the size
of the pore space being filled.

(b) Micritic peloids - some dissolution of the micritic
aragonite is found to occur, forming micro-porosity.

Usually however, alteration of the original aragonite is

marked by patches of neomorphic spar (calcite) often around
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4-5 pm, with maximum sizes of around 10 pm.

(c) Aragonitic shell fragments - are either affected by
dissolution forming secondary porosity or, more commonly,
undergo neomorphism. Where they have reacted, the shell
fragments have usually been totally replaced by neomorphic
spar but intermediate stages are found. Original shell
structures are found co-existing with the neomorphic spar
and the two phases are separated by an alteration front of
sub-micron size (below the resolution of normal optical

microscopes).

3.5.2 PORE FLUID AND CEMENT CRYSTAL CHEMISTRY

In this section, the pore fluid chemical composition trends
and the electron microprobe chemical analyées for cement
crystals are presented. The cement crystals are likely to
have been precipitated directly from the pore fluids while
solution cavity fill and neomorphic spar phases because of
the closeness of the sites of dissolution and precipitation,
may have been influenced in their chemistry by the material
which they replace. Any relationship which may exist
between the fluids and solids will therefore be most easily
seen using pore fluid and cement geochemical data. Analyses
for solution cavity fill calcite and neomorphic spar,
together with data for relic aragonitic and calcitic phases,

are presented in Chapter 6.
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(1) Pore Fluid Evolution

The evolution of the pore fluids for each group of
experiments are shown in Fig. 3.3 (a)-(e). Each graph shows
an overall decrease in the mMg2+/mCa2+ratio due to the
removal of Mg?+from the pore fluids by the precipitation of
cement and possibly a small amount of magnesium oxysulphate
and possibly by the adsorption of Mgz+onto grain surfaces
(Berner, 1975). 1In most cases, the er2+/mCa2+ ratio
increases continuously due to the dissolution of aragonite
and hence release of Sr2+. Experiment numbers marked by
(eq) however indicate that the er2+/mCa2+ratio for that
experiment increased to an apparent maximum, after which the

mSr 2+/mCa2+ ratio decreased sHhghtly.

(i) Bahaman Subtidal Ooids (Fig. 3.3(a))

Three apparent trends in the data are observed. The trends
for experiments 30/1 and 34/3 are consistent. These were
both run in the smaller of the two types of cell (see
section 2.2.2) at 183<%. Experiments 1685 and 4086 however,
were run in the larger cell at temperatures of 186 and 200°C
respectively. The shift in the er27mCa?+ratio towards
higher values at the beginning of experiment 1685 from that

of 30/1 and 34/3, represents a relative increase in the
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Fig. 3.3 - Evolution of pore fluids from the composition of seawater (®)
during experiments using (A) sediment BSO, (B) sediment ADBO and
(C) sediment AKSO.
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level of Sr2+in the pore fluid but that of 4086 represents a
relative decrease in the level of Ca2+(see Appendix I).
Although there is a relationship between temperature and the
er27mCa2+ratio, no relationship between the aragonite
dissolution rate and temperature (in the range 183~200°C) is
observed.

Each experiment run shows an initially high mMgz+/mCa2+
ratio which falls to less than 1 in the first two weeks of
each experiment, and relatively high (see Table 3.9) final

2
mSr +/mCa2+values (0.1 maximum).
(ii) Abu Dhabi Dune Ooids

Experiment 18/1 was part of a group of experiments designed

to study the effect of not sampling the pore fluids (see

further discussion in section 4.5). No pore fluid data are

therefore available. Also, data &€ only available for the
. ) 2+ 2+ .

end of experiment 37/1. The maximum mSr /mCa ratio

2 2
observed was 0.082, at a mMg +/mCa+ratio of 0.1 - 0.2.

(iii) Abu Dhabi Beach Ooids (Fig. 3.3(b))

One major trend is apparent in both experiments. Initially
however, the pore fluids from experiment 1785 appear to

2 2
deviate from that trend by having a higher mSr +/mCa *
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ratio. Experiment 1785 was run at a slighely higher
temperature (186 %) than experiment 37/2 (183(%), in the
larger and smaller cells respectively which may account for
the difference. When compared to Fig. 3.3(a), the amount of
Sr?+which was released, due to aragonite dissolution,
appears to have been greatly reduced. The maximum er2+/mdﬁ?+
ratio observed for 37/2 was 0.06, while that for 1785 was
only 0.03 correlating with the low degree of aragonite
dissolution noted in both the petrography of the solid and
the XRD data (see 3.5.1). It should be noted that
experiments 1785 and 37/2 each ran for 47 days, similar to
those using sediment BSO (37 and 50 days). The difference

in the degree of aragonite dissolution between the two types
of sediment cannot be attributed to time but must have been
caused by some internal factor in the sediment e.g. a higher
proportion of shell fragments in sediment ADBO than in

sediment BSO.
(iv) Kuwait Subtidal Ooids (Fig. 3.3(c)).

A similar, early pattern in the er2+/mCa2+ratios to Fig.
3.3(b), can be seen in Fig. 3.3(c). In this case however,
the deviation in the initial trend observed in experiment
32/1 from that of experiments 2185 and 37/3, cannot be
correlated with differences in the temperature or the
experimental cell in which the experiment was run. A lower

sample weight was used in experiment 32/1 than in 37/3
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although both were conducted in the same experimental cell.
If the sample weight-fluid ratio had affected the er'2+/mCa2+
ratio then one would have expected the pore fluids of

experiment 37/3 to have a greater er27mCa?*ratio than that
of experiments 37/3. A high final er2+/mCa2+ratio, similar
to that for experiments using sediment BSO (see Fig.3.3(a)),

is observed.

(v) Kuwait Dune Ooids (Fig. 3.3(d))

No data for the first pore fluid sample collected from
experiment 37/4 are available. The early part of both trends
can therefore only be inferred. The trends fall into the
pattern observed in other data groups where a higher
temperature correlates with a higher initial degree of Sr2+
input to the fluids via aragonite dissolution. 1In this
particular group of experiments, an extremely high final

2+ ,- 2+
value for the mSr /mCa ratio is observed reaching a

maximum of 0.125.
(vi) Shark Bay Ooids (Fig. 3.3(e))

A very different pattern to any of the previous data sets is
observed. All experiments are characterised by early
mMg2+/mCa2+ratios higher than that of seawater (the

starting fluid). After the first samples were collected,
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the mMg2+/mCa2+ratio for experiments 3386 and 34/4, was seen
to drop very rapidly to typical levels of less than 1. 1In

experiment 1384 and, in particular, 1584, the mMg2+/mCa2+
ratio remained very high when compared to all other data

sets with minimum values of 1.2 and 2.1 respectively.

. 2+ 2+ .
Maximum mSr /mCa ratios were around 0.08 to 0.09.

(2) Cement Crystal Chemistry

In the calcite (identified using XRD) cement crystals, there
are significant amounts of the trace elements Mg2+, Sr2+,
and S6+. The molecular proportions of MgCO3 and SrCO3 and
SC§+in the calcite structure have been calculated by the
method described in Appendix IV and the analyses used can

also be found in Appendix IV.

(i) Bahaman Subtidal Ooids (Figs 3.4 and 3.5).

Fig.3.4 shows the relationship between the amount of MgCO3
and SrCO3 (mole %) held within the structure of the calcite
cement. The composition of the cement varies both within
each experiment and also between experiments. The cement
precipitated in experiment 1685 appears to contain less MgCO3
than that of experiment 30/1 while in experiment 4086, the

composition of the cement, in terms of MgCO,, lies between
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that of experiments 1685 and 30/1. The cement precipitated
in experiment 34/3 however contains significantly more MgCO3
than the cement in any of the others. On examination of the
thin sections, the cement crystals precipitated in
experiment 34/3, are very small (Plate 3.2 A and C). Small
cement crystals have been found to be relatively enriched in
MgCo

3 when compared to larger cement crystals (see section

4.2).

