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ABSTRACT

Endolithic (boring) and chasmolithic (cavity-dwelling) marine -

filamentous algae are imporcant €rosive and diagenetic agents in modern
, . 2 .

N
v’

carbonate environments. The racaé’at which endolith;c algae bore into —
crystals of Iceland\spar galcite and other substr§tes are geologically

very rapid. Within 213 days the\surface of fceland éﬁar moniéofed in

the séalin,Discovery Bay Jamaica is féuqq completely iﬁfestéd by the

algae. The curve of infestation versus time 1$3similarfto a normal

N

-population growth.curve.

Variations in environmental conditions, notably light and agita-

tion of the substrate, are important controls on rate of infestation,

though agitation may not be quite’ as important as_previously thought..

The amount and composition of light available to the algae affects

their activity, to the point where the algae apparently wf;l not bore .
in the absence of lighﬁ (this includes at depth within tge sediment).

This indicates that most endélithic algal infestation occurs at, or.

very close to, the sediment gurface; as a ;eSult endolithic aléae may

be ~f'waluefn the determination nf paleophotic zones in ancient ,
« ) 4
carbonate sequences. -

-

Substrate crystallography exercises strong control over filamenty

.orientation during initial infestation; ~this control breaks down as

-

infestation of the substrate. proceeds. -

B ———t .
Several processes of micritization are observed on the Iceland

spar crystals, including partial boring infilling, residue micritiza-~

L}

tion, and exteriour micrite envelope formation. The micrite envelopes

form on the surface of the crystal by the coalescence of cemented

11

\



(calcified) exposed endolithic or chasmolithic filaments. The low Mg

calcite precipitated. on the filaments is deposited only on dead algae

and is found as early as 65 to 95 déys after the crystals are placed
' e o , P .
in the sea. The-broken filaments are a significant source of micrite

.

and peloidal sediment in the reef and nearby environmentsx 'Constructive"

micrite envelopes and calcified algal filaments are found throughout

—

the Phanerozoic as far asfthe Ordovicianf .

Constructive micrite envelopes will not likely develop in highly '
agitated environmments where hrains are constantly moved.about, unless

periods of quiescence in thé order of weeks or months ‘occur. During

quiet water periods endolithic algae growing out of gfains or micrite

- envelopes, or chasmolithic algae, may become calcified in intergranular

pores by precipitated calcite. These intergranular calcified filaments,

found as far back as the Ordovician, stabilize the sediment and may pre-

vent remobilization. This may allow further filament calcification,
micrite envelope formation, and complete to pértial\infilling of

intergranular pores by calcified filaments and associated micrite and

microspar cement.

iti, .



2%

* CHAPTER 1

CHAPTER 2 _

'i TABLE OF CONTENTS

| by »

" INTRODUCTION

1.1 Scope énd Purpose

1.2 General

1.3 Study Areas And Sample Materials . ¢
1.3.1 Qamaica, West Indies .
" 1.3.2 Cufacao, Dutch Westtlndies '
i.3.3; Bonaire, Dutch West Indies
1.3.4 Florida Keys
1.3.5 Bermuda .
1.3.6 Barbados, West Indiles
1.3.7 Sti Lucia, West Indies
1.3.8 Alberta Rocky Mountains
1.3.9 Ohi;a .
1.3.10 Southern Ontario )
1.3.11 Sohthern Queb;c and Vermont
1.4 Generél Procedures \
1.5 Terminology ) ~

1.6 Taxonomy

1.7 Acknowledgements

RATE AND NATURE OF INFESTATION

"2.1 Introduction

2.2 Rate of Infestation

iv

Page

16
20
23
26
26
28
28
28
31
31
31
33
33
42
45
46

49
49
55



~

’
. CHAPTER 3

CHAPTER 4

2.3 Substrate Control
2.4 Mechanism of Boring

2.5 Limiting Factors o .

L - W

~e

CALCIFICATION, MICRITIZATION, AND GRAIN BINDING:
ASSOCIATED CEMENTATION AND RELATED DIAGENESIS

»

3.1 Introduction

2

-

3.1.1 Filament Calcification o

3.1.2 Micritization Associated with
Endolithic Algae

3.2 Description and Discussion
3.2.1 General |
.3.2.2 Pattern and Sequence of Calcification
3.2.3 Rate of Calcificagion

3.2.4 Exposure of Filaments and the
Microenvironment

‘3.3 Relation to Sediment Production

3.4 Micritization of Carbonate Substrates

3.4,1 1Infilling of Algal Borjings
3.4.2 Residue tlicrite

3.4.3 Constructively-generated Micrite
Envelopes .

3.5 Grain Binding and Intergranular Pore Filling

3.6 Girvanella

ALGAL BORINGS AND FRAMBOIDAL PYRITE IN UPPER
ORDOVICIAN BRACHIOPODS

4,1 Introduction -

4.2 Method of Study

Page
57

67

68

73

73
73

78

81.
81
86
86

87

89
91
91
05

96

112

120¢

126

126

126



),

N Page

4.3 Description . 130

T 4.4 Discuggion ‘ | . S £35

CHAPTER 5 SUMMARY AND CONCLUSIONS . 140
REFERENCES . h o . 150
APPENDIX I - Study A);eas , 163
APPENDIX I1I ~ Sample bescriptions . . 174
APPENDIX IIT  Tibles : : 212

<

APPENDIX IV Endolithic Algae in a Silurian-Devonian Seacoast . 220

. * A

-
-,

vi



Tabie
Table
Table

Table

4

-

LIST OF TABLES

Algae in Iceland spar calcite: Installatfon
no. 1, Discovery Bay Jamaica

Algae in Iceland spér calcite: Installation
nos. 2, 3, 4, 5, Discovery Bay Jamaica

Algae in Iceland spar calcite: Salt water
tanks, McMaster University

Summary of grain size statistics: Discovery
Bay sands -

- vii

Page
213

215

216

217

o



FIGURE

FIGURE

FIGURE

FIGURE

FLGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURLE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

-1

1-3

1-4

1-5

1-10-

1-11

1-12
1-13

1-14

1-15

LIST OF TEXT FICURES -

Page
Ostreobium quekettii (?) boring into Iceland 3
spar calcite monitored 'in the sea at Discovery
Bay Jamaica
Fungal borings in Pleistocene M. annularis T4
from the Key lLargo Limestone at Key Largo
Florida
Pleistocene algal borings 6
Micrice-infille% algal borings and micrite . 8
envelopes ‘
Micricization,’ppper Cairn Fm., Miette reef 10
complex Alberta, boutheast 1 section
Endolithic algal bands in coral skeletons: | 13
the "Ostreobium" layer
Study areas in the Caribbean 15
Palinspastic recongtruction of the appro%imate 17
locatian of the margin of the Miette carbonate
complex, and the location of studied strati-
graphic sections within the complex
Sample areas in Ontarlo, Quebec and Vermont 18
Study areas in Jamalta, VHest quies 19
Major recent sediment, rubble, and live 21
coral sample statioms in Discovery Bay
Jamaica, and in the western forereef
Curacao, Dutch West Indies 22
Bonaire, Dutch West Indies 24
Location of Pickles reef, the %ajor sample 25

area off Key Largo,~Florida Keys

Bermuda 4 ) 22

viii

N\



v

FIGURE

FIGURE

FIGURE
FIGURE

FIGURE

FIGURE
FIGURE

FIGURE

FIGURE
. FIGYURE

«FIGURE
FILURE
FIGURE

FIGURE

1-20

1-21

1-22

1-23

1-24

2-2

2-3

2-4

2-5

Sample stations on Barbados, West Indies

-

Stratigraphy of the Miette reef compiex
Jasper Park Alberta

Study areas in southern Ontario where the

Silurian-Devonian disconformity was

investigated

Rhombohedral Iceland spar crystal like the
crystals used in the Iceland spar experiments
in Jamaica - — .

The twelve epoxy and polylite resin plates
anchored to the artificial "reef" constructed
in 5 m of water offshore Puerto Seco Beach,
Discovery Bay Jamaica

Artificial "reef" made of cement blocks, built
on sands in Thalassla grass beds, east side of
Discovery Bay Jamaica

Method ©of emplacement of the Iceland spar-epoxy
substrate rods using an aix-lift system operated
from a SCUBA tank; Discovery Bay Jamaica

Iceland spar-epoxy substrate rods in place in e

the sediment at Discovery Bay Jamaica

The 3 major marine algal habitats
Algae in Iceland spar ¥rom Jamaica: 8'days

Algae in Iceland spar calcite: 56 dayé,
Discovery Bay Jamaica, installation no. 1

Infestation in Iceland spar calcite after 213
days in the sea at Discovery Bay Jamaica
N

Inffestation of Iceland‘gpar calcite by the
endolithic alga Ostreobium sp. with time

B .
Initial infestatiog of Icéland spar calcita
monitor®d in installations 1, 3, 4, 5 in

Discovery Bay Jamaica .

ix

Page

29

30

32
34

37

38
40

41

43
51

" 52
53
54

56



. ) - .

N ) « . - .

FIGURE 2-6 Early infestation in Iceland spar calcite: 58"

. . ; s 7 days in the sea at Dlscovery Bay Jamaica;
: " installation no. 1 - .

<
<
v ¢

- - ‘FIGURE 2-7 Rose diagram of the orientation of the endolithic ~ 59
’ oo algal filaments:- in Iceland,K sp&r calcite

*  FIGURE 2-8 Algae in Iceland spat,calcite:st 67 days, salt " 60

O walér tanks at McMaster University

. , FIGURE 2-9 -~ Algal borings in Iceland.Spar

i FIGURE 2-10 - Algal borings in Iceland spar calcite monitored . /
. ’ ' ? in the sea (installation no. 1) at Discovery . &
Bay Jamaica - <

.
- PR }
3 ~o- s

.. . FIGURE 2—11:' Endolithic algae in the sclerosponge Ceratoporella 64
L . . nicholsoni, collected from under a ledge at a
T - depth of 40 m on, the forerqgf at Discovetry Ba9
- Jaﬁaica ‘ v

. -
.

?;GURE 2-12 Orientatioﬁ‘bf endolifhic'filaments within the - 65
R coenbsteum of‘Cera;QpQ(ella nicholsoni ‘

) FIGURE 2-13 Nomarskl optlcs on Iceland spar calcxte from - 66
- o Jamaica . c -,

.t . ~ . .
- . a

FIGURE 3-1 . Micrite infilled algal borings . « s

——————— ,. FIGURE 3-2 Petail of a septate algal boring in a pelegypod 76
) ’ valve from the 83,000 year old terrace at
' Rive: Bay Parbados

FIGURE 33 Algal boring in a Devonian tetracoral, : ' 77 -
o S Tabulophyllum from the Cairn Fm. of the Miette )

\ rbef complex, Jasper Park Alberta

Calcified algal filaments projecting out of 79
- Iceland spar calcite after 95 days in the sea
at Discovery Bay Jamaica . '
' . s . _
FIGURE 3753‘_ \Calcff;ed algal”filaments projegting out of 80
5 Iceland spar, after 95 days in thé sea at .

wh Discovery Bay Jamaica

~

r

KBVEX analyses offcalcite encrustations in 82
exposed calcified filaments, the unbored

Iceland spar calcite, and prec1p1tated micrite

in the algal borings

” [3
. v F.d N B

FIGURE 3-6

-
-



%

FIGURE 3-7

FIOURE.3—8

 FIGURE 3-9

=

FIGURE 3-10

FIGURE 3-11

FIGURE 3-12

FIGURE 3-13
FIGURE 3-14
FIGURE 3~15

FIGURE 3-16

FIGURE-3=17

FIGURE- 3-18

FIGURE 3-19

FIGURE 3-20

FIGURE 3-21

F

3

* Calcified algal filaments projec

The sequence of calcification of an exposed
filament ‘

Residue micrite

Schematic representation of the development
of dense, coalescing masses of calcified
exposed endolithic algal filamentks on
Iceland spar galcite

ﬁecail, constructiye micrite erivelopes
Boundary between a grain and a constructives
micrite envelope, from Discovery Bay .Jamaica,
first reef terrace

Schematic representation of pelecypod grain
containing micrite-infilled algal borings
and coated with a constructive micrite envelope

°
-

. Comparison of constructive and destructive type

micrite envelopes

Calcified.algél fildments projecting Sut of
carbonate grains from Discovery Bay Jamaica

ing out of
aica,' West Indies

Possible constru e micrite envelope from
the Devonia ddle Cairn Formation at the
Miette réef complex, .Jasper Park ¢ .

»

darbonate sand grains from

Micrite envelope probably ef the constructive
type, on a brachioped fragment from the Valcour
Fm., Chazy at Isle fﬁMotte, Vermont

Calcified intergranular algai"filaments
Calcified inter®ranular algal filaments

Details of calcified intergranular algal
filaments

- Intergranular pore between calcified inter-

granular algal .filaments from a Pleistocene
calcarenite from the 83,000 year terrace at
N9rth Point Barbados

1

xi -

Page -
85

94

97

98

99

100 .

-101
103
104

106

107

109
110

111

113



FIGURE 3-22

FIGURE 3-23
FIGURE 3-24
FIGURE 3-25

FIGURE ,3-26

FIGURE 3-27

FIGURE 3-28
FIGURE 4-1'

FIGURE 4-2

FIGURE 4-3

FIGURE 4-4

FIGURE 4—§
FIGURE 4-6

FIGURE 5-1

rd

! .
Schematic representation of pore filling and
micrite envelope formation by calcified
exposed endolithic ‘and chasmolithic algal
filaments
Calcified exposed endolithic and intergranular
chasmolithic algal filaments projecting from
ooids in the Miami Oolite ’

4

Calcified exposed endolithic (chasmolithic)
algal filaments projecfing from the surface of
oolite grain in the Miamli Oolite

Anclent calcified intergranular algal filaments

Etched surface of\SPecimen M-16;
Miette complex, Alverta

from the

Girvanella envelopes on grains

Isolated filaments of G irvanek;a, showing
calcification

Pyrite infilled algal borings in upper
Ordovician brachiopods from Cincinnati, Ohio

Sketch of the boring in Fig. 4-1c

Algal bores filled with pyrite in upper
Ordovician brachiopod (Hebertella)

Sketch of a cut-away view of a pyrite~filled
boring showing pyrite plateletes and spheres,
as well as possible framboids within the boring

Pyrite—infilled borings in Plaesiomys from
the upper Ordovician near Cincinnati, Ohio

Pyrite-infilled algal borings in Hebertella
from the upper Ordovician

Sequence of development of mierite-infilled
algal borings, calcified algal filaments, and
intergranular calcified filaments in carbonate
sediment

~—

xii ~

Page
114
115
116
118

119

121

122
127

128

129

131

132
133

148

-4

e



p Page'

FIGURE 5-2 Summary of the major geological Jand some of « 149
the biological effects of the erfdolithic algae

xiii



¢

%ppendix
Appendix

Appendix

\ .
Appendix

A?pendix
Appendix
Appendix
Appendix

Appendix

Appendix

Appendix

_ Appendix

ngurq
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

10

11

12

{ LIST OF APPENDIX FIGURES

Jamaica, West Indies
Jamaica, West Indies
Florida Keys

Curacao, Dutch Vest Inéies
Curacao, Dung_West Indies
Bonair;, Dutch West Indies
Barbados, West Indies

Barbados, West Indies

Barbados, West Indies

Miette reef complex, Jasper Natlonal

Park, Alberta

The shoreline at the final phase of the
lower Devonian marine transgression in

sauthern Ontario

Silica—infilled algal boring dissolved
from the wall of a Trypanites macroboring
in the Silurian disconformity surface at
the Law Quarry in Port Colborne

xiv

Page
164
165
166
167
168
169
170
171
172

173

223

224



CHAPTER 1

& P -~

INTRODUCTION .

1.1 SCOPE AND PURPQOSE

In the last decade; the deveIg%henf and use of highly sophisticated
electronic microscopy (TEM + SEM), and electronic micro-analytical equip-
ment (Microprobe, EDAX, etc.), vast improvements in ligﬁt microsaoéy,
and their applicaéion tq geological problems, have revolutionized geology.
The study of Holocene marine carbonates has experienced the full brunt |
of this revolution. Understaﬁding of ancient carbonate depositional
environ&ents has benefited dramatically from these developmé;ts, and yet,
as 1s alw;ys thé/case, problems and processes Lave surfaced which';ere
undreamt of a few years ago. . B

~

The relationship between organisms and the substrate they inhabit

)

has attracted a great deal of attentionzgecently, in the light of the
realization that ?rgaﬁisms in modern carbonate environments may be ;;treme-
ly important early diagenetlc agen?s. Cementation phenomena, porosity
and permeability modification, substrate breakdown and constructionm,
geochemical alteration, sediment mixing (bioturba£ion), etc., are now
being viewed as biologically influenced. Similar biologically influenced
systems undoubtedly operated throughout most, or all, of the Phanerozoic.
Carbonate reef structures provide an ideal natural laboratory to
study biological-diagenetic systems, because of their access%bility, y
density of organisms and organism-substrate interactions, presence through
the Phanerozoic, high productivity, and diversity of intermal geologic

environments. Of all major groups present within the reef ecosystem,



the algae are one of the most ubiquitous, most important, and yet poorly

x
understood of diagenetic agents. . . . '

This study is an investigation of the endolithic (and chasmolith-

t ]

ic) habitat and the algae that make use of it. Filamentous algal borers

“(endoliths) are known to have a significant role to play in carbonate

diagenesis, yet little is as yet known of the rates or specific mechanisms.
This investigation treats boring algae as both erosive and

constructive agents; the latter role was previously almost entirely un-
“_ .
known. The approach to the problem used here is both descriptive and

~

experimental. .

3

Almost nothing is known of rates of‘endolithic aléal penetréfion
and substrate breakdown; this was investigated under semi-controlled
conditions by';onitqring Iceland spar crystals’in the sea at Discovery
Bay Jamaica. The scanning électrOn microscope and reiated analytical
techniques were ap;lied to attempt to understand substrate alteration by

algal borers, and algal contribution to substrate construction and sed-

o

iment stabilization,

"The present is the key to the past' is a major premise in this

o

study. &he results will be of value in unravelling the complex role of

boring algae in carbonate diagenesis today and in the geologic past,
particulérly their role in substrate cementation, micritization, micrite

. envelope formationm, substrate breakdown, and sediment stabilization.

1

This study shows as well that much more work is needed in microbiologically-

influenced diagenesis if eventually we are to understand fully the

processes that have determined the diagenetic fabric and texture of

, ; ‘
carbonate rocks throughout the stratigraphic record. .
{



>

FIGURE 1-1 Ostreobium queketii (2) boring into Iceland spar calcite

"monitored in the sea at Discovery Bay Jamaica. . Sample

~
»

J-183.

o
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FIGURE 1;2 Fungal borings in Pleistocene M. annularis from the Key ~
- Largo Limestone at Key largo, FloriQa, All the borings
‘afe‘v%cant, but some cogtain remnants of organicimaterial,
possibly from theloriginal fungi. fhe round structures <
aré reproductive bodies (sporangia). The presenééwof‘
spherical endolithic structures such as these‘'points to
solution, T;ther.than physical‘penetretion of the sub-

strate. a) Scale bar 25 um. b) Scale bar 20 um.

c) Scale bar 15 um. Light microscope, transmitted light.

C | 4
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1.2 GENERAL N

Filamentous marine endolithic (boring) algae (Fig. 1-1) have
long been known to play a significant role in the breakdown and altera-
tion of carbonate substrates (Duerden, 1902; Ginsburg, 1956; Gunétilaka,
1976). As early as 1842, Bowerbank recagnized filamentous endoliths in
coral skeletons, but mistakenly interpreted them as part of the‘coelen—
terate. Carpenter (1845) considered them integral parts of mollusc
shells, when present, and to be of some taxonomic value. The early work-
ers (Rose, 1855; Kolliker, 1859, 1860; Moseley, 1875; Duncan, 1876, 1881)
who recognized filamentous endolitgs as Iindependant microphytic penetrants
interpreted them as funge} parasites (Fig. 1-2), even when the filaments
retained green coloration (Moseley, 1875; Duncan, 1876, 1881). Wedl
(1859) and Topsent (1Q87) weye-;he earliest to recognize endolithic algae
(Fig. 1-3). The confusion extant in the ea;ly literature cn the fun;al
and algal affinities of filamentous endoliths is wholly understandable
when even today, the recognition of membe%s of the two groups is not
alwvays straightforward. When dealing with vac%ted or infilled boreholes,
the determination of fungal versus algal origins is often véry difficult
(Bromley, 1965; Batbuerst, 1971, 1975), if not nrecentlv impnasible. The
criteria erected by Bromley (1965) and discussed by Bathurst (19715,
though not consistantly reliable in separating endolithic fungl and
algae, do provide a stért. Y

Very little is known at present of the ecolegy and paleoecology
of endolithic algae, and even less of the fungi. Separation of algal
from fungal filaments and b;reholes in ancient carbonates is a major

problem and requires solution, if the full potential of endoliths is

palececological and diagenetic interpretation is to be realized. The



FIGURE 1-3 Pleistocene algal borings. a) Vacated algal borings in

the corallum of Montastrea annularls from the Key Largo

Lmst. at Key Largo. Specimen F-64. Scale bar 30 um.

b) Vacated fungal (?) boring in Siderastrea 'radians (?)
from the first reef terrace at Piscadera Baail, Curacao.
Specimen C-35. Scale ba{y}o um. c¢) Vacated, irregular

algal borings in Acropora palmata, from the first reef

terrace at Oracabessca, Jamaica. Specimen J-270. Scale
bar 25 um. d) Heavily bored carbonate grain from
calcaranite, 83,000 year terrace at North Point, Barbados.

Specimen B-13. Scale bar 100 um.
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.potential usefﬁl;ness of endolithic algae in the recognition of paleophotic.,

zoneg, and in the ,determination ofppleobathymetry,hés been, stressed '

«
3

;epeatedly (Swinchétc, 1969;‘Halsey, 1970; Pefkins aﬁd Halsey, 1971:

Golubic et al, 1975 Riding, 1975), and has been applied in some investiga—

‘tions (Swinchatt, 1965 Scoffin, 1971, perhaps a little prematurely.

It has been suggested (Golubic et al, lQJS),-thopgﬁ not dem-—
-~ - ‘:I

onstrated, that endolithic microphytes may provide a significant source
of nutrients for certain grazing ofganisms in reef environments (eg:

urchins and parrxot fish) which ingest parts of the carbonate substrate

during feeding. Endolithic microphytes are also known to have variabiy

detrimental eftects upon shelled populations (oysters and barnacles)‘which

méy cumulate in mass mortalities (Korfinga, I951; Kohlmeyer, 1969; Séhgfer,

1972). .The effects of boring ‘algae and fungi in fouling wood amd concrete

-

‘sfructures in the sea is #nown‘to be important, but has been little

fy ’ / S
studied (Schifer, 1972). o -

A pptentially‘vgry,significantﬂ but as well poprly understood

-effect of boring microphytes, ié their influence on .catbonate geochemistry,

Many of the‘diverse“metapolic secretives of marine glgae and f%ngi, includ-
ing compounds such as‘citfate, glycogen, mélate, succipate, pyruvate,
;xalate- lactate, etc., (Foster, 1949; Fogg, 1962) have profound -effects

on ctarbonate chemistry and mineralogy. Kitano (1968), ‘iano et al. (1969),
and Kitana and Hood- 11965), ‘suggest on an empirical basis, -that organic B
compounds such as the abovq (many of which are produced by boring Picro—

phytes), may play a key role in carbonate geochemical equilibrium. Their

work, although?never_qpplied go the problem of .carbonate diagenesis by

}boringldrganismsf”shedé light on the possible mechanisms involved.

A

s . ~
¢ . 2



FIGURE 1~-4 Micrite-infilled algal borings -and micrite envelopes.