The levels of SrCO3 found in the cement crystals do not
display the same level of variation as the MgCO3 content. A
correlation between the two levels is noted however, the

higher the MgCO3 level of the calcite, the lower the SrCO3

level.

Analyses through individual crystals (see Table 3.7)
indicate that the base of the cement crystal is richer in
MgCO3 than the edge of the same crystal while the level of
SrCO3 display the opposite pattern. Two examples of this

are given in Table 3.7.

Expt. No. 30/1 4086

MgCO3 SrCO3 MgCO 4 SrCO 5
Base 6.39 0.99 5.96 0.40
Edge 3.44 1.24 2.76 0.83

Table 3.7 - MgCO3 and SrCO3 (mole%) levels of individual
cement crystals. (BSO).
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This appears to correspond with the pattern of decreasing
2 2 2 2 . .
mMg +/mCa+and increasing mSr +/mCa *ratios with time

observed in the pore fluids.

The precipitated cement phase has also been found to contain

significant amounts of SO4 . The levels of this are shown
2-

4
(typically 0.75 - 1.4 mole %). Cement crystals were studied

in Fig. 3.5. Values range from 0.4 -1.4 mole % SO

for differences between the bases and edges but no trend was

observed.
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(ii) Abu Dhabi Dune Ooids (Fig.3.6 and 3.7)

The composition of the cement precipitated in experiments
using sediment ADDO varies slightly between experiments 18/1
and 37/1, but there is a considerable overlap in the
analyses. The level of MgCO3 varies from 2.4 to 7.2 mole %
while that of SrCO3 is found to vary from 0.38 to 0.87 mole
%. The negative correlation between the amount of MgCO3 and

SrCO3 also being found in this data set (see Fig 3.6).
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Fig. 3.6 - Mole % MgCO3 and SrCO 3 contained in cement
crystals precipitated using sediment ADDO.

2-
Significant levels of SO4 are also found in the cement

precipitated during these experiments (see Fig. 3.7). The

overall amount of SO4-in the cement (range 0.5 - 1.35 mole

107



%) is similar to that of the cement crystals precipitated in
experiments run using sediment BSO. The variation in the
amount of Soi-in the cement precipitated in experiment 18/1
is less than that found in 37/1.
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Fig. 3.7 - Mole % SO contained in cement crystals
precipitated using sediment ADDO. Mean values (%) have been
shown.

(iii) Abu Dhabi Beach Ooids (Figs. 3.8 and 3.9)

The cement precipitated in experiment 1785 shows a
considerable variation in the amount of MgCOB contained
within the calcite lattice (1 -12 mole % MgCO3), see Fig.

2+
3.8. Cores to cement crystals, enriched in Mg , were
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observed in the partially lithified sediment of this
experiment and the data ave presented in section 4.2.
Generally, there appears to be a relatively high level of
MgCO3 associated with the cement. The level of SrCO, (0.2 -
0.8 mole $) is lower than in other data sets although it
shows the same magnitude of variation. This correlates with
the low levels of Sr2+observed in the pore fluids (see Fig.
3.3 (b)) and the lower levels of aragonite dissolution
observed (see section 3.5.1 (3)) when compared to those for
experiments using sediments BSO and ADDO. The inverse

correlation between MgCO3 and SrCCB is again noted.
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crystals precipitated asing sedi%ent ADBO.
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The cement of experiment 37/2 shows a much less pronounced
variation in composition with respect to MgCO3 and SrCO3 .
The inverse correlation between the two phases however is
apparent, also the relatively low level of SrCO3. The

variation in both MgCO3 and SrCO3 is comparatively low when

compared to those of experiment 1785.
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Fig. 3.9 - Mole % SOg contained in cement crystals

precipitated using sediment ADBO. Mean values (%) are
shown.

2-
Relatively high levels of SO4 are present in the cement of

both experiments (see Fig. 3.9). Although the data from the
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cement precipitated in experiment 1785 show a larger
variation of the Soz-level (0.85 - 1.85 mole %) than that of
experiment 37/2 (1.1 -1.7 mole %), this may not be

significant in terms of the maximum analytical error (see

section 2.4.2 (2)).

(v) Kuwait Subtidal Ooids (Figs. 3.10 and 3.11)
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Fig. 3.10 - Mole % MgCO3 and SrCOjcontained in cement
crystals precipitated using sediment AKSO.

Fig 3.10 shows that, with respect to MgCO3 and SrCO3
substitution in the calcite lattice, the cement precipitated
in experiments 2185 and 32/1 fall into two distinct areas.
The cement of 32/1 has relatively high levels of MgCO3
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(typically 4 - 5 mole %) and low levels of SrCO3 (typically
0.3 - 0.5 mole %), while that of 2185 shows the opposite
pattern i.e. lower levels of MgC03(0.5 - 3.5 mole %) with
high levels of SrCO3 (0.35 - 1.05 mole %). The composition
of the cement precipitated in experiment 37/3 lies between
that of 32/1 and 2185 in terms of its MgCO, and SrCOy

content. Again there is a negative correlation between the

mole % MgCO3 and SrCO3 in the cement crystals.
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precipitated using sediment AKSO. Mean values (&) are
shown.
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Levels of soj? similar to those found in the cement of
experiments using sediments BSO and ADDO, are present in the
cement precipitated using sediment AKSO (Fig. 3.11). The
cement generated in all experiments show similar levels of

Soz-(generally 0.6 -~ 1.5 mole % SCﬁW.

(vi) Kuwait Dune Ooids (Figs 3.12 and 3.13)
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Fig. 3.12 - Mole % MgCO, and Srcq3 contaiped within the
cement precipitated during experiments using sediment AKDO.
Two very different compositional distributions are noted in
this data set although again the negative correlation
between MQCO3 and SrCO3 is seen. The cement precipitated in

experiment 2085 shows a very restricted variation although

few analyses are available. The MgCO3 content of the cement
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is around 1 mole % MgCO3 with the SrCO3 content being
relatively high (0.85 - 1.3 mole %). The cement
precipitated in experiment 37/4 on the other hand, shows an
extreme level of variation in both the MgCO3 level (0.5 - 8
mole %) and in the SrCO3 level (0.15 -1.2 mole %). More
analyses are available however and may in part account for

the differences in variation seen between the two

experiments.

Within the MgCO3 and SrCO3 compositional distribution of £he
cement preciptated in experiment 37/4, three groups of data
points are noticedble.

(a) High Mg content (MgCO3 >4 mole %) - these appear to

have variable SrCO3 contents, although it is possible,

bearing in mind the inverse relationship between MgCo 4 and
SrCO3 in the cement, that the high value for SrCO3 observed
in one analysis, is a rogue value.

(b) Moderate Mg content (MgCO, 1.5 - 3.3 mole %) - these

3
have a moderate SrCO3 level (0.3 - 0.65 mole %).

(c) Low Mg content (approximately 1 mole % MgCOB) - these

analyses show high levels of SrCO

3 (0.9 - 1.2 mole 9).

The typical inverse relationship between MgCO3 and SrCO3 is

apparent but it must be noted that these data groups do not
correspond to early, mid and late parts of the cement
crystals. A decrease in the MgCO3 and an increase in SrCO:3
content of the cement crystals is observed with time as
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shown in Table 3.8 in individual crystals but the early or

late stages of all cement crystals do not show a uniformity

in composition. In a case like this, where there is extreme
overall variability, the variability is seen from crystal to

crystal and not just through individual crystals.

MgCO3 SrCO3
Centre 4,99 0.18
Edge 1.80 0.61

Table 3.8 - MgCO4 and SrCO3levels (mole %) for the centre
and edge of one cement crystal generated using the sediment
AKDO.

The SOi-data show the same general pattern of variability in
the cement precipitated in experiments 2085 and 37/4 as the
MgCO3 and SrCOB data (see Fig 3.13) although the data set
for 2085 is much smaller than for 37/4. The cement of
experiment 2085 shows concentrations of Si-in the range 1.1
- 1.5 mole % with a lbw variation. The Sdi'content of the

cement precipitated in experiment 37/4 however shows a very

high level of variability, ranging from 0.35 - 2.15 mole %.
(vii) Shark Bay Ooids (Fig. 3.14 and 3.15)

The cement that was precipitated in each of the experiments
using Shark Bay Ooids shows a very similar distribution of

MgCO, and SrCO, (mole %). The cement of experiment 34/4
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shows the greatest variation both in terms of MgCO3 and
SrCOB. The cement of the other three experiments (1384,
1584 and 3386) all show broadly similar distributions of
SrCO3 levels (0.45 - 1.3, 0.55 - 1.2 and 0.55 - 1.05 mole %
respectively). The MgCO3 contents of the cement

precipitated in experiments 1384 and 3386 are very similar

(1.0 - 2.5 mole %) while that of 1584 is slightly more

variable with a higher upper limit (1 - 4 mole %).
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Fig. 3.14 - Mole % MgCO, and SrCO, contained in cement
crystals precipitated uging Shark™Bay Ooids.

The level of Soi-observed in these cement crystals tends to
be variable and high (see Table 3.9). The cement crystals
precipitated in experiments 1384 and 3386 show the least
variability with levels of 1.25 - 1.8 and 0.95 - 1.4 mole %

oa
Sq‘ respectively while that of experiments 1584 and 34/4
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show very variable levels with both being in the range 0.5 -

1.9 mole % Soit
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Fig. 3.15 - Mole % SQ, contained in cement crystals

precipitated using Shgrk Bay Ooids. Mean values (&) are
shown.

(3) SUMMARY

The experiments show broadly similar pore fluid evolution
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6L1

Sediment
Type

BSO

ADDO

ADBO

AKSO

AKDD

SBO

Table 3.9 - Summary of results for experiments conducted

Predominant
Cement Fabric

Granular-
bladed

Equant
Granular -
bladed (equant)

Granular-
bladed

Equant

Wt.% Aragonite
removed (XRD)

10-20

20-25

<5

10-25

20-40

0-25

Maximum p re

fluid mSro /mca’t

0.075 - 0.1
0.08

0.03 - 0.06
0.08 --0.1
0.09 ~ 0.125
0.08 - 0.09

mole%
MgCoO

< 10
18-32

Cement
mole%

SrCO3

0.22 -
0.83

0.38 -
0.88

0.1 -
0.82

0.09 -
1.06

0.15 -
1.28

0.23 -
1,32

mole%
so%"

0.41 -
1.33

0.52 -
1.32

0.22 -
1.45

0.36 -
1.54

using the range of sediments available.



trends. 1In most cases there is an overall decrease in the
mMg27mCa?+ratio from 4.8 (the value of seawater used here)
to less than 1 in the first two weeks of the experiment. 1In
all cases the er?VmCa2+ratio either increases to a maximum,
after which it drops slightly to what appears to be a
chemical equilibrium or; continues to iﬁcrease. Maximum
er27mCa2+levels in the pore fluids vary between sediment

types.

One set of data (that obtained using Shark Bay Ooids)
differs in that the early pore fluid samples show an

2 2
increase in the mMg 7mCa +ratio due to increased levels of

2+
Mg when compared to that of seawater. Following this, the

mMg27mCa2+ratio in some of these experiments remained high.
In these experiments, the largest equant crystal cement
fabrics have been observed.

The final levels of mSr-/mCa ' in the pore fluids varied
significantly, correlating with the levels of aragonite
dissolution as suggested by XRD data (see Table 3.9) and
petrographic observation. The set of data which showed the
lowest final level of er27mCa2+in the pore fluids also
Showed equant cement fabrics, and the lowest range of SrCO3
levels (mole%) in the precipitated cement. The set of data
which showed the highest final level of er?Vmcéy-in the

pore fluids on the other hand, displayed granular-bladed

fabrics, the highest level of aragonite dissolution and the
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highest levels of SrCO., (mole%) in the cement crystals.

3

The level of MgCO3 observed in the cement appears to vary
greatly. Smaller cement crystals (e.g. 34/3) show very high
levels of MgCOB (in a few cases as high as 30 mole % MgCO3)
but no clear relationship between the pbre fluids and the

level of MgCO, in the cement was observed during these

3
experiments.

3.6 INVESTIGATION OF SEDIMENTS

Although they had been subjected to similar experimental
conditions, it was apparent that the different sediments had
reacted in different ways. The fabrics which had been
created showed similarities e.g. the creation of secondary
porosity and the replacement textures produced, but the

cement fabrics that had been generated varied significantly.

The sediments differed in several ways:

(i) the composition of the sediments varied both in terms
of grain composition and mineralogy (see Tables 2.1 and
2.2),

(ii) the grain size of the sediments differed (see Appendix
IT) and

(iii) the amount of organic matter associated with the
sediments is likely to have differed (e.g. subtidal compared

to dune ooids).
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3.6.1 SEDIMENT COMPOSITION

The sediments that were used in the experiments described in
section 3.5 were composed of different proportions of coated
grains, peloids and shell fragments (see Table 2.1). The
results presented in section 3.5.1 show that the cortical
layers of coated grains were much more prone to dissolution
than shell fragments (the majority of which were either
stable or underwent insitu recrystallisation). It was
therefore considered appropriate to experiment with sediment
samples composed of coated grains and.peloids only, shell
fragments only and mixtures of known quantities of shell
fragments and non-skeletal grains (coated grains and
peloids). In these experiments it could be possible to
study the effect that the sediment composition and hence the
aragonite dissolution rate had on the diagenetic results if

any.

Four experiments were run under identical time (43 days),
temperature (183 +/- 2‘%), pressure (7.8 MPa, s.d. 1.1 MPa)

and sampling conditions with sediments samples as follows:

(i) 100% sediment BSO (30/1),
(ii) 77% sediment BSO, 23% shell fragments (30/3),

(iii) 67% sediment BSO, 33% shell fragments (30/2) and
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(iv) 100% shell fragments (30/4).

Sediment BSO is composed primarily of coated grains (with
micritic nuclei) and peloids (see Appendix II). Very few
shell fragments (<1%) are found in the sediment. The shell
fragments that were used were from a sample collected from a

beach strandline in Kuwait (AKS4, see Appendix II).
(1) Textural Development

Cement: In this series of experiments the cement that was
precipitated was predominantly of the granular-bladed
morphology described in section 3.5.1. In the experiments
in which samples of sediment BSO and mixtures of sediments
BSO and AKS4 were used, cementation proceeded to varying
degrees (see Plates 3.10 and 3.12). Cementation was patchy
however. When the cells were opened, areas of coated grains
and peloids were found to be very well cemented while areas
consisting of a greater proportion of shell fragments were
less well cemented. The sample consisting of 100 % shell
fragments was not cemented. The average widths of the
cement fringes that are observed on coated grains and
peloids are (i) 100% coated grains 8 pm, (ii) 77% coated
grains 10 pum and (iii) 66% coated grains 14 pm. Clusters of
granular cement crystals are found in close association with

organic filaments (see Plate 3.10 A-C).
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PLATE 3.10 - INVESTIGATION OF SEDIMENT COMPOSITION

(A) Experiment 30/1 (100 % BSO) - An isopachous fringe
of granular-bladed cement crystals surrounds sediment
grains. Clusters of cement crystals (C) are observed
protruding from grain surfaces resembling the form of
algal filaments. Secondary porosity (P) has been
created in grain cortices and in micrite. Neomorphic

spar (N) is also found to replace some of the micrite.
PPL. Scale bar 50 ym. :

(B) Experiment 30/1 - Clusters of cement crystals form
irreqular strings (C) resembling the form of algal
filaments. PPL. Scale bar 50 pum.

(C) Experiment 30/3 (77 % BSO, 23 % AKS4) - An
isopachous fringe of granular-bladed cement crystals
surrounds sediment grains. Several layers of cement
crystals are observed on peloids and cement clusters
(C) are again observed in the sediment pore spaces,
similar to those in Plate 3.10 A and B. PPL. Scale
bar 50 pm.