L

a) Micrite gnvelope on a peIéEypod fragment from the
Pléistocene té;race at Animal Fiower Caves, Barbados.
Sqmpl; B-1. Scale bar 300 um. b) Detail of micrite
tubules and a destructive micrite envelope on a coral
fragment érom~£he st teef terrace at Narth Point
Barbados. Sample B-3. ;Lale bar 50 um. ¢) Algal boring
- inecoral fragment fromsthe Oligghene of Oamara, South
Islqu, New Zealand. The boring is infilled with micrite.
écale bar<€? um. . Specimen l;aned by ' E.W. Mountjoy. Light

microscope, transmitted plane poitarized light.
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TR . ’ . 9
Endolithic microphytes have long be?p known to be agean of

erosion of catrbonate :%bstrates, partiqylarly in reef envirénments
(Duerden, 1963; Bertram, 1937; Swinchatt, 1965; Winland, 1968; Lukas,
1973), but also in cold water environments (Alexanderéson, 1972;
Gunatilaka, léié). It waé not until Bathurst published hissclassic work..
on micr%tizatio; o? carbonate particles by endolithic algae (Bathurst,
1966), that the full potential geologic importance 5f marine microphytic
endoliths was realized. Bathurst osgérved ; process-of.micritization of
carbonate substrates by repeated boring by algae and infilling of the
bores by micrite (Fig. 1-4b, c). -Purdy (l9&§) als;.recognized the replace-
ment phenomen?n but did nét understand the process and terméd it recrystaliz-

-

ation. Monty (1967) also describeé the role.of boring algae in micritization.
Incomplete micritization of carbonate grains ,according to Ba;hurst' .

(1556), results in a micrite envelope (or rind), of vafiable thickness,

encircling the grain (Fig. l-4a, b). The envelope is essentially a replace-

ment of the\original grain periphery by micrite filling vacated algal bores.

Complete boring of grain and infilling of the bores may result in a fully

micritized grain (Fig. 1-5) (Bathurst, 1966, 1971, 1975). Grains which

have been completely micritized by alg;l boring, &ad which com=aln. no

m_traces of the original carbonate skeleton, may become rounded to subrounded,

indistinguishable from pellets, and would be termed peloids (Swinchatt,

1965} Bathurst, 1971). Indeed, manf peloidal carbonates probably originated

as bored skeletal calcarenites. " Taylor anﬁ TI1ling (1969) described such a

p¥cess from the Qatar Peninsula of the Persian Gulf; Pusey (1975) des-

cribed cryptocrystailine grains from ghe northern Belize shelf which -

N

originated in a similar way.



FIGURE 145. Micritizationj upper Cairn Fm., Miette reef comélex
Alberta, southeast 1 section. a) Roundeé peloids, all
consisting pf micrite, in spar cement. Micrite coats, and
‘calcified algal filaments projecting from the grains are
seen adjacent the A's. Scale bar 200 um. . Specimen M-13. '

.b) Specimen similar to (a), but the rock has uédergone

somé %écryétallizatgon, The belqids have diffuse periph- ‘
eries, and only under the'SEM are remnants of algal fila-

- ments visible. Scale bar 160 um. Specimen M~18.

c) Peloids and micritized skeletal grains‘in a partly

recrydtallized (micritized) spar cement. This micrite

fabric is similar to that in (b) above, but probably did

not originate due to endolithic.microphytic activity.

Scale bar 200 um. Specimen M-20. d) Micrite envelope

about a gastropod grain. Under higher magnif%cation

micrite tubules‘are visible in the grain periphery, indica-

ting probable destructive;tyﬁe a}gal micritization. 'Sgale

bar 800 um. Specimen M-21.
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Bathurst's -(1966) method of micritization involves infilling,
presumably by precipitated -micrite, buq it-éppears that a similar result
may be obtained through alteration to micrite of the walls of algal bor-
ings_(Kendall and Skipwith, 1969). Presuqagly this accurs through
recrystallization, influenced by secreted algal meCabélites (Kendall and
Skipwith, 1968; Winland, 1968), but how this occurs is not explained;
bacterial ‘activity may be involved in the bore wall alteration. Bacterial
activity, like "organic decomposition™ (Purdy, 1968), is all too readily
invoked to explain a‘micritizétion or alteration phanomenoﬁ for which no
mechanism is apparent. Bacteria may‘cerﬁaiﬁly be involved in certain
carbo;ate precipitationlpgocesses (Drew, l§l4; Lipman, 1924, H929;
_Oppenheimer, 1961; Creenfiéld, 1963; Bathurst, 1971, 1975), bug their
role in carbonate breakdown and alteration, though strongly suspected, is»
not demonstrated. -

The mechanism by which filamentous emndolithic algae bore is not
known with certainty, but is generally assumed to be chemical solution
(Kglliker, 1859; Duncan 1876; Nadson, 1902; Fremy, 1936; Golubic, 1969;
Lukas, 1973; Golubic et al, 1975). Physical 'processes of boring have
not been- ruled out completely, but it is difficult to envisage how a
fiiamentous alga would physically penetrate a substrate. It is not
unreasonable, however, to entertain thé p;ssibility that both chemical
solution and physical activity are jointly ihvolved.. Turgor preésure
exerted by growing cells weakening the structure of the substrate an&
causing minutg dislocat}ons or fractures along which solution is enhanced,
could conceivably be involved; on a different scale, root systems employ

a similar method in breaking rock along weaknesses (this is elaborated

in further detaifl in Chapter 2 where Nomarski interference optics are

L

t



.
»

discussed in relaéion to the mechanism of boriﬂg). This is all, however,
speculative in the absence of firm Qata. What is known is that the
ultrastructure of the 1ﬁterna1_§uyfa£es of borings, and ‘the morphology °
of borings in well ordered substrates such as Iceland spar, strongly
suggests chemical solution (Golubic, 1969; Golubic et al, 1975). SN

Why some filamentous algae and fungi bore is unknown. Some
possible explanations are:

1) An adaptive strategy developed in response to predation by

organisms such as grazing urchins, etc. , //

-

>

2) To take advantage of nutrients presené in the substrate.

3) A strategy in which the organism reduces incident light inten-
sity and/or spectrailcomposition through filtering effects of
the substrate; alternately, forms:capable of effectively
utilizing low light intensities, or éortibns of. iight spectra,
are taking advantage of a habitat in which these conditions

13

are present.

Not all filamentous marine algae and fuﬁgi bore. Whatever the
reason for éxplo;ting t#e endolithic mode, it is'something that'is
apparently of advaatuge Lo only a, small fractior ce a1l filamentous
microphytes. ‘

Although grazing pressure is undOubtedly an extremely impértant
factbr in detérminingkmarine algal adaptive sfrategy, its influence on
boriné algae is largely unknown . it is eertainly a reasonable speculation
that boring was develqped by algae }n‘reSpoHse to grazing pressure, but
there is no way of knowing at present if that was the case. The oldest

- endolithic- algal borings known are lower Cambrian (Hessland, 1949; Balsam,

i973);.grazing organisms, or organisms capable 9f§€:§ing been grazers are

M)

n~

12



FIGURE 1-6

Endolithic algal bands in coral skeletons: the "Ostreobium"

. layer. a,b) The dark band about 1 cm below the surface of

these coral %gpnostea (Dichocoenia'stékesii) from Jamaica,
is the endolithig algal band. Scale bars 9 mm, and 6 mm
respectively. c¢) Cgiiosteum of Porites sp. from Pickles
reef, Florid;,‘showing "brown band" developm;nc. The onée

green .endolithic algal bands have been degraded by bacteria

~ N 9 v
‘and fungi (many of which have become endolithic) to produce

il

a brown area bf dead endolithic algae. Scale bar 7 mm.

et
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also known from the lower Cambrian (trilobites, echinoderms, worm phyla,
etc.). If endolithic algae are found in the part of the Precambrian
before grazers evolved, or the boring algae can be demonstrated to have

been absent, the hypothesis can be tested.

Calcium, magnesium, carbon, etc., present within marine carboﬁates
may be used in the qgtabolism of marine algae and fungi. Marine boring
. algagzand fungi could be taking advaétage of a nutrignt source. The
fungi apparently do this, as they are most commonly found boring in
carbonates containing organic materials. Whether the boring algae do this
.as well, is not known. Metabolic excretions present in algal borings,
such as acids and enzymes; which probably accomplish the excavation (by

solution) of the bores, could be used in conversion of parts of the

substrate into a form metabolically useful to the algae.

In a study of light penetration into the massive coral\ Favia

pallida (as well as Astreopora ocellata, Goneastrea mantonae, Platyg

rustica, and Porites lutea without significant deviation from the
*

observations in Favia), Halldal (1968) found that only 0.10Z of incident

reaches the "Ostreobium" green layer (Fig. 1-8) within the coral skeleton
(the "Ostreobium’ layer within coral skeletons is a layer, a centimeter

A
oﬂ a fraction of a centimeter below the coral surface, is a dense zone

rd

-

e .
of living endolithic algae, generally assumed to belong to 0Ostreobium;

- Lukas 1973, describes the layer in some detail). Only 100-150 lux reaches

. the top of the green layer, and a fraction of a lux penefrates to the
bottom of the green layer, given ;n average 100,000 lux under a midday
tropical sun. Ostreobium (Halldal may have confused several genera and

\species) is apparently capable of making use of extremely low light levels,

T - .
or lives heterotrophically. The spectral composition of the light

14
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FIGURE 1-7

Study areas in the Caribbeafx.
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~reachlng the endoliths is also altered, consisting almost entirely of ’
wavelengths in the far red. As a result, photosynthesis predeminates
at the top of the green 1ayer) and photooxidation toward 'the base,.in
response to decreasing light inleqsities (Halldal, 1968; Shibata and
Haxo, 1969). ' |

1f these observations can be extended generally.to grher endolithic
algae in other'substra%es, it appearé tRat the cndoii:hic habitat requires i
very-special adaptations to low light levels and unusual spectral composi-
tion. This is evidenc;d by the phofosynchetic and photo-oxidative action
spectra for Ostreobium (Halldal, 1968; Shibata and Haxo,‘1969{~ I't seems
unlikely, thergfore, that endolithic algae.are using the substrate :as a
"shield" or “filter®. The advantage to some algae in boring into sub-
strates may therefore lie in the ability to make use of a hapitac which

excludes most other algae, and provides fairly sfﬁble, relatively non-

competitive living ronditlons. Although other algae may be physiologically

¥ .

capable of boring, théy may be excluded from boring by their inability
to photosynthesize and phétooxidize in the low 1light intensities and

altered spectral compesition within the substrate.

.

v ’\ ' .

1.3 STUDY AREAS AND SAMPLE MATERIALS

A wide variety of study areas was selected in order to provide

as large a sample of modarn and ancient endolithic microphytes and
. t

associated diagenetic processes from as many different reef environments
and types as possible. Work in the modern carbonate reef environment

concentrated upon the following areas in order of emphasis (see Fig. 1-7):
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the margin of the Miette cafbonate complex, and the loca-

tion of studied stratigraphic sections within the complex.
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“FIGURE 1-9 Sample areas in Ontario, Quebec and Vermont.



18

ny
b 0

JLIONYT

INGOGT07 T50d

OIHVINO 3V

,

. IS
\ \ MJZQS: INV
_ , . é . - 4




FIGURE 1510

1

Study areas in Jamaica, West Indies. The work on modern
reefs was carried out at Negril (approx. 60 km west of
Montego Bay), Rio Bueno, and Discovery Bay. The Pleist-

« ,
ocene reef carbonates were studied about Oracabessca,
_ \

Runaway Bay, Discovery Bay, Rio Bueno, and the Falmouth

3

area.
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1, Jamaica 5. Bonaire

2. Barbados 6, Bermuda ‘
3. Florida Keys' 7. St. Lucia

4.  Curacao | o

-

Lt

Expogures of Pleistocene reef carbonates were studied in

.

(Fig. 1-7):
1. Jamaica 4. Curacao ’
. 2. Barbados ) 5. Bonaire
- 3. Florida Keys

Studies of Paleozo%c endolithic microphytes were carried out
using samples collected in (Figs. 1-8; 1-9):
1. Ohio 3. Southern Ontario

2. Alberta Rockies 4. Southern Quebec and Vermont

i.3.l Jamalca W.1. '

The main study area wdas at Discovery Bay Jamaica, (F&g. 1-10),
wvhere the reef, forereef, and lagoon environments were surveyed in detail,'

and where experimental installations were maintained.