(D) Experiment 30/3 - Secondary porosity (P) and
neomorphic spar (N) replacing micrite, are observed.
PPL. Scale bar 50 pm.



PLATE 3.10
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PLATE 3.11 - INVESTIGATION OF SEDIMENT COMPOSITION

(A) Experiment 30/3 (77 % BSO, 23 % AKS4) - Spired
calcite overgrowth (0) grows off an echinoderm
fragment. An isopachous fringe of granular-bladed
cement crystals grow off a micritic peloid in which
areas of vuggy micro-porosity (P) can be seen. PPL.
Scale bar 50 pm.

(B) Experiment 30/3 - Echinoderm fragment with spired
calcite overgrowth (0O) which is in optical continuity.
PPL. Scale bar 100 pm.

(C) Experiment 30/2 (66 % BSO, 34 % AKS4) - An
isopachous fringe of granular-bladed cement crystals
surrounds each sediment grain. The coated grain (top
right hand corner) shows one layer of cement crystals
only while uncoated grains show the development of
several layers. PPL. Scale bar 50 ym.

(D) Experiment 30/2 - An isopachous fringe of
granular-bladed cement crystals surrounds sediment
grains except for the straight, broken edge of the
grapestone (G) where a few, isolated equant cement
crystals are observed. The creation of oomoldic and
vuggy micro-porosity (P) is clearly observed. A
limited amount of infilling of this by small, granular
solution cavity fill calcite crystals (R), is observed.
PPL. Scale bar 100 pm.



PLATE 3.11
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PLATE 3.12 - INVESTIGATION OF SEDIMENT COMPOSITION

(A) Experiment 30/2 (66 % BSO, 34 % AKS4) - An
isopachous fringe of granular-bladed cement crystals
surrounds all grains except the quartz grain (Q) which
shows a discontinuous fringe of granular-equant cement
crystals. Secondary porosity (P) has been created
predominantly in the cortices of coated grains. PPL.
Scale bar 100 um.

(B) Experiment 30/2 - A shell fragment, now totally
replaced by neomorphic spar (N), had originally been
partially coated. The aragonite cortex has been
removed to form secondary porosity (P) and is fringed
by a discontinuous rim of granular-bladed cement
crystals. The cement fringe (C) which surrounds this
grain is found mainly where the oomoldic porosity has
been created. Other grains show the development of
some cement but this is limited. Vuggy micro-porosity
(P) has also been created in the coated grain to the
right of the shell fragment. PPL. Scale bar 100 pm.

(C) Experiment 30/4 (100 % AKS4) - One isolated, equant
cement crystal (C), is observed growing off the shell
fragment which has been totally replaced by neomorphic
spar (N). Small amounts of micro-porosity (P) have
been created at the edge of the peloid to the left of
the replaced shell fragment. PPL. Scale bar 20 pm.

(D) Experiment 30/4 - No cementation or alteration of
the sediment is observed. No calcite overgrowth is
observed on the echinoderm fragment (E). PPL. Scale
bar 200 pm.
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In the partially lithified sediments, longitudinal sections
of echinoderm fragments display spired overgrowths of
calcite (see Plate 3.11 A and B). In the sample composed
entirely of shell fragments, echinoderm fragments show no
overgrowths (see Plate 3.12 D) and only very occasicnal

equant cement crystals are observed (see Plate 3.12 C).

Secondary Porosity and Replacement: In the partially
lithified sediments, secondary porosity was created taking
the typical form of oomoldic porosity (Plates 3.10 A and
3.12 A) and micro-porosity which often forms vugs (see
Plates 3.10 D, 3.11 A and D and 3.12 B). Any infilling of
this secondary porosity has been very limited (see Plate
3.11 D). Neomorphic processes have however affected some of
the shell fragments and an example of this is shown in Plate
3.12 C where an originally aragonitic bivalve fragment has
been totally replaced by an irregular mosaic of sparry

calcite.

XRD analysis shows that 10-15% of the original aragonite was
removed from the sediment during the experiment using 100%
sediment BSO, 15-20% in experiments using 77 and 66 %
sediment BSO and 5-10 % in the experiment using 100% shell

fragments.

(2) Pore Fluid Chemistry

For each experiment, the pore fluid samples were collected
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on the same day, so the pore fluid evolution curves (see

Fig. 3.16) can be directly compared.
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Fig. 3.17 - Depletion in Mg (ppm) from the orginal level

of seawater (SW) during experiments 30/1 (100% BSO), 30/3
(77% BSO), 30/2 (66% BSO) and 30/4 (100% AKS4).

If the initial drops in the mMQZVmCa2+ratios of the pore
fluids collected from each experiment involving coated
grains are considered, then no correlation between that and
the sediment composition is observed. A correlation is
observed between the drop and the sample weight (see Fig.
3.16 and Appendix III) which may suggest that the sample
weight and hence the available surface area controlled the

removal of M92+from the pore fluids. 1If the actual levels
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of Mg2+(ppm) in the pore fluids are considered (see Fig.
3.17) then it can be seen that this is not the case. The
early decrease in the mMJhymCa2+ratios must be a function of
poth the level of Mg2+and Ca?+in the fluids. No apparent
reason can therefore be found for the differences observed.
7 2+ 2+
The initial increase in the mSr /mCa ratio increases with
successively greater amounts of shell fraéments in the
sediment. The samples composed of 34 % and 100 % shell

2+ 2+
fragments showed the highest early mSr /mCa ratios, both

being approximately 2.5 x 10—% The maximum er27mCa2+ratios
observed in the pore fluids do not follow this pattern based
on sediment composition. The highest maximum er27nmkf+
ratio that was observed (9 x 162) was found in the
experiment which used the greatest sediment weight (see
Appendix III) where the sediment contained coated grains.
The maximum er27mCa2+ratio of the pore fluids therefore
appeared to be partially dependent on the sample weight to
pore fluid ratio. The maximum er27mCa2+ratio observed in.
the experiment using 100% shell fragments however, was much
lower than in the other experiments (4.5 x 162 compared to
7.5 - 9 x 16-) indicating that sediment composition also had
an effect. The decrease in the er27mCa?+ratio_at the end
of the experiments is due to a drop in the Sr2+level of the
pore fluids (see Appendix I). This is most likely to have

2+
been caused by a decrease in the output of Sr via aragonite

dissolution (i.e. slowing of the reactions) but continued
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2+
uptake of Sr from the pore fluids by the precipitation of
calcite containing significant levels of Srcgj(see section

3.6.1 (3) below).

(3) Cement Crystal Chemistry
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Fig. 3.18 - Mole % MgCO, and SrCO, contained in the cement
crystals precipitated in experiments 30/1-3.

Fig. 3.18 shows the MgCO3 and SrCO3 composition of the
cement phases precip\wded ' in three experiments involving
coated grains. The largest distribution of compositions is
shown by the cell in which 66% coated grains were used
(30/2). The composition of the cement precipitated in the
other two experiments fall within this distribution although

they themselves show slightly varying compositions. The
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experiment using 100% BSO has a generally higher MgCO3
content (3-7 mole%) and lower SrcCo, (0.35 - 0.65 mole %)
content than the experiment using 77% coated grains (1-4 and
0.45- 1 mole % respectively). No apparent correlation
between the composition of the cement and that of the

Starting sediment is observed however.

2-
The SO4 levels observed in the cement crystals precipitated
during the experiments are also very similar. The overall

range is typically 0.7-1.5 mole% (see Fig. 3.19).
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Fig. 3.19 - Mole % SO, contained in cement crystals
precipitated during experiments 30/1 (100 % BSO), 30/2 (66%
BSO) and 30/3 (77% BSO). Mean values are shown (%).
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(4) SUMMARY

No significant differences in the morphology of the cement
crystals that were precipitated in this.series of
experiments were observed except on echinoderm fragments
where optically continuous overgrowths of calcite were
observed and in the experiment using shell fragments only
where very occasional, isolated, equant cement crystals were

noted.

In sediment samples composed of mixtures of sediments BSO
and AKS4, areas of coated grains and peloids were cemented
to a greater degree than areas of shell fragments. The
width of the cement fringe on coated grains increased with a
decrease in the proportion of coated grains but this is
likely to have been the results of increasing cementation on
coated grains and peloids. Clusters of granular cement
crystals were found in association with organic matter. The
composition of the cement precipitated was very similar in

all experiments.

2+ 2+
The initial decrease in the mMg /mCa can be correlated with
the inctial sample weight in experiments using sediments
cbntaining coated grains. This however was not due to

2+ -
decreasing levels of Mg and was likely to be caused by
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complex reactions involving the precipitation of Soi—phases
from the seawater and the early precipitation of calcite and
dissolution of aragonite. The experiment using 100% shell
fragments does not follow this pattern. 1In the experiments
containing mixtures of sediments BSO and AKS4, the greater
the proportion of shell fragments the greater the early
increase in the mséhymCa2+ratio. A correlation between
sample weight and maximum er27nmb?+ratios is observed with
the greater the sample weight accompanying greater maximum
er?VmCa2+ratios where the sediments contained coated
grains. The sediment composed of shell fragments did not
2+

2+
show this hence maximum mSr /mCa ratios are likely to be a

function of sediment type and weight.

3.6.2 GRAIN SIZE

One major factor which varied from sediment to sediment was
the grain size (see Appendix II). Four experiments were
therefore conducted under conditions of identical time (40
days), temperature (183 C +/- 2‘%), pressure (8.4 MPa, s.d.
0.8 MPa) and sampling conditions, using a sample of sediment
AKDO which was split into the size fractions given in Table
3.10. Table 3.10 also gives the external sediment surface
area available for reaction in each experiment, calculated

from the sample weight and average density of the sediment

using the formula:
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surface area = (3wt)/ﬂ0

where
r = radius (cm)
wt = weight in grams
= average density (gms/cc) based on the composition of
each sediment sample

Expt. No Grain size Surface area (cm )
28/1 >0.42mm <1212

28/2 0.42-0.35 2267-2644

28/3 0.35-0.25 2768 - 3835

28/4 <0.25 >3161

Table 3.10 - Grain size and surface area of sediments used
in the experiments.

(1) Textural Development

Differences in the degree of alteration and, in particular
the cement fabric generated in each experiment, have been

observed.

Cement: The cement which has been precipitated in
experiment 28/1 (grain size >0.42 mm), is predominantly of
an equant-rhombic morphology (see Plate 3.13 A and B). The
cement crystals are typically isolated, scattered along
grain boundaries (see Plate 3.13 A). Clusters of crystals
are seen on grain surfaces which have been bored by algae

(see Plate 3.13 B). The maximum diameter of these crystals
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PLATE 3.13 - INVESTIGATION OF SEDIMENT GRAIN SIZE

(A) Experiment 28/1 (grain size > 0.42mm) - Isolated
equant cement crystals fringe sediment grains.
Back-scattered electron image. Scale bar 100 pm.

(B) Experiment 28/1 - Isolated equant cement crystals
fringe sediment grains except on bored surfaces where
cement crystal clusters (C) are observed. Secondary
porosity (P) is observed in the cortices of coated
grains. Back-scattered electron image. Scale bar 100

pm.

(C) Experiment 28/2 (grain size 0.35-0.42 mm) - An
isopachous fringe of granular-bladed cement crystals
surround coated grains. Peloids show wider fringes
(C). Secondary porosity (P) has been created in the
grains but many of the irregular cavities (H) are holes
which have been created during slide thin section
preparation. Large crystals of neomorphic spar replace
some of the original micrite. PPL. Scale bar 50 pm.

(D) Experiment 28/2 - An isopachous layer of
granular-bladed cement crystals fringe coated grains
while peloids display several layers of cement.
Secondary porosity has been created in the cortices of
coated grains (P) and in places is partially filled by
granular solution cavity fill calcite crystals (R)
which grow in from the grain edge. PPL. Scale bar 50

pm.
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PLATE 3.14 - INVESTIGATION OF SEDIMENT GRAIN SIZE

(A) Experiment 28/3 (grain size 0.25-0.35 mm) -
Irregular fringes of granular, bladed and equant cement
crystals surround sediment grains. Equant crystals
tend to be found overgrowing an earlier granular-bladed
fringe (C). Large, sparry calcite crystals (S) occlude
areas of sediment pore space, enveloping earlier cement
fringes. PPL. Scale bar 50 jum.

(B) Experiment 28/3 - Irregular fringes of granular,
bladed and equant cement crystals surround sediment
grains. Clusters of cement crystals (C) are found in
the sediment pore space. A calcite overgrowth (0) is
observed on a grain composed of a single crystal of
calcite. This grain was fringed by granular-bladed
cement crystals prior to being enveloped in the later
overgrowth. Secondary porosity is present in the
cortices of coated grains and peloids. PPL. Scale bar
50 pm.

(C) Experiment 28/4 (grain size < 0.25 mm) - Irregular
fringes of granular, bladed and equant cement crystals
surround sediment grains. Equant crystals are more
abundant than in Plate 3.14 A and B. Secondary
porosity (P) is well developed in coated grains and as
microporosity in peloids (see grain in top left hand
corner). PPL. Scale bar 50 pm.

(D) Experiment 28/4 - Predominantly granular-bladed
cement crystals fringe sediment grains with later
equant cement crystals (C). Secondary porosity has
been created in the cortices of coated grains (P) and
is partially replaced by sparry solution cavity fill
calcite crystals (R). Large crystals of neomorphic
spar (N) replace the micrite of peloids. PPL. Scale
bar 50 pm.
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ranges from 9-22 pm, with an average of 15-16 pm.

The morphology of the cement generated in experiments 28/2
and 28/3 (see Plates 3.13 C and D and 3.14 A and B), is
predominantly granular-bladed with later equant cement
crystals. The cement precipitated duriné experiment 28/4 is
also granular-bladed but with a significant proportion of
equant crystals (see Plate 3.14 C and D) The widths of the
fringes generated in each experiment are as follows:

(i) 28/2, minimum width of 8-10 um (see Plate 3.13 C and D).
Coated grains show the narrowest cement fringe with peloids
displaying wider cement fringes.

(ii) 28/3, the minimum width of fringe observed is around
10-12 pm but many fringes are much wider than this (see
Plate 3.14 A and B) being up to 20 pm wide on peloids.
Clusters of cement crystals up to 80 um in diameter (see
Plate 3.14 B) and large sparry crystals (see Plate 3.14 A
and B) in sediment pore spaces are common. An optically
continuous overgrowth on a grain composed of a single
calcite crystal is observed in Plate 3.14 B. This shows an
early phase of granular cement crystals which are not in
optical continuity with the grain and which are overgrown by

the later optically continuous overgrowth.
In experiment 28/4, the minimum width of a single crystal

fringe of cement crystals is around 15 pm (see Plate 3.14 C

and D). Multiple layer cement fringes are also common (see
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Plate 3.14 C), especially on uncoated peloidal grains, along

with cement clusters (see Plate 3.14 C).

Secondary Porosity: Secondary porosity has been created to

varying degrees by the dissolution of aragonite has occurred
in all experiments to varying degrees. - In experiment 28/1,

a small amount of aragonite has been removed from the

cortices of coated grains (see Plate 3.13 B).

Much more secondary porosity has been created in the other
three experiments (see Plate 3.13 C and D and 3.14),
particularly in experiments 28/3 and 28/4 (see Plate 3.14
A-D). Again, most of this has been created by the removal
of cortical aragonite but a small amount of micro-porosity

has been created by the removal of micritic aragonite.

Replacement Textures: Replacement of the secondary

porosity created by aragonite dissolution is very limited.
Some of the micritic huclei of coated grains have been
partially replaced by neomorphic sparry calcite (see Plates
3.13 C and 3.14 D) and solution cavity fill calcite is found
to infill some of the secondary porosity in Plates 3.13 D

and 3.14 D.