-

Shallow water sediments were sampled over the entire western

forereef, the backreef, and all around the bay (lagpon) to a depth of °
about 25 m. This involved 153 sample stations apg:oximately 3 m apart in

depth. Reef rubble, live coral, and calcareous algal carbonates were
. ' /
also sampled at most of these stations, to provide as diverse sampling

as possible of the various substrates being ‘infested with endoliths

(Fig. 1-11).

Kl

Discovery Bay was also the site for field experiments ‘to establish

rates of endolithic algal infestation using substrate plates, substrate



FIGURE 1-11 Major recent sediment, rubble, and live coral sample

stations in Discovery Bay Jamaica, and on the western
forereef. The Iceland spar crystal installations were
located opposite station 3 near the Marine Labs, and on

the artificial reefs, eastern lagoon. The substrate

rods. were buried in the Blue Hole (station 13-20).
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FIGURE 1-12 Curacao;, Dutch West Indies.
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14
rods, and Iceland spar crystals.

The. (less than) 120,000 yeaf old Pleistocene reef terrace at
Discovery Bay and Rio Bueno (5 miles west of Discovery Bay) was studied
and sampled to provide comparative material (Fig. 1-10). Samples were
also‘taken from the lowest reef terrace at Oracabessca (east of Ocho

Rios).

The geology of Jamalican Pleistocene rocks 1is presented in Land

‘ ‘

(1973a, b, c¢), Land and Epstein (1970). Goreau (1959), and Land and
Goreau (1970), Goreau and Goreau (1973), Moore (1973), Goreau and Land
(1974}, and Lang, Hartman, and Land (1975), summarize the ecology and

structure of modern Jamaican reefs.

1.3.2 Curacac N.A.

Curacao, situated in the Dutch West Indies, about 1000 km south-
east of Jamaica (Fig. 1-12), was visited in order to provide a study area
as close to the equator as possible‘(12°6l north ratitude). The living
coral reef was stuydied at Westpunt 'Baai and Piscadera Baai, on the west
coast of the Island (Fig. 1-12). Sands, live coral and reef rubble were
collected at 3 m depth intervals to 30 m dupih along several transccts
runningg from shore down onto the\forereef.

Pleistocene reef carbonates were collected from the 30,000 éo
40;600 year old reef terrace at the head of Piscadera Baal, at Noordpunt, -
Playa Grandi, .and in the coastal area between N;ordpunt and Bartﬁ}baéi.

De Buisonje (1976), Alexander (1961), and Schaub (1948) summarize

the geology of Curacao.



FIGURE 1~13 Bonaire, Dutch West Indies.
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1.3.3 Bonaire N.A. . .

Bonaire, Dutch West Indies, a small, sparsely-populated desert
island located 50 .km east of Curacao (Fig. 1-13), provides an opportunity

to study endolithic_microphytes in an untouched aﬁd virtually poLluEigh-

-

free reef environment. .

The modern reef was studied at Barcadera, south of Rincon, just

east of the Goto Meer inlet, and offshore of a2 cobple beach 1" km south
of the Solar Salt Works ‘plant on the southeast coast. Carbonate sand

and reef rubble were collected to a depth of 20 m, at stations 3 m apart

in depth along'transects perpendicular to the shore. Sand samples were

also collected from the shallow floor of the Lac just west of ‘Sorobon
point.
/

’

Pleistocene samples were collected from the first reef terrace
(40,000 years old) at Barcadera, Stinapa, Playa Grandi, and Lagcen.

The geology of the island.is summarized in De Buisonje (1974).

. ¢ :

.
M

- ‘ . TN

1.3.4 Florida Keys

Sands and reef rubble were collected from.chhnnels in and around

1

" Pickles Reef, 6 km offshore of Kev Largo in the PIorida Keys (Fig. 1-14).

Coilectiods,of sands and muds were also taken on the flats adjacent to

the east shore of L&wer Matecumbe Key, as well as in Florida Bay; of fshore

of Turkey Key. ) ‘ R
‘The Key Largo Formation (Plei§tocene) was studied and sampled at

Key Largo, bigeon Key, and Sugar Loaf‘Keyi ~:I'he Miami QOolite was sampled

oh the south coast of Pigeon Key., Multer and Hoffme}ster, (1968) and

Multer (1975), summarize aspects of the geoleogy and reef ecology of the

-Florida Keys.pertinent to this study.

-

S A e



FIGURE 1-15 Bermuda.
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1.3.5 ﬁermuda

Bermuda Island (Fig. 1-15) provides an exampie of northern,
relatively coolwater, coral reef environment.
Sand and reef rubble were collected from the northern edge of

the Bermuda Platform at North Rock, from the shallow waters (3-5 m) at

Ferry Reach (adjacent to the Biological Station) and in Whalebone Bay.

.In addition, broken cave stalactites were collected from the floor of the

Crystal Cave (Fig. 1-15), at a depth of S m beloqualt water 1éve1 i the
cave. See Land et al. (1967), Garrett et al. (1971), and Jordan (1973),

for discussions of the reefs and Pleistocene geoldgy‘of Bermuda.

»

1.3.6 Barbados W.I.  -° ’ -

N

exposures on Barbados, W.I. (Fig. 1-16) were sampled at a pumbef'of
locations: 2 stations at'Nofth Point, at River Bay north of:MOrgén
Lewis, and at Crane Beacﬁ. Sands and reef rubble were collected from
the living reef at Bellairs St. James, to a depth of 10 m and‘from the
backreef af Silveruéand§, 2 km southeast of Bridgetown,.and inclu&ed.é ’
wide variety of #ubsgréée types. Lewis (]9&0) pfoyiées an 1n;r;duction

e

to the reefs of Barbados, and James (1972) summarizes the geology.

Ll .
.
. . @
<

1.3.7 St. Lucia

A very limited amount of work was carried out on the véléanic
Caribbean island of St. Lucia (Fig. 1-7) located immediately west oés\\\
Barbados; and south qf'Martiﬁique. Sand sémplesuand specimens of deadJ

coral material were collected in Vigie Bay along the northwest coast to

a depth of 3 m. There aré no reported Pleistocene reef terraces on the

Tbe~magnificent Pleistocene lowar (80,000 year olé) reef terrace

28



' FIGURE 1-16 Sampie stations on Barbados,
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'FIGURE 1-17 Stratigraphy of the Miette reef complex, Jasper Park
Alberta. The complex is contained within the Cairn and
Southesk Formations. The_ Perdrix and Mount Hawk Forma-

: tions are basin facies.
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"island, and limestones appear to be almost totally absent, However, 5,

small exposﬁre of reef limestone (apparently vhdescribed and unmappgd)
of poss;ble'Pleistocene,age was found on the lee of Pigeon Island
.(extrede notthetn tip of the island);.it may be the anly-surviving
remnan? of Pleistocene reef terraces that may have-once fringed the
island.

.

1.3.8 Alberta Rocky Mountains .

The well-exposed Upper Devonian (Frasnian) Miette reef complex
in Jasper National Park Aiberta (Fig. 1-8)., provi&es an excellent
opportunity to investigate the role of endolithic algae aﬁd fungi in
Devonian reef environments. Samples Qere collected from the Cairn
Formation and the Southesk Formatioﬁ from the southeast margln of th;
complex (Fig. i*l?). Thexstratig;éphy and palececology of\the comblex

are outlined in Mountjoy, (1965), Noble (1966), and Kobluk (1975).

1.3.9 Ohio ' . - 4

Samples collected ffom the Richmond Formation (Ordovician) at

Cincinnati (b; P.R. Richards, Oberlin College), which included specimens *

of the brachiopods Hebertella and Plaesidmys, were included in this
étudy (Fig. 1:9). The brachiopods contain exceptionally well-preserved

algal borings associated with framboidal pyrite:

,1.3.10 Southern Ontario

t

The Silurian/Devonian discanformity 1@ southern Ontario was °
studied. The disconformitj providgs examples of endolithie infeétation

of Paleozoic limestone coasts and submerged 1imestone outcrop. .Samples

31



FIGURE 1-18 Sfudy areas in southern Ontario where the Silurian-

Devonian diéconformity was investigated (Hagersyille and

I3

, " Port Colborne). See appendix IV.
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. . . $
were collected from 3 of the«bést exposures of the disconformity, at the
\ ,
Law quarry 1in Humberitone, the quarry of Port Colbdxne Quarries Ltd. in
..Port Colborne, and the Haldimand Quarty' at Hagersville (Figs. 1-9, 1-18).

v . +

1.3.11 Southern Quebec'ahd Vermént

Extensive sampling was carried out in the St. Lawrence Loﬁlaﬁdéf
on the Island of Montreal (Fig. 1-9), in the-Middle Ordovician Black
River Group, and the Chazy Graup (Lowér Middle Ordovi;ian) to pravidé
comp;rative material from the lower Paleozoic, and to aid in the investiga-
tion into the naturé of Girvanella and siqalar calcified filamentous aléae;.

. Some of the earliest Peleozoic stromatoporoid reef structures,

exposed at Isle LaMotte, Vermont, were sampled to investigaté endoliih

¢

-

'aqtiv%ty in some of the most ancient of Paleozoic reefs.’
Clark (l972)’provides a general introduction to St. Lawrence:

g

. Lowlands geology; Pitcher (1964) and Kapp (1975) discuss the stromatoporoid

mounds at Isle LaMotte. ’ :
% . . 4 -

1.4 GENERAL PROCEDURES '

B The quantification’gf algal infestation of carbonates ;s-at
present a difficult prozéé;re, aund no wholl} agcufaté technique 1is yet
available. Complicaﬁions arising from contemﬁoranéous 1nfestation'by
othé€r endoliths such as gponges, bryozoa, molluscs, and polychaetes, and
by numerous eﬂbruscing organisms, make mosc'present methods inaccurate
(pérticularly quantification by acid“digestién and residue studies).
Attemété'wére made early {p‘this study at the quantific;tion 6f endolithic
, : .

algal and fungal Infestation of corals and othér substrates, by acld

. » - 0]
dissolution (acgtic and HCL). Production of calcium acetate, other

<, - .. - 3 =3
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FIGURE 1-19 RhombGh
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compounds, and the inclusion of other organisms present in the ‘sands

—

within thef;esidue, indicated the high degree of inaccuracy and the

inapplicability of this approach.

~

Icelland spar crystals (low Mg calcite) yere’selectéd for this
work,-in_prder to eliminate as many'complicating’variables as possibleT
No organic matrix is present in the crystals, the'crystallography and'l
chemical compositiou is-uaiform and well known, and_the crystals are

inorganic in origin and have never been in sea water. The crystals .are

also transparent, which facilitates direct observation of the endoliths

1
(Fig. 1- 19)

\

| Five installations using unanchored Iceland spar calcite crystals
were placed in the sed at_Discovery Bay Jamaica. Installations 3, 4, and
5 (see below) were used to tést the variability with time in the initial
infestation of the substrate. Installation 2 was used to test the effect
of shallow sediment cover on infestation by algae; installation 1 was
used for the‘detailed; loné—term study of infestation: |

Installation l: Shallow (60 m mean depth) subtidal near, coast.’
. . . {
Water vas constantly mildly agitated but the crystals

_were not open to wave impact and'apparently were never

c&erturned.' Crystals rested on a sand bottom.

¢

Instﬁllation 2: Conditicns were identical to those of No. 1

v

above, except that the crystals were covered in a 1 cm
. deep layer pt carbonate sand.
' lnstallation‘B:"An isolatgd; %gpratiéal pccl‘on tﬁe linestone.
. coast. Water deptﬁ 50 cné Qery little exchange Qith the

A

sea except by wave splash or during storms, or during
ki

very high tides. The water rarely became slightly !

-t

4.



L

3

clouded and slightly hyﬁersaline due to evaporation.
Installation 4: An isolated, subtidal pool, open to mild
- circulation, but never subjected to wave agitation. Sand

.
’

" bottom; water depth 55 cm.

., Installatlon 5:. Sand channel along the coast. Bordered by

-

S . .
limestone cliffs, open to direct wave impact. Sands

rippled, mobile; crystals rested on sand. Depth 70 cm.

=

The crystals were -all - placed in the sea with the (1011) face
upwarda for consistency, all measurements were made on the (1011) ‘face,

though ‘other crystal faces were also examined (Fig. 1-19).
At installation 1, 75 crystals were used. One crystal was
harvested every 24 to 48 hours for the firet 65 days and at different ¢

\
time intervals thereafter up to 381 days. .