XRD analysis indicates that during experiment 28/1, less

than 10% of the original aragonite was removed while

approximately 10, 25 and 30 % was removed during experiments
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28/2, 28/3 and 28/4 respectively.

This correlates with the degree of alteration observed
petrographically. The sediment in experiments 28/3 and 28/4
show the most alteration (in terms of aragonite dissolution
and calcite precipitation) while the sediment in experiment
28/1 shows only a small amount of change (isolated cement
crystals and a small amount of secondary porosity).
Experiment 28/2 shows intermediate levels of cementation,
secondary porosity and XRD aragonite conversion figures. An
increase in the degree of reaction therefore accompanies a
decrease in the grain size in sediments of the same type and

composition.
(2) Pore Fluid Evolution

The pore fluid evolution curves present a complicated
pattern (see Fig. 3.20). The early decrease in the mMgEZ"'/mCaz+
ratio of the pore fluids, does not correlate with either the
grain size or perhaps more importantly, the total surface
area available within the sediment. If the Méh'(ppm) data

are considered (see Fig 3.21), then an increase in the early
upake of Mg2+is observed with an increase in the available
surface area i.e. decrease in grain size. External surface

area therefore appears to affect the removal of Mgz+from the

pore fluids.
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Fig. 3.21 - Depletion in Mg +(ppm) from the original
composition of seawater (SW) during experiments 28/1-4.

An increase in the early er27mCa2+ratio is observed with an
increase in the surface area available. The maximum
er27mCa2+ratios of the pore fluids do not follow any
definite pattern although the largest grain size (experiment
28/1) displays the lowest er2+/mCa2+ ratio (8 x 10_2) while
maximum ratios of 9-10 x 10-2are found to characterise the
pore fluids of the other experiments. The lowest maximum
er27mCa2+ratio, observed in the pore fluids of experiment
28/1, correlates with both the restricted nature of the

diagenetic fabrics (see Plate 3.13 A and B) and the low

aragonite conversion factor obtained using XRD analysis

142



(>10%).

(3) Cement crystal chemistry

mole % MgCO3
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3.22 - Mole % MgCO, and SrCOs contained in cement

crystals precipitated daring experiments 28/1-4.

The calcite cement which was precipitated in experiments
28/1, 28/2 and 28/3 show a progressive decrease in the
amount of MgCO3 contained within ité structure and an

increase in the SrCO3 content (see Fig. 3.22).

precipitated in experiment 28/4 however displays a
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composition, in terms of MgCO3 and SrCO3 , similar to that
of experiment 28/2 except that the MgCQy content in this

cement phase is slightly higher than that of experiment

28/2. 8
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Fig. 3.23 - Mole % SO, contained in cement crystals

precipitated during experiments 28/1-4. Mean values (&) are
shown.

The range of Si_ levels within the calcite cement

precipitated in each experiment is similar and all average

values are around 1.0-1.2 mole % (see Fig. 3.23).
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(4) SUMMARY

The grain size of the sediment used in the experiments was

found to have the following effects.

(i) An increase in the degree of reaction (i.e. aragonite
dissolution and calcite precipitation) accompanies a

decrease in the grain size.

(ii) Where the degree of reaction is lowest i.e. the largest
grains size, the cement fabric generated»is of an equant
morphology. All other experiments investigating grain size

show cement crystals of a granular-bladed morphology.

(iii) An increase in the external sediment surface area
correlates with an increase in the early removal of Mgz+from
the pore fluids although it does not directly affect the
mMg27mCa2+ratio. An increase in the surface area also
correlates with an early increase in the er?VmCa2+ratio
again indicating that external surface area is important in

controlling the rate of the experimental diagenesis.

(iv) In sediments with a grain size greater than 0.25mm, a
decrease in the MgCO3 content and an increase in the SrC03
content of the cement crystals (mole%), is observed
accompanying a decrease in the grain size. This accompanies

the precipitation of a greater amount of cement and a
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greater degree of aragonite dissolution. Sediments with a
grain size less than 0.25 mm however show a cement

composition of moderate MgCO, and SrCO., content when

3 3
compared to the three experiments using sediments of a

larger grain size.

3.6.3 ORGANIC MATTER

Another parameter which is likely to have varied between the
sediments used, was the amount of organic matter associated
with those sediments. Earlier results showed that often,
cement was in close association with organic matter, either
on algal filaments or grain surfaces bored by algae or on
areas of organic matter which were found to be floating

within the sediment pore spaces (see section 3.5.1).

The effect that the organic matter which covers the grains
had on the precipitation of calcite cement crystals, was
studied by taking two sets of sediments, one consisting of
sediment AKSO and the other of sediment AKS4 (shell
fragments). Each of the sediments were split into two
parts, one being soaked in distilled water, the other in
hydrogen peroxide. Effervesence of CO2 (released during the
breakdown of organic matter) had stopped in the sample of

shell fragments (AKS4) soaked in H202. However, a small

amount of CO2 was still being released from the sample of
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sediment AKSO. This is probably because of the high level
of internal organic matter in coated grains and peloids.
Thereafter four experiments were conducted under identical
time (40 days), temperature (183 C +/- 2°C), pressure (7.4
MPa, s.d. 1.2 MPa) and pore fluid sampling conditions, using
the sediments as follows:

(i) AKSO, soaked in distilled water (32/1),

(ii) AKSO, soaked in hydrogen peroxide (32/2),

(iii) AKS4, soaked in distilled water (32/3) and

(iv) AKS4, soaked in hydrogen peroxide (32/4).

(1) Textural Development

(i) Kuwait Subtidal Ooids

Cement: The experiments run using sediment AKSO (32/1 and
32/2) both show the development of granular-bladed cement
fabrics. Isopachous fringes of cement are observed in both
experiments. The width of the cement fringes generated in
experiment 32/1 is 8-15 pm (see Plate 3.15 A and B). The
grains in experiment 32/2 (soaked in Hé%z) are also coated
by a layer of granular cement crystals but the cement
fringes are generally restricted to a single layer and are
often discontinuous (see Plate 3.15 C and D), narrower

(around 6 pm) and more equant in character.
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PLATE 3.15 - INVESTIGATION OF THE EFFECT OF ORGANIC
MATTER

(A) Experiment 32/1 (AKSO) - Isopachous fringes of
granular cement crystals surround sediment grains. A
cluster of granular cement crystals (C) is observed
with an empty central canal on the surface of a peloid.
PPL. Scale bar 20 pm.

(B) Experiment 32/1 - Isopachous fringe of granular
cement crystals surround sediment grains. Secondary
porosity (P) has been created in the cortices of coated
grains and in micritic peloids (micro-porosity). Scale
bar 20 pm.

(C) Experiment 32/2 (AKSO soaked in Hy05) -
Discontinuous fringes of granular-equant cement
crystals (C) surround sediment grains. Secondary
porosity (P) has been created in the cortices of coated
grains and in micritic grains. Vuggy pore spaces are
partially infilled by small granular, solution cavity
fill calcite crystals (R). PPL. Scale bar 50 um.

(D) Experiment 32/2 - Detail of the discontinuous and
granular-equant nature of the cement crystal fringes.
PPL. Scale bar 20 pm.
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Secondary Porosity: The sediment from experiment 32/1 shows
the development of a greater amount of secondary porosity,
via the dissolution of aragonite, than that from experiment
32/2 (c.f. Plate 3.15 B and C). Most of the porosity
created is oomoldic with a small amount of vuggy and
micro-porosity from the dissolution of micrite (see Plate

3.15 A-D).

Replacement Textures: The infilling of secondary porosity
and replacement of grains has been limited. Small amounts
of solution cavity fill calcite infilling vuggy porosity is

observed (see Plate 3.15 C)

XRD analysis shows that during experiment 32/1, 10-15 % of
the original aragonite was removed while less than 5 % was

removed during experiment 32/2 (soaked in H202).