~

Crystals were removed from installation .2 at widely spaced in-

tervals to be compared with crystals from iastallation_i. Crystals were
harvested from installations 3, 4, and 5 over-a period of 7 days solely,
to establish the length of time required for initial infestation of the

1

substrate‘under‘different environmental conditions. The crystals from

all the installations were wasﬁed in distilied water, air dried, and
subsequently cleaned of organic matter in CaC03~buffered hydrogen peroxide.
The intensity of endolithic algal infestation of ‘the spar was
measured as the percentage of .the crystal face bored by the algae.’
Randomly spaced, parallel transects were made across the crystal faces,
(at 200 diameters), on a petrographic microscope equipped with a point-

counting stage; approximately 1000 counts were nade on each'crystai and’

each coun't was recorded as a boring or as unbored calcite (Tables 1-3)
LS ]

3%

oy

The counts were converted to pe;centage of the crystal face by surface area.

. _q} N
. ~). e



FIGURE 1-20

The twelve epoxy and polylité resin plates anchored to
the artificial “"reef" constructed in 5 m of water off-

shore Puerto Seco Beach, 'Discovery Bay, Jamaica. a) Each

" plate contains a section of a pelecypod valve; anxécéland

spar crystal; a block of porous quartz sandstone;. an

orthoclase crystal. b) These plates contain each of the

.materials used in (a) above, but some also contain

obsidian, a;biQe, quartz; and ' chalcedony.

o






FIGURE 1-21

Artificial ﬁreef" made of cement blocks, built on sands ‘
in Thalassia grass beds, east side of Discovery_Ba;
Jamaiéa. ‘Depth is 5 m. Note the substrate plates ’
att?chéd to the p}ocks. Refer to fig. 1-11 for detalled
location in Di;covery Bay and Fig.‘erO,Tor a photo of

<

the époxy plates.
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o . °
For control and comparative purposes, 9 Iceland spar crystals

weré placed in approximatély 38 cm of sea Qater (th;‘mean tidal fluctua-~
tion at Discbva;y Bay) in avgea water system at McMaster Uni&ersity.
This. is a wgli aerated; wqt%r-circulpting system\(ZSd 1) ‘maintained at
21.5°C under artificial 1ight (four 160 watt: Sylvania Gro Lux fluorescent
lampé) on an automatic 12 hour cycle. The tank system, closely duplicates
the general eﬁvironment§1 connditions present in the study area at
'Discovefy ﬁay except for the intgnsity of illhminatioa. These crystals
were. harvested over a}period of 563 days, atFthe following intervals
after placement: ° 35, 60, 74, 84, 105,'-12_6, 255, 441, and 563 days}.. The
penetrgﬁion of tﬁé crystals, and the technique used to quantif; algal
infestation, were the samé as applied to crystals ha;vested at Discovery
Bay, -

Algal borings and calcified filaments'ip Iceland:spar were studied
in transmitted dight, under oil immexsion, and on an AMR ﬁodel 1000 scan—
ing electron microgcop%; Compositional analysis was carried out on an,
enexrgy éisﬁersiveyx-ray analyser kKEVEX unit) on a Hitachi scanning
electrén microscope énd uéing an EDAX unit on’a éambridge_scénning
elecitron micrc;cope; The sée&imenstare'extremely delicate énd are not .
- amenable to pdlishiﬁg'or iméregﬁation and sectioniﬁg;'étgndard thin sec~

~

tion and micrOprébe techniques could not be applied.
. ‘ 3

. 3 ' i
Ten epoxy substrate plates (Fig. 1-2Q) were also anchored to an

. artificial/reef constructed in December 1973 dn 5 m of water offshore of

<
the north end of Puerto'Seco beach, on the east of Discovery Bay (Fig. 1-21).

Each plate contained several substrate materials embedded in poi&lite resin

and epoxy (araldite), including Iceland spar calcite, obsidian, albite,

orthoclase, quartz, and'a section of a pelgcypad valve. The plates were

\ P .
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FIGURE 1-22 Method of emplacement of the Iceland spar—epoxy substrate

.

rods using an air lift system operated from a SCUBA tank;
C

®

Discovery Bay Jamaica.



.40

DRK 76



'FIGURE 1-23

N

1

A

Iceland spar-epoxy substrate rods in place in the sediment

at: Discovery Bay Jamaica. The rock was used as a marker

\d

to locate the rods. - Rods were removed at 6 months and

12 months after placement in Decem$er, 1974,

o
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| 2
removed individually at various time intervals over a period of 18 months.
Four subst:ate rods, each 60 c¢m long and containing 5 Iceland
spar grystals spaced 10 em apart, were puried vgrtically‘in the sedime;t‘
at a depth of 6 m on the no}th\slope of the "blqg;holé" opposite the
Marine Laboratory in Jamé%ca (Pigs.’l-?Z,'l~23). The. top cry;tal on each
rod was placed flush witﬂ‘thq §ediment su}face, Two rods were harvested
6 months after burial, and the remaining 2, 12 mOnthS'afger burial. The

v

rods, on removal, were washed in distilled water and air<dried.

The modernvcarbonaée and Pleistocene carb;nate samples were
impregnafed with epoxy and thin-sectiened; malachite green_stain was
used in‘sqme cases to help.gelineate algal’firaments, mucous coats, and .
mucous-liﬂed‘borings (Kend;li and Skipwith, 1969; Equler, 1970; thle
et al, 1973). Devonian aﬁd Oédovician specimens were thin—sectio;ed.
Many of . the modern, Pleistoéeng,.Devonian,hané Ordoviciah specimens_ were
sgctioned, polished, etched in 3% acetic acid for iS secon@s,'and oated
in aluminum origold for study 5n ;he scanning biegtron microscope. -

1.5 TERMINOLOGY /

;.

- . ’

The term endolith is used here to refer to alg&e wh&éh live in

/
holes which they create themselves (actively bore into ca%ﬁareous }
substrates), following the usage of Lukas (1973) and Golgﬁic et al.(1975). N

. /
Synonyms_commonly<encountered, and which are enployed {p this study,

include endophyte, endolithophyte, endolithic microphx;e, tranophyte

(Setchell 1924), and perforating algae (from "algu7é perforantes of
Chodat, 1898) Chasmolith.refers to algae 1iving In holes or cavities

not of their own making, and epilith (also epiphyte) is used to refer to

®
algae ‘living upon the substrate and not within Cavities (Fig. 1-24).

<
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' FIGURE 1-24 The 3 major marine algal habitats.
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The use of the terms boring and burrow does not follow the

recommended usage of Carriker and Smith (1969) in which differentiation
is made on the basié of the size of the perforaéiqp: a boring is smaller
thén the organismlwhere;s a burrow is the same size. Although’intended
to help reduce or eliminate the extant’confusion in the use of these
terms, the Carriker and Smith (1969) system has not found wide acceptance.
Therefgre, the terms are used in the conventional sense: boring’refers '
éo a hole produced by organismsoiﬁ a sofq; unconsolidated, or semi-
consolidated substrate.
Micrite, as originally proposed by Folk (1959) refered to a

precipitated lime mud of 1-4 um particle size, formed.within the basin
of geposition. However, the ‘term since has been so widely mis—aéplied
that it has ébme to be used, and accepted, aé referring to almost any
carbonate sediment of l%a.um particle.sike, regardless éf origin. It is
used here in the latteé'sense, and is considered strictly a size term.
Miarosgar ;efers to carbonate crystals (generally neomorphic) of 4 um to

~ lO um (or even 50 um aiameter, Bathurst, 1971 1975) diameter (Folk

, ul965), ‘and carn be applied to minerals other than calcite. Spar includes

microspar, and refers.to cement oOr neomQrphéc crysgals of larger size

than micrite.

Both calcification and cementation are used here, and may be -

confused. Cementation is used to refer to the precipitation of calcium
carbonate which servés to bind particles or reduce porosity (and may

L .
include some calcification). Calcification as used here includes

skeletogenesis or biological calcification, but also includes the

Q

, 44

ﬁreeipitation of cement on brganic substrates, be %t-organically induced or

- -

inorganic precipitation. Therefore, as an example, the process of-
. 3

) t
¢
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skeletongenesis in a modern coral is biological calcification, but an

il

algal filament upon which micrite or microspar cement precipitates is

also calcified, though not skeletogenetically. The encrustation of an
& ' Y . 4

algal filament with calcium carbonate by process other than the metaboiism

of the alga itself 1s here termed calcification; it may in fact also be
termed a cementation process, but is distinguished from precipitation of -
carbonate on an inorganic substrate. Therefore, the term calcification

4

is used here in a descriptive, not genetic sense.,

1.6 TAXONOMY
The taxonomy of the filamentoué endolithic élgae, as ; group, is
confused. The endolithic algae are not a biologically unified group, but
rather are ﬁade up of 4 distinct major algal groups, all of which utiliée

the endolithic habitat. The Cyanophyta (blue-green), chlorophyta (green),

rhodophyta (red), and phaeophyta (brown), in order of importance, all

contain endolithic species (Golubic, 1969); many of these species are,
’ A
4 *.however, geogyaphically and .ecologically restricted, and are of no

-

+gignificance to this study, which concentrates upon Caribbean areas.
In her study of endolithic algae in Caribbean corals, Lukas (1973)°

'
founq only a few species makiné up the entire endﬁl;thic flora. Substrate

t specificity is suspected, and it\is'pnssible that a study of_substfaqe
types other thén corals woﬁld ggveal a largely different endolithic micri-
flora. | w

Tﬁé‘chlorophyte Ostreobium quekettii Bornet and Flahault,

0. constrictum Lukas, Plectonema terebrans Bonet andy, Flauhault, were the

endolithic algae reported by Lukas (1973) from Caribbean corals. , -

Ostfeobium duerdenii Weber-van Bosse, reﬁorted by Duerden (1902) ffom

s o
-1
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Jamaican corald, was included synonymously with. 0. quekettii and 0.

constrictum by Lukas (1973). _ \

~

Ostreobium quekettii (?) is the endolithic alga most frequently
encountered in this scudy. It infested the Iceland spar crystals and
was commonly found in many sands and other carbonate fragments. .Species

!
+

of: Hyella and* Hormatonema {cyanophyta) were also encOuHGéred, but not in

Iceland spar. . \

The species and generic‘determinations were made following Lukas

<

(1973).

The taxonomy of the endolithic algae is not a major concern of

-this study. The algae are treated largely as a group, and Vviewed prim-

arily as diagenetic agents. Although there are undoubtedly interspecific
differences in the diagenetic affects of these forms, the close correla-~
tion of species and diagenetic process has proéeo well eyond the scope
of this study. o T
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: . CHAPTER 2

o

RATE AND NATURE OF INFESTATION

2.1 INTRODUCTION

Marine algae generally grow rapidly and there is somé evidence
that endolithic algae, in particulnr, penetrate'carbonate substratesg very
«

quickly (Golubic, 1969; Perkins and Tsentas, 1973; Golubic et al, 3975).

Little is known, however, of the rate at which many of the geologic.
processes asgociated with endolithic algal activity take place, including
.o ;

algal-induced substrate erosion and mictitizationm. A knowledge of these

rates would aid dramatically in better understanding the overall geologic

influence of tﬁ;-boring algae,

Most of the detailed work on-endolithic algal growth, and -rates
of penetration of carbonate substrates, has been carried out in laboratory

culture. . Kornmann (1959) noted the settlement (and, release) of spores

of Codiolum poiyfhizum on shell fragments within 1.25 hours; germination

0 [+
occured within 12 days: Golubic et al.(1975) report,” from calculations

-~

uéing the data of Kurogi (1953) and Drew (1954), that tne Conchocelis~
phase'of,Porghz}avsp. began penetration. 3 days after germination. Fil-~
aments studied b§ Kufoéi (1953f'bg;ed rapidly, and penetréted 500 um into
thg‘substrates.nfﬁer 30 days; tne filaments studied by Drew (1954) bo;éd
at twiceﬂtnis rate, penetnating 500 um in 14 days. The filémpntons

' cynnophyte’ﬁzella sp, is requt;d to boré immegiately after germinntion

and to penetrate 30 um to 50 um into the substrate in 21 to 28 days
(Golubic et al, 1975). Perkins and Tsentas (1973) reported what tiey . =

' . e .
termed “"heavy" infestation'ig Iceland spar calcite 6 months after the



’

céystals yere\plaged in the sea off Puerto Rico. The skeletons of living
organisms are also attacked by boring microphytesi Parke and Moore {1935)
recorded a rate of penetration of 100 um per year to a maximum depth of
300 um within 2 years in the pla;es'of barﬁacles, beginning 4 to 6 monCQs
af;er initial settlement of Ehe barnacle larvae. Gruvel (1905, cited in
Parke and Moore, 1935; Lukas,/1973) found depths of penetration of 1000
um to 2000 um in barnacle shells.“ ‘

The rate at which endolit@ic algae will bore and the depth to‘
which they will penetrate is light dependant. Phbtosynthesié, and hence
the boring rate, varies with the density of epilithi; algaé, density apd
thickness of encrdsting calcareous organisms on the substrate, the depth
in the substrate at which the algae occur, as well as the degt;~of water

<

(ail of these factors influence the composition and inténsify of 1light
reaching the algae). ’

The p;blished literature (cited above) describes tﬁe r;te of
growth or rate of penetration of carbonates by(filémentous microphytes.
To the aut#or's knowledge, no étudiés have been published.which quantify
tge overall rate of infestation or breakdown of carbonate substrate with

3 R . s it P
time. Reports of ray.d penecraticn into a substrate by a.filamentous

alga may be easily @isiﬂterpreged (with reference to the rate of erosion

Al

and breakdown of the substrate), if the overall density of the filaments,

and’tﬁe increase with time in the number of borings, beth inhabited and

¥ “ .
vacated, are not reported. In attempting to appreciate Phe signifiéance

of endqlithiczaléae as bioerosive agents, it is important to kndenot
only the rate of penetration of the filaments, but also the cumulitive

increase éithltime of the dénsity of bgiings in the subétrate.

vy
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FICURE 2-1

Initial infestation im Iceland spar after 8 ddys in the
sea at Discovery Bay Jamaica. The small ellipses are

diatoms. Scale bars 300 um.
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F}GURE 2-2 Algae in Iceland spar calcite: 58 days, Discovery Bay
Jamaica, installation no. 1. Specimen J-211.
b) Infestation at a corner of g/crystal; scale bar
250 um. <¢) Scale bar ‘220 ;m. d) Scale ba; 110 um.
Note gﬁe strong control of filament orientation in

'z;} (c, d). Light microscope, transmitted light.
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FIGURE 2-3
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Infestation in Iceland spar calcite after 213 days in the

sea at Discovery Bay Jamaica.- Installation no. 1 Same

figure as 2-9e. Scalepbar 1.5 um. & ,
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FIGURE 2-4

P

Infestation of Iceland spar calcite by the endolithic

&

alga Ostreobium sp. with time. The lower curve represents

infestation in spar in the salt water tanks at MgMaster

-,

University: The upper curve nepresentS infestation in

spar placed in the sea at Discovery Bay Jamaica. The
inset at upper right shows the complete documented curve
of infestation of the crystals in the salt water tanks

over a 600 day period. .
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2. 2 RATE OF mmsmrmw

The endolithic alga found to be boring into themlceland spar in

all thé Iceland spat installations, throughout the duracionxof‘ﬁhg study,

e K Vo, e

—_—
was Ostreobi 8p., & filamentous chlorophyte commonly found in Caribbean ™ -

coral skeletons and other carbonates (Lukas, 1973, 1974). ) ¢

\

ﬁn installation 1, the first signs of infestation were yisible on

+ crystal no..6,.wnich was removed from the sea after 8 doys (Fig._Z—l);
infestation of the,spar was only 0.5% by surface area (Table 1). Fron
day 8 to 15, the average increase in percent endolitnic algal infestation
was 0.25% per day. Bctween day 15 and 17 thc infestation increased
Hramaticallyl at an average ot 0.9% per day until d?y 95,'when it‘;eacheo
76.7% by surface area (Fig. 2-2 and Tablerl). Total (L00Z)infestation of
‘the surface of the spar and obliteration of the ;mooth, original surface
of the spar to a depth of 30 um was achieved after 213 days (Figs. 2-3,
2-4). ' , ‘ o
The&initihl stages of inféstation of tLe spar in installation 2
(crygtals covered by 1 cm of qand),showed very little variation from the
pattern in no. 1 (Tables'1l, 2). The mnin dif ference between the early'
stages in installations nos. and 2 lies in thel\percentage i;}estation
at a given time, and the time at :hich boring was initiated. Boring did
not begin until 2 days latct in crystals from no. 2; 1nfestation by
surface area of‘crystals from no. 2 generally was only 1/2 to 2/3 that
of installation 1. This 18 most likely attributable to the thin sand
cover, which would reduce illumination reaching the crystals and probably

3

reduce algal recruitment rates.
Crystals from installation 3 (supratidal pool) showed the earliest

initial infestation,\(somewhat less than 1 day) but had the same general
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FIGURE 2-5 Initial infestation of Iceland spar calcite monitored in.

H

installagions'l, 3, 4, 5 in Discovery Bay Jamaica.
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rate of increase as in installations l 2, and 5. The rapid erosion of#/

deep pockets in tropieal limestone coasts therefore may be very sigy&fi&

cantly influenced by endolithic algal activity Sballow depressions
collect water which ‘fostérs endolithic activity, which further deepens

and widens the pocket. v .

-~

Insrallation 4 (isolargd, subtidal pool) also showed early
iofestation of the crfsta}s, but also a higher rate of incrgasg of
infestation than in the other locali;ieoikabout 0.7% per day as compared °
to‘about 0.2% per day in no.. 1 for tho ¥irst 5 days aﬁter initial

infestation) (Fig. 2-5).

-

A

Installation 5, the most rigorous of the-5 areas in which crystalo
were monitored, showed suprisingly early initial infestation (2 days).
The crystals were often Qisturoed, ang_were constantly being covered and
uncoverod by mobile carbonare éand. Alexanderssoo (1972) noted that.
endolithic algae will either infest particles in mobile substrates at low

A}

ratos and densities, or‘not at all. These results }n&icate that endolithic
.algae oan ;ofest porticles inlmobilé, abrasive eovironments, and that they

can do so rapidly; Once‘initial penetration has taken place, the endolithic
algal population apparentl; grows in .a normal manoer (slope of initial
infestation ourve in no. 5 is essentially the® same as that for crystals

from installations nos. 1, 2, 3). Certainly, however, the degree of agita-
tion Qﬁ\the substrate is important: a highiy'agitated substrate probably will
be infested only quriné periods of quiescence; toe endolithic élgaé and

* their borings would be quickly abraded away when agitation resumed.

.

2.3 SUBSTRATE CONTROL v

-4

For the first 15 days in installation i, the algae generally
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FIGURE 2-6 -

Early infestation in Iceland spar calcite: 7 déys in

-

the sea at Diécb&ery Bay Jamaica, installation no. 1.’
a, b, ¢) Note the etch pits developed as rhombohedra.
Each is occupied by l‘or mo}e algal cells. Sﬁme Qhow
early filament penetration from the aéuté angles‘of the
etch_pits. Scaie b%FS 150 um, 160 um, and 200 um respec-—
tiyg}y. d) Very early infestation after only 7 days;

\ w

note the high filament density achieved in such a short

" petiod of time, and th® crystallographic control of the

y ) b
filament orientation. Scale bar 300 um. Light micro-

scope, transmitted light.
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FIGURE 2-7

Rose diagram Qf the orientation of endolithic algal
filaments in Eceland'spar calcite. Meashrémént of 958

filaments shows a preferred orieatation in the early
v :

stages of infestation which generally paraile}s the

twin plahe;cleavage line of intersection,

~

T w
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FIGURE 2-8

Algaé in Iceland spar calcite: 67 days, salt water tanks
Al / , .

at McMaster University. Specimen J-219. a) Note the

strong cfystailographic'control of even the most newly

recruited algae. Scale bar 160 um. b) Scale bar 150 um.

c) Scale bar 150 um. Light microscope, transmitted light.
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Algal borings in Iceland spar. #ll are from installation

no. 1, Discoveiy Bay Jamaica. Spécimen J~222. a, b) Surface

v

‘of Iceland spar, 95 days, showing high density of borings.

r

‘ Vacated borings. Scale bars both 20 um. <) Détéil, bared

. surféce,'213'days. Scale-bar 2 um. d, e) Detail of heavily
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bored surface, showing vacated algal borings. 95. days,
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FIGURE 2»10 Algal borings in Iceland spar‘éalcite moniqo%ed inlthe.

. sea (installation no. 1) at Discovery Bay Jamaica.
a) Margin ?etween unﬁor%d calcite and heavily bored spar.
95 ‘days. Scale bar 10 u;. b, c) Vacated borings near
the spar surface. 65 days. Ellipses are diatoms. Scale

. bars 10 um, and 10 um, respectiveiy d) 95 days.. Scale -

‘ bar 15 um. e, f) Surface of Iceland’spar calc{te after

2i9 days in theﬁsea. Very little remains of the original

‘'spar surface. Scale bars 20 um, and 5 um, respectively.

Scanning electron micrographs.

~
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bored péralléi to the surface of ths spar or only a few microns down
&nto thé cr;stal, along gleavage twin-plane intersectdions (Fig. 2-6)
control of the di%ec:ion of boring was very strong (Fig. 2-7). After 15
d;ys, crystgllographic control of the direction of filament penetration
.became progressively weaker (Fig. 2-8); by 95 days, borings above 300 um
depth were no longer signififantly crystallographically controlled (Figs.
2-9;‘2—10). Penetration below 300 um depth generally followed the
clea;age twih-plane intersections, hoLever, eveh after 95 éays. The
gubstrate therefore appears to ?xercike strong crystallographic control
oJer.the orientationAof endolithic filaments during the earliest stagés
of infestation. fhe same pattern followed in the spar harvested from the
sea water tanks, though the pronounced breakdown of crystallographic
control did not occur until after 100 days. '

The algae bore along the cleavage t§1n~plane intersection due to
the higher solubility of calcite in that direction. When the density of
filaments becomes sufficiently high (5% to 207%), som; algal filaments no
longer necessarily follow the direction of highest selubility, but rather

\

bo;e to avoid one. another (a chemotactic tendency; phobotropism, noted by
other workers, eg: Alexandersson, 1972; Bromley and Tendal, 1973; Lukas,

1973; Golubic et al, 1975).

" Specimens of the sclerosponge Ceratoporella nicholsoni, -collected
at depths between 40 um and 60 um off Discovery Bay, show that crystallo-
graphic control og endolithic filament orientation occurs in natural
substrates as well;(Figs. 2-11; 2-12). The sclerosponge coenostea are

aragonite, not cal&ite, and consist of splays of long, prismatic,

¢
|}

orthohombic aragonite crystals. Cleavages are developed along the 110

3 -

and 010 planes, and twinhing along the 110 plane. In thin sections oriented

[y
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FIGURE 2-11

Endolithic algae in the sclerosponge (Ceratoporella

nicholsoni, collected from under a ledge at a depth of

40 m on the foreéreef at Discovery Bay Jamaica. Sample
J-174. a) Filaments within the aragonite skeleton,
Filaments are preferentially oriented horizontally,

siliceous spiéules vertically. Scale bar 100 um.

.

b) Detail of filaments. Scale bar 70 um. <¢) Siliceous

splicule and nearby algal filaments. Scale bar 25 um.
. .

Light micrbscope, transmitted light.
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FIGURE 2-12 Orlentation of endolithic filaments within the aragonite

\

coenosteum of Ceratoporella nicholsoni from 40 m off the

forereef, Discovery Bay Jamaica.
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FIGUER 2-13

-

o r

Nomarski optics on Iceland spar calcite from Jamaica.

¥

‘\alwyigor digslocations, twins, etc., Heveloped 1p Iceland

spar as a result of a minor scratch on the spar.surface .
. L

(upper left). Scale bar 300 um. b) Vacated algal bores

=~ .

in Iceland spar. Note the total .absence of any indica-

tions of or dislocation of the.crystal lattice by the

-
~

boring activity of the algae. Scale bar 80 um.
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perpendicular to the crystallographic axis and the sclérosponge growth

surface, the endolithic filaments are normally fouand oriented parallel

to the growth surface, and along cleayage and twin-planes..