(ii) Kuwait Shell Fragments.

Cement: The sample of shell fragments, soaked in distilled
water (experiment 32/3) shows the development of a limited
amount of cement crystals (see Plate 3.16 A and B) on the
few coated grains and peloids that are present. Using
optical microscopy, the sediment soaked in hydrogen peroxide
(32/4) appears to be devoid of cement crystals (see Plate

3.16 C an D). Any such crystals that are present in the
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PLATE 3.16 - INVESTIGATION OF THE EFFECT OF ORGANIC
MATTER

(A) Experiment 32/3 (AKS4) - Small cement crystals (C)
are observed on the surfaces of a coated grain and
peloid. PPL. Scale bar 20 pm.

(B) Experiment 32/3 - Small cement crystals (C) are
observed on the surface of a peloid. PPL. Scale bar
20 pm. '

(C) Experiment 32/4 (AKS4 soaked in H,0,) - Surface of
a peloid devoid of cement crystals. gPE. Scale bar 20

pm.

(D) Experiment 32/4 - Surface of a peloid devoid of
cement crystals. PPL. Scale bar 20 pm.
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partially lithified sediment, require the use of an electron

microscope for their observation.

Secondary Porosity: Very little, if any, secondary porosity
has been created in association with the shell fragments in

experiment 32/3 and 32/4 (see Plate 3.16 A-D).

Replacement Textures: Replacement has been limited to a few
shell fragments which have undergone neomorphism, where the
original structure has been replaced by a mosaic of sparry

calcite.

XRD analysis shows the same pattern observed in the
experiments run using coated grains. The sediment soaked in
hydrogen peroxide shows hardly any alteration whatsoever (0%
aragonite dissolution), while the sediment of experiment
32/3 shows a small amount of aragonite dissolution

(approximately 5 %).
(2) Pore Fluid Evolution

(i) Kuwait Subtidal Ooids
} ] . 2+ 2+
The pore fluid evolution curves (in terms of mMg /mCa and
2 2+ . . .
er'7mCa ratios) for both experiments using coated grains
(32/1 and 32/2) are very similar (see Fig. 3.24)

irrespective of the latter being soaked in Hy0p.
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(ii) Kuwait Shell Fragments

The evolution curves of the pore fluids during experiments
32/3 and 32/4 show significant deviations with respect to
their er27mCa2+ratios. This ratio inéreases much more in
the experiment using shell fragments soaked in distilled
water (maximum value 5 x 10-2) than in the experiment using
shell fragments soaked in hydrogen peroxide (maximum value

-2
of 3 x 10 ).
(3) Cement Crystal Chemistry
(i) Kuwait Subtidal Ooids

The chemical distribution of the cement crystals
precipitated in both experiments show a considerable overlap

of their MgCO . and SrCOj3 contents (see Fig 3.25).

The MgCO3 content on average, is slightly higher in the
cement precipitated in experiment 32/1 than that in
experiment 32/2 (soaked in Hzob) but both are typically in
the range 2-5.5 mole %. The SrCO3 content of the cement, on
average, is slightly lower in experiment 32/1 than in
experiment 32/2 (soaked in H,0,). The SrC0, content of the
cement precipitated in experiment 32/1 ranges from being not

significant to a maximum of 0.45 mole % while the SrCO3
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content of the cement precipitated in experiment 32/1 ranges

from 0.15-0.65 mole %.
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Fig. 3.25 - Mole % MgCO4 and SrCO3 contained in cement
crystals precipitated during experiments 32/1-32/4.

2=
The SO4 contents of the cement crystals are also very
similar in the cement precipiated in both experiments (see

Fig. 3.26) with most analyses being in the range 0.65-1.3
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Fig. 3.26 - Mole % SO, contained in cement crystals
precipitated during experiments 32/1-4. Mean values (&) are
shown.

(ii) Kuwait Shell Fragments

The chemical distribution of the cement crystals
precipitated in experiment 32/3 (AKS4), is very comparable
to that of the cement precipiated in experiment 32/1 (AKSO).

The range of MgCO, is slightly lower 3.5 - 6.5 compared to 4

3

- 9.5 mole %) and the range of SrCO, levels is almost

3
identical from being not significant to 0.45 mole %.
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2=
The levels of Sq1 contained within the cement precipitated
are also comparable to those of the cement precipiated in
both experiments 32/1 and 32/2, being in the range 0.65 -

1.2 mole %.

Cement crystals in experiment 32/4 were very few in number.
Two however, have been analysed and these show compositions
which are comparable to small cement crystals which have
been found in other experiments (see section 4.2). The MgCO3
chtents of these crystals are 10.4 and 34.4 mole % with
SrCO3 contents of 0.17 and 0.22 mole % respectively (see

Fig. 3.24). The Soi_contents of these crystals fall in the
upper range of those observed for the cement crystals

analysed in the other experiments i.e. 1.1 - 1.13 mole %

(see Fig. 3.25).
(4) SUMMARY

Using sediment AKSO (coated grains), soaking in hydrogen

peroxide had the following effects:

(i) less cement was precipitated,

(ii) the degree of alteration as measured by XRD was less
and

(iii) the chemistry of the cement phase varied slightly in

that average M9003 contents were slightly lower and SrCOj
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2-
and SO4 contents slightly higher than those precipitated in
experiments using sediment AKSO which had not been soaked in

hydrogen peroxide.

Soaking in hydrogen peroxide however did not significantly
affect the composition of the pore fluids during the

experiments.

Using sediment AKS4 (shell fragments), soaking in hydrogen

peroxide had the following effects:

(i) the precipitation of cement crystals was reduced,

(ii) the degree of alteration as measured by XRD, was
reduced,

(iii) the small cement crystals that were precipitated
showed a similar composition to small cement crystals found
in other experiments, i.e. high MgCO3 content 10 - 35 mole %

o~

and low SrCQ3 contentsl0.17 - 0.22 mole %. SO4 levels of

1.1 and 1.13 mole % were observed.
2+ 2+
(iv) lower mSr /mCa ratios were observed in all pore fluid

samples collected during the experiment.
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CHAPTER 4 - INVESTIGATION OF THE EFFECT OF CHANGES IN THE

EXPERIMENTAL CONDITIONS

4.1 INTRODUCTION

The experimental conditions which were varied during this
part of the investigation were:

(1) the length of time,

(2) the temperature applied,

(3) the hydostatic pressure applied and

(4) whether pore fluid sampling occurfed or not.

Results relating to each of these are presented.

4,2 EFFECT OF TIME

Most experiments were run for between 40 - 50 days, during
which time diagenesis proceeded to such an extent that
processes of cement precipitation, the creation of secondary
porosity, the infilling of that porosity and the replacement
of grains could be studied (see section 3.5). However,
several experiments were run for periods of less than 30
days so that processes involved in the the early development
of these fabrics could be studied. Also several experiments
had to be aborted because of hydrostatic pressure failure
and although these are not directly comparable because of

the loss of hydrostatic pressure, they nevertheless are of
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interest when examining the very early stages of the

experimental diagenesis.

Expt.No. Sediment Time(days)

2485 ADBO 7

2585 ADBO 15 No pore fluid sampling
2685 ADBO 21

18/4 ADDO 26

3586 BSO Aborted day 4

3886 BSO Aborted day 3

Table 4.1 - Experiments studying the early stages of
textural and mineralogical development.

4.2.1 TEXTURAL DEVELOPMENT

(1) Fabrics Developed in Experiments of 7 to 26 Days

Duration (no fluid substitution)

Experiment 2485 (7 days)- No cement is found to have been
precipitated during this experiment as shown in Plate 4.1 A
and B. Petrographic examination (see Plate 4.1 B) shows
that little, if any, of the original aragonite underwent
dissolution and XRD data confirms this indicating that(mue@

less than 5 % of the aragonite went into solution.