2.4 MECHANISM OF BORING

The mechanism by which algae be;e into carbonates has generally
been assumed to be chemical dissolution (Golubic et al, 1975), possibly
mediated by organic acids such as carbonic acid or oxalic acid produced
as metabolic by-products. The assumption of chemically-induced boring
is supported by observations of ?tched surfaces on boring walls and the
common tendency for the shape of the filament to reflect the crystal
structure of the minexal they penetrate (Fig. 2-~1). A physical boring
mechanism, possibly involving lattice deformation and crystal fracturing
by increased turgor.pressure,‘has not as yet been ruled out. ~

The crystals were studied using a Nomarski differential contrast.
interference optical system on a Ziess Ultraphot 11 microscope, at 1200
diameters. Deformations of the calcite are observed as distortions of
the regular 1nterferenc; colour band pattern, or as calcite twins, crazeé,
etc. Not one of the several hundred algal borings studled showad any
signs of distortion of the adjacent calcite (Fig. 2-13). Scratches and
fractures on the surface of the spar and gouges at the edges of some of
the crystals caused by grazing parrot fish, showed dislocations, calcite
twins, and distortion of the adjacent éaldite.

All minerals are somewhat elastic and‘will rebound to some extent

once applied stress is released. Calcite, however, is one of the most

easily deformed of minerals. Elastic rebound even after a small but:

L]

prolonged strain will not be complete, and some evidence of deformation

6%
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(twing, crazes bends, eEF.) will remain. The absence of any of these
cffects in the\adjacent calcite strongly suggests that the algal filaments
do not exert any significant stress on the calcite and that no physical
boring mechanism is involved.

Boring appears to take place in 2 ways: in Iceland spar, the
advancing tips of the algal fii;ments dissolve out spaces conforming to
the 3 intersection cleavages of the calcite (fig. 2-1). This has been
described by other workers, particularly Golubic (1969) and Golubic et al
(1975); boring by new side branches off the main thallus, which expands .
outward to the tip, and dissolve the calcite as they do so, until a
"mature' diameter of 10 um to 30 um has been achieved. Morphologically
similar, though pr@&ably functi;nally different, structures were described

by Alexandersson (1975) in limestones bored by the cyanophyte Hormatonema

sp.

2.5 LIMITING FACTORS

The slow Iincrease in the percentage infestation up to 15 days in.
installation no. 1 is likely a function of the initially small filament
population; a vapid expansion of the algal population occurs after 15
days (Figs. 2-4;* 2-5), during which most of the available Iceland spar

near the crystal surface is infested, and crowding becomes an important

controlling factor. . Infestation appears therefore to be somewhat selfj

limiting. The same pattern is present in_the spar crystals harveéted
from the sea ;ater tanks (Fig. 2-4; Table 3);.however, the rapild rate of
increase of infestagion slowed dawn at aboug 30% surface area.

The most significant difference between the environment in the

tanks and tha(ﬁin the sea at Discovery Bay appears to be the intensity

-~y S’ v . —



of illumination, which in the tanks 1is a fraction of tbat in Jamaica

This suggests that the overall rate at which infestatib of the spar
takes place is strongly influencgg by available light, a that the
density to which a filamentow endolithic algal population will expand

in the eéély stapes of infestation is in some way controlled by available
light. THough Q0% infestation may take place under both high and low'
intensity illumination, the time required will be mu;h greater.che lower
the available light level as reflected by the differeqce; in infestation
between crystals in installations 1 and 2 in Jamaica (as indicatg& by the
separation of the two curves in Fig. 2-4). A ;Lriod of rapid early
increase in infestation takes plac; in b :h*cases.' This provides empiri-
cal éuppoff‘for the common observation that endolithic a%g91 infestation
decreases with wateg depth (decreasing illumination) (Halsey, 1970;
Perking and Halsey, l9i1; Rooney and Perkins, 1972a, b; Wilkinson a;d
Burrows, 1972; Lukas, 1973, 1974; Golubic et al, 1975). .

The infestation curves of Figs. 2-4, 2-5, do not represent an
1n9;éase with time in the numb;; of 1living filaments penetrdating the
spar. Percent infestation (Figs. 2-4; 2-~5 and Tgbies 1, 2, 3) refers to
all thL borings present,“whether they are occup{ed by living or dead
filaments, or just vacated borfhgs. The curves are therefaore cum&iative,
and show the increase in the total number of borings present in the spar;
they are an index of the endolithic algal erosion of the spar substrate
with time. . L

The proportion‘of living filaments versus dead filaments in
vacated borings was veryvhigh in the early stages (first 15 days) of

infestation (90%-100%), but decreased with time, as more filaments .died

and the number of vacated borings agcumulated, By the later stages of

69
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infestation (§5~257 days), the propont}$h~of living.filaménts dropped

to°5%-10% of the total filaments and vaqaged,borings to-a depth'o£«50 um

b ~

to 100 um (Discévery Bay, Jamaica). At late stages, higher proportions
. - »

. © b}

of iiving filaments were found at greater depths in the substrate; at °© .

95 to 129 days, 90%-400% of the boring at depths greatef than 300 un

»

- contained living filaments (Jamaica). Other. workers have reported"that o
only a small proportion of: the borings (approx. 5%) contained living
' ) s - 3 ) ’
filaments at any one time (eg: Alexandersson, 1975): Even in a single

. .~ - - “ch ”
. crystal, the proportion of living filaments is highly variable, ranging

* + \ from high proportions (90%—100%).dpringzéarly infestation, or at depths “

*

where the boring }ront is advancing, to very low (5%-10%) in' the older,.

<

* more heavily bored areas near the substrate surface. As the .limits of

endolithic infestation are reached, the bropoftion of liwing filaments
’ N LY

> , . \'\ :..
decreases as_the number of dead filaments and vacated borings accumulate
@ ' , -~
and the.abailablewunQored subStrate is used up.
- . .
L v

The Iceland spar ¢rystals in Jamaica were in thd shallow subtidal

*

)

. 2 ' o i .
.negx 'the rocky shore. Though open to sunlight, water circulation, and

v

minor wave action, the crystals were never observed to have been greatly

disturbed or oventurned, even during storms. Thus. the above observations
- A

« of the rate of infestationcgre not ﬁecessari%y directly applicable to

algal infestation of mobile and loose carbonate sands, or carbopate frag-

-~

ments which ‘are constantly being moved about, as the algae have a " -
difficult time establishing themselves pnder such'conditio‘z‘(Sw;nchatt, i
L] ~ ’ b N 0

1965; ﬁlexanderés&ﬁ, i972; Golubic et-al, 197522 Limes one‘coasts, 1arger

. stable carbonate blocks, reef sybstrates, and ceménted tarbonate substrates,

T et s AT

hoyever, are easily amd rap&dly infested. Infestation of such substrétes
: .. . . ’ i 24

will .probably §ake place in muc§ the same way as obsServed in the spar.

. , i :

~ \ ’ ‘
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The transparency of the substrate, erth of water, and the particular '
aigal species invplved: are probaﬁly f%gtors deterﬁining the actual raée
of infestgéion, filament density,.and subsequent erosion of the carbonate.
Nevertheless, the bagic paﬁtern of slqy early infestation, followed by a
rapid. byrst of activity, and a levélling\off of infestation at r;latively‘
high filament densities is expected to bccur.in.mdét carbonate substrates
;eg;rdless'of whether the substrates are fixed or mobile. .
The effects of grazing by herbivores upon endolithic algal
infeééﬁtinqa are largely unknown. Herbivoro;s érazing fish, urchins; and
other érganisms which crop epiphytes ffom hard carbofate substrates, and
which are known to ingest portioné of éhe subégrate in the process, should
have an important”affect on endolitbic algal poﬁulations and upon the rate
of algal erosion of’sub;trates. Grazers remo;ing sevéral hundred micrens
of heavily infested and bored carbonate open up new surfaces to infestation
and permit deeper-algal penetration, possibly permitting the reinitiation

d

of rapid infestation (as described above) in interior areas df the substrate

otherwise inaccessible to the algae. Tbe endoliths may also provide a
-
source of nutrients to the grazers.

AthOugh grazing of the epiphytes on the spar crystals may have
begun early, it was not until 253 days that any sign of damage to the
crystals by grazing activity was noted (installatién 1, Jamaica).‘ The *
grazing marks chsist of long parallel grooves'1l.0-1.5 mm wide, and
several hundred microns deep, which were prébably produced by sméll pa-
rrot fish. By 253 days after placement ié the sea, the Iceland spar was
very heavily bored by algae to a depth of several hundred_mié;qqs, agd
should have been easily damaged by graiipg activity:' Gygil (1975)'9hows

that grazing parrot fish in Bermuda do remove algae-~bored’ carbonate.

&
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_Gygi (1975) does not comment on the relative rates of fish and endolithic

algal eros%on of the reef, but he does state that subtidal borers in

°

.general (this includes several groups) are probably more quantitatively

significant bio-erosive agents than grazing fish.
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v - CHAPTER 3

CALCIFICATION, MICRITIZATION AND GRAIN BINDING:

# ASSOCIATED CEMENTATION AND DIAGENESIS

%

3.1 INTRODUCTION

>

3.1.1 Filament Calcification

Many studies in modern carbonate environments have shown that a

+

significaqt amount of carbonate precipitation takes plage at or near the
sediment-water interface, in environments ranging from peritidal to the
deep sea. Work by Smith (1940), Cloud (1962), Friedman (1964), Fuchtbauer
(1969), Bricker et 3},(1969); Ginsbirg and Schroeder (1969), Ginsburg et
éi,(l968, 1971),“Schroeder and Ginsgurg (1971), and Schroeder (1972a, b),
Alexandersson (1972), James et al.(1976), and others has shown that

precipitation occurs extensively and can take place rapidly. Little is

%Y

‘known, however, of exactly how fast submarine precipitation of calcium

carbonate takes place. Studies in which the rate of precipitation has

been estimated have used 140 dating methods (Cloud, 1972; Ginsburg et al,

1968; Shinn et al, 1969; Milliman et al, 1969; Land and Goreau, 1970

5o
James et al, 1976). Estimates of the age'of sublittoral submarine cements
range from about 100 years or less to ;everal theusand ye;ré; the.limita—
tions of the methods, however, preclude exgct measurements. Tﬂe consensus
at the present time is that the non-skéletonogenic precipitation of
carbonate is a process requiring‘time of the-order'of years or decades
(Alexmndersson, 1972; Bathurst, 1975). To the best of the author's
knowiedée, there are no séudies in which the submarine precipitation of

calcium carbonate has been closely monitored so as to allow accurate rate

estimates.

73



Schroeder and Ginsburg (1971) and Schroeder (1972a, b, 1974)

showed that submarine cementation -and ‘calcification of exposed filaments
b

‘of endolithic algae is posgible within reef cavities; Lukas (1974) rdoted

’

calcified filaments of endolithic algae (Ostreobium quekettii) within

-
intraskeletal pores in modern corals (calcification is used here to refer

to the precipitation of calcium carbonate on, and within, algal filaments,

.

resulting in the complete or partial encrustation of the filaments by

-~

crystals of calcium carbonate).
balcified'algal filaments have been known from the subaerial
(Schlonleber, 1936), fresh water (Moret, 1934; Barron, 1975), and-marine

environments (Nadsom, 1932; Schroeder, 1972) for some time. There are

O
no reports of calcified marine endolithic algal filaments occurring

outsidg both the endolithic habitat and cavities within reefs, nor are

there data a&curately describing the rate at which the calcification of

exposed algal filaments takes place within the marine environment.

»

In the course of this study of the rates of algal infestation of
marine carbonates, it was found that filaments of single endolithic algal
genus present, Ostreobium sp., commonly projected out from the substrate

v

a short distance into the sea, The exposure of endelithic filaments,

living as epiliths or chasméliths,-has been described -previously (Golubic,

1969;‘Schroeder, 1972a, b; Lukas, 1974); it is a common feature of the
endolithic algae. After a period of time many of the exposed filaments
became calcified., In the light of Schroeder's work (Schroeder, 1972a, b)
it is ap?afent that thié provides an opportunit; to study the rate and

P e

sequence of calcification of exposed filaments under at least partially

controlled conditions.