The early stages of neomorphic alteration however, have been
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PLATE 4.1 - EXPERIMENT 2485, EXPERIMENTAL TIME 7 DAYS

(A) Micritised grain which has undergone partial
neomorphism. The boundaries between the neomorphic spar (N)
and the original micrite (M) are irregular and narrow areas
of original micrite are seen between spar crystals. XP.
Scale bar 100 nm.

(B) Shell fragment nucleus to coated grain undergoing
neomorphism. Neomorphic spar (N) begins as discrete areas in
the original aragonite shell structure (A). Boundaries are
irregular. Coated grains show no evidence of alteration
retaining pseudo-uniaxial crosses. XP. Scale bar 100 pm.

(C) Detail of neomorphic spar (N) in grain shown in (B).
XP. Scale bar 20 pm.

(D) Detail of neomorphic spar (N) in grain shown in (B).
XP. Scale bar 20 pm.
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noted as shown in Plate 4.1. Plate 4.1 A shows a micritised
grain in which areas of neomorphic spar (N) are observed.
These areas of neomorphic spar are much larger than the spar
which usually replaces micritic carbonate (see section
3.5.1). The patches of calcite spar have coalesced in
certain areas forming an irregqular moséic. Plate 4.1 B
shows a coated grain which has, as its nucleus, an
aragonitic shell fragment. Patches of calcite spar (bright
spots) are observed within the shell fragment, details of
which are shown in Plate 4.1 C and D. Most of these areas
of spar are composed of single crystals but some of the
larger areas (see Plate 4.1 D) show the development of two
or more crystals (N). All of these neomorphic spar crystals
show irregular boundaries, both with the original aragonite
and with each other. These areas are very variable in size

as shown in Plate 4.1 A-D.

Experiment 2585 (15 days)- A small number of equant calcite
crystals are observed surrounding grains (see Plate 4.2 A
and B). These crystals range in size, up to a maximum of 8
pm in diameter but are usually around 5 pm. They are small
when compared to the cement crystals shown in section
3.5.1(3) (average size 15 pm), which were generated using
the same starting sediment and similar physical conditions
of temperature and hydrostatic pressure but under longer
experimental times. Plate 4.2 B shows how most of these

early cement crystals are found in association with the
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PLATE 4.2 - EXPERIMENT 2585, EXPERIMENTAL TIME 15 DAYS

(A) Unaltered coated grain (A) with pseudo-uniaxial cross.
Isolated cement crystals are observed along grain edges (C).
XP. Scale bar 50 pm.

(B) Small calcite cement crystals (C) are more frequently
associated with peloids and broken surfaces of coated
grains. The nucleus of the elongate coated grain has been
almost totally replaced by neomorphic spar (N). The overlay
shows where areas of original micrite exist. Areas of small
neomorphic spar crystals replacing micrite are also shown on
the overlay. XP. Scale bar 50 pm.

(C) Area of organic matter in the sediment pore space on
which many calcite crystals have grown. XP. Scale bar 20

pm.

(D) Micritic peloid which has been partially replaced by
neomorphic spar (N). The boundary between the micrite and
calcite spar is irregular. Boundaries between spar crystals
are also irregular. XP. Scale bar 50 pm.

OVERLAY KEY
Areas stippled - unaltered micrite

Areas outlined - neomorphic spar replacing micrite.
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irregular surfaces of micritic peloids. Many more crystals
are observed in association with organic matter/micritic

carbonate than on other sediment grains (see Plate 4.2 C).

Plate 4.2 A and B show that very little secondary porosity
has been created. The coated grain shown in Plate 4.2 A
with the thick cortex (A), still displays a pseudo-uniaxial
cross, which is seen in modern, unaltered ooids (see
Scholle, 1978, p.115). XRD analysis again shows that almost
no aragonite has been removed (less than 5% - see Appendix

V).

The results of neomorphism are much more advanced in the
sediment of experiment 2585 when compared to material from
experiment 2485. Plate 4.2 B shows a coated grain in which
the nucleus has been almost totally replaced by an irregular
mosaic of sparry, neomorphic calcite (N). Small areas of
original micrite however exist (see overlay). Plate 4.2 D
also shows a peloid in which a large proportion of the
micrite has been replaced. The size of these neomorphic
crystals are larger than those seen in the results presented
in section 3.5.1. The crystal boundaries between the
neomorphic spar (N) and the micrite (M) are very irregular

often interfingering.

Experiment 2685 (21 days)- Slightly more calcite crystals

are observed surrounding grains in the partially lithified
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" PLATE 4.3 - EXPERIMENT 2685, EXPERIMENTAL TIME 21 DAYS

(A) Isolated, equant cement crystals are observed on
surfaces of coated grains (see overlay) but clusters of
nuclei are observed on broken surfaces of peloids (C). The
original aragonite cortices of coated grains (A) show no
evidence of alteration. PPL. Scale bar 50 um.

(B) A greater number of equant cement crystals are observed
on broken surfaces of coated grains (C) than on smooth
surfaces (see overlay). Much of the micritic nucleus of the
left handgrain has undergone neomorphism resulting in a
mosaic of small granular crystals (N). PPL. Scale bar 50
pm.

(C) Partially replaced grain. Overlay shows areas

resembling neomorphic spar and solution cavity £ill calcite.
PPL. Scale bar 50 pm.

(D) Detail of the replacedgrain shown in Plate 4.3C.
Overlay shows how crystals grow away from the inner surface
of the cortex, suggesting a solution cavity fill mechanism.
PPL. Scale bar 20 pm.

OVERLAY KEY (for 4.3 C and D)

Area outlined - original aragonite.

Area lined - replacement fabric resembling neomorphic spar.

Area stippled - replacement fabric resembling solution
cavity fill calcite.
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sediment of experiment 2685 than that in experiment 2585
(maximum crystal diameter 7 - 8 wm, see Plate 4.3 A-C). As
usual, uncoated grains show the development of more cement
Crystals than coated grains (see Plate 4.3 A-C) and the
bored surfaces of coated grains (see Plate 4.3 C) show the
development of more crystals than unbofed edges. The
creation of secondary porosity by the dissolution of
aragonite has been very limited with XRD showing that less
than 5% of the original aragonite was removed. However,
Plate 4.3 C and D show that some of the replacement may have
been through a solution cavity fill mechanism. Plate 4.3 C
shows an irregular mosaic of calcite, similar to that
produced by neomorphism with the interface between the
replacement calcite and the original aragonite being across
a very narrow alteration front (see overlay). Detailed
examination of the other end of the grain however (see Plate
4.3 D) shows how the replacement crystal size increases away
from the inner edge of the cortex, suggesting the infilling
of a void space. This points to the difficulty that is
often encountered when trying to distinguish fabriés

generated by the two modes of replacement.

These samples show the precursor to the equant cement
fabric. Cement crystals are isolated, becoming more
abundant with increasing length of experimental time. Each
crystal however has a certain amount of space in which it

could develop further.
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Experiment 18/4 (26 days) - Using sediment ADDO, the results
of this experiment show the early stages of development of
the granular bladed fabric. A very narrow but isopachous
rim (3 pm wide) of crystals surrounds each grain (see Plate
4.4 A and B). On coated grains, this is generally composed
of one layer of crystals only (Plate 4.4 A and B) but on
peloids, the cement rim can be several layers of crystals
thick as shown in Plate 4.4 C. Very little oomoldic
porosity has been created (see Plate 4.4 B) with no
infilling of this porosity occurring. XRD analysis shows
that again less than 5% of the original aragonite has been

removed.

(2) Cement Crystals Formed in Aborted Experiments

Any cement crystals that have been formed in these
experiments (3586 and 3886, which ran for 4 and 3 days
respectively) are so small (maximum size 1-2 pm), that they
can only be seen using an electron microscope (see Plate 4.5
A). These crystals are of a rhombic morphology as seen in
Plate 4.5 A. Plate 4.5 B shows two grain surfaces, one of a
coated grain, the other a micritic peloid. A layer of
crystals is observed on the peloid while the coated grain
surface is almost devoid of any crystals. Cement crystals
are also observed filling algal borings (see Plate 4.4 A and

B).
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