FXGURE 3-1 Micrite infilled algal borings. a) Micrite partially
infilling an algal‘boring iﬁ Iceland spar calcite, mon-
itored in the sea at Discoiery Bay Jamgica.-lfnstallation
no. 1. Scale bar 2 um. b) Infilled algal boring in a
grain within Pleistocene calcarenite (83,000 yr. terrace)
from North Point, Barbados. Sample B-4. . Scale bar 8 um.
c) Detail of centripetally-precipitated micrite in an
algal boring in a gFain. Pleistocene calcarenite,
(83,000 yr. terrace), North Point, Barbados. Sample B-2.
Scale bar 3 um. d) Micrite-infilled boriné of a septate
algae, Pleistocene, North Point, Barbados. Compare with
detall in Figure 3-2. Sample B-2. Scale bar 6 umn.

e, £f) Infilled algal boring in grain from Pleistocene
calcarenite at North Point, Barbados. Sample B-5.

Scale hars 14 um, and 7 um respectively. Scanning electron

micrographs.
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FIGURE 3-2

Detail_of a §eptaté algal boring in a pelecypod valve

(see Fig. 3-1d), from the 83, 000 year old terrace at
River Bay, Barbados. The boring is infilled with micrite,
visible in tﬁe photo. 1In this sectibn this type of in-
filled boring i§ almost indistinguishable from borings
produced by non-septate algae. Precipitation of micrite
must have taken place before ramsval of the thallus and
septae, in order for the internal morpholeogy of the
filament to be preserved. Scale bar 0.35 um.

? .
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FIGURE 3-3

Algal boring in a Devonian tetracoral, Tabulophyllum from
the Cairn Fm. of the Miette reef complex, Jasper Park,
Alberta. a) Stromatoporoid encrusting the outer surface
of the -corallite.” Note:ithe absence of boring below the
stromatoporoid, indicating that algal boring post-dated
encrustation. Scale bar 65 um. b) Micrite tubules )

penetrating the outer wall of Tabulophyllum. Scale bar

80 um.
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3.1.2 Micritization Associated With Endolithic Algae

Bathurst (1966, 1971) described a process of micritization

(Figs. 1-4; 3-1; 3-2) involving repeated infilling of vacated algal

~
@

borings in carbonate grains by micrite-size carbonate (micfite here

refers to carbonate particles of less than 4 um in size). In this
process, complete micritization of the grain takes place, or a rind of
micrite devélopes within the orlginal grain periphery. This’typelof
micritizatton has béen recognized as one of the most significant and
widespread geologic effects of the boring algae, and is found to some
extent'in virtually every modern or ancient shallow water marine carbonate
environment (Fig. 3-3) (Klement and ?oomey, 1967; Winland, 1968; Swinchatt,
1969; Loreau, 1970; Alexandersson, 1972, 1975; Colubic et al, 1975; Kahle,
1974, 1976), although micricizatién is not a necessary by-product of
b;ring algal activity (Alexandersson, 1972; Gunatilaka, 1976).

t

A number of micritization mechanisms have been proposed (Bathurst,

1966, 1971; Purdy, 1968; Winland, 1968; Kendall and Skipwith, 1972;
ey,

Friedman, Gebelein and Sénders, 1971; Alexanderssoh, 1972; Kahle, 1974,
1976}, but the specifié effects that endolithic algae, or other micro-
organisms, havé cn these processes 1s as yet uncertain, ‘

Endolithic algae are dominantly photosynthetic (Golubic et 515.
1975), and show a speéies zonation, from the supratidal to the light )
compensation level (LeCampion-Alsumard, 1969, 1970; Golubic et al, 1975)
which'm;y have wide paleogcofbgical application (Boekschoten, 1966;
Swinchatt, 1969). Halsey (1970) and Pgrkins and Halsey (1971) found

endolithic fungi became relatively more abundant than endolithic algae
H ) )

as light penetration decreased with depth.



b

FIGURE 3-4

{
Calcified algal filaments projecting out of Iceland spar
calcite after 95 days in the sea at Discovery’Bay, Jamaica.
a) Two branching calcified filaments can be seen project-
ing from the spar.: The long thin filament is an uncalci-
fied epilithic alga not removed during cleaning of the
spar.. Scaie bar 20 um. b, ¢) Detalls of the external |
calcificatién on the larger calcified filament in (a)
above. Scale bars 5-qm, and 2 um respectively. d, e, f)
Calcified branching filament, showing termination clusters

of calcite on the short branches. Scale bars 20 um, 10 um,

and 2 um respectively.






FIGURE 3-5

T

Calcified algal filaments projecting aut of Iceland spar

~

, after.95_days in the sea at Discovery Bay Jamaica.

‘a, b) Broken calcified filament showing interior f£ill,

w

algal thallus, and.'exterior gncrustation. Scale bars

7.5 um and 3 um. c) Branching calcified filament, near

base whére filament emerges from spar crystal. Crystals

_ are Qery fine. Scale bar § um. d) Terminations of

- -
[N

talcified filament projecting from spar. Scale bar

-

10 um. e) Irregular calcificatjon oni;fstht filament.
Scale bar 15 um. £) "Bulb-like" calcification. Note

tapering toward base whére the filament emerges from ~
A . . p
- . \ 4 B
the spar. Scale bar 7.5 um. .
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3.2 DESCRIPTION AND DISCUSSION

’

3.2.1 General

It is not known what causes the change in habitat from endolithic
to chasmolithic (within cavities not of their own making; after Ercegovic,
1925; Lukas, 1973) 'or even epilithic, th it is apparent that Ostreobium
sp., and other endoliths, do not function solely as endoliths, gut can
grow outside the substrate (Golubi;, 1973). In tgis study, O;treobium sp.
begins growth in the Iceland spar crystals as an endolith and afterwards
bécomes chasmolithic or epil?thic. Initially the alga lives very close
to the ‘surface, and is in contact with the sea, though living in a hole
of it; own making.

The ekposed'filaments are heavily calcified with scale-like
crystal clusters (Schroeder, 1972) or mica-like books (Figs. 3-4; 3-5),
all of which afe rhombohedral. Palisade crusts, as described by Schroeder
(1972), are also very common. Crystal growth is perpendicular to the wall
of the algal thallus, fills the interior, and forms a thick external crust.
Crystal terminations are euhedral to subhedral and, where observed to have ‘
been broken, commonly displéy a rhombic cleavage on a very.fine séale.

Rare acicular crystals Qaﬁggonice?) are developed on the scale or book-like
crystals, and are a later‘Erecipitate. Very rare and very smail (under
0.1 um) rhombs with straight, uncurved faces are found.

Calcification: although prgsent on the exposed portions of the
thalli, is never found on thall# in the borings, even though micrite
(detrital or precipitated) is fouﬁd within some émpty bor;ngs (Fig. 5—1). !

¢ . . :
The diameter of the calcified filamentg is between 8 um and 30 um, and
they very in length from 10 um to 250 um. Cylindrical stubs are often

E

seen projecting from the Iceland spar crystals (Figs. 3-5a, b) representing




FIGURE 3-6 KEVEX analyses of calcite encrustations in exposed

calcified filaments, the unbored Iceland spar calcite,

.

and precipitated micrite in the algal borings.
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remnants of broken calcified filaments,
Six of the 60 calcified filaments studied in great detail with

P

the SEM (many more were studied in less detail) were fractured and .
presented an opportunity to study the internal structure and compositionm,
aﬁd to measure the actual diameters of the exposed thalli (Figs. 3-5a, b).
The non-calcified thalli vary in diamete; from 2 um to 15 um, a range
commonly found in living Ostreobium sp. (Lukas, 1973). Crystals developed
on the exterior of the thalli range in size from 0.5 um to 2.5 um. The
smallest crystals (0.05 um to 0.1 um) a;e generally found on the part of
the filaments closest to the surface of the spar (Fié. 3-5c¢). " Crystal

gize increases toward the tip of the filaments, to a maximum of 2.5 um in
area; well along the exposed part of the thallus. Crystals filling the
interior of the'thalli vary in size from 1.0 um to 0.05 um. Filaments
which. project o?1y a shor; distance outside the spar cryétals have a
"bulb-1like'" calcification developed (Fig. 3-5d, e, f). The bases of thesel
structureg are calcified by crystals of extremely small size (under 0.05
um). A few microns above thé spar surface, these filaments are heavily
calcified and the apparent diameter increases abruptly to about 8 um to

30 um (Fig. 3-5f).

5 Analyses were carried out on the Iceland spar, the calcified
filaments and the micrite in the vacated algal borings (Fig. 3-6) using
a KEVEX energy dispersive analyser on a Hitachi scanning eléctron micro-
scope (Woldseth, 1973, provides a éuidé to the use and interpretation of
KEVEX and other x-ray spectrographic techniques). The Xceland spar,
micrite in the borings, and the calcified filamen;s are low Mg calcite;

the micrite in the’borings differs lightly in composition f£rom the

Iceland spar by containing small amounts of strontium, and the carbonate



on the filaments differs by coqtaining small amounts of chlorine and
phosphorus. The specimens were coated in aluminum, which tends to mask
the presence of magﬁesium, in x-ray dispersive analysis. To test the
sensitivity of the unit, duplicate ;pecimens, of material known to contain
small amounts of magnesium, were coated with both aluminum and carbon,
Although aluminum coating considerably reduced the sensipivit& to magnes-—
ium, the magnesium was still detectable, éven when only trace quantities
were present. ’
Though many of the crystal forms on the calcified filaments are
similar to those described by Schroeder (1972a, b) from cavities in
Bermu&a reefs, the compositipon differs. Schroeder's filaments are
célcified by 15-17 mole pe}cent Mg calcite, whereas those described here
contain no detectable magnesium. The reason for the'differences is

unknown. Possible explanations include the effects of organdc materials
‘ \

on the crystallizing carbonate or. the existence of a relationship between
the carbonate calcifying tﬁe filaments and the-composiiiod qf the immed-
iate substrate. It appears uniikely that the composition ofiihe calcite
on the filaments would be so similar to that of tﬁe non-matine Iceland
spar 1f there were no telatinnship, as calcite is precipitatedhonly rarely
as a mariﬁe cement. Similar relationships between the composition of
precipitateqimicrite and the supstrate, particulaply with respect to Mg,
are noted by Glover and Pray (1971), Alexandersson (1972, 1974), and
Gunatilaka (1976). This strengthens the arguement that the substrate
influences the composition of wmicrite cement, be it within pores, borings,
or on fila&ents. The source of the calcite on the filaments could be the

calcite removed by the boring activities of the algae in the spar, The

calcite is dissolved in the borings, and possibly precipitated‘on dead

84
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FIGURE 3-7

The sequence of calcification of an exposed filame&t,

1) The filament dies.and crystal groz}h begins on the
interior; external crystal growth may or may not begin
at this time. Stage 1 maygyegin as early as 65 days.

2) The interior is almost filled with crystals and the,
exterior is fully calcified by minute crystals. 3)

The exterior is covered by small crystals; the interior.
is fully calcified and filled. 4) Exterior crystal
development has increased and produced _a mass as wide

as 30 um. This represents the structure of most fila-

ments after 95 to 213 ddys. -
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algal filaments projecting from the surface of the spar. Direct
precipitation from seawater, perhaps mediated by the spar substrate or
organic materials (éée earlier discussion of the work of Kitano) in the

algal filaments is also possible.

3.2.2 Pattern and Sequence of Calcification

“he calcified filaments were studied to determine if there was a
determinable pattetn or sequence of calcification. -

When an alga which has grown outside the Iceland spar crystal
dies, extremely small crystals (about 0.001 um to 0.05 um) form on the
exterior of the thallus (Fig. 3-7); these small enough that, except under
very high magnification (over 20,000 diameters), the surface of the thallus
appears smooth and uncalcified (Fig. 35). 1In time, these crystdls grow
to produce the thick encrustations described above (Figs. 3-7; 374; 3-5).
Calcification of the empty interior of the thallus takes place until it
is filled with small crystals from under 0.05 um to 1.0 um in size, ‘The
relative times at which external and internal calcification take place
are not known, though examples were seen in which the thallus interior
was so thick of the very smallest crystals. This suggests that internal

calcification may take place before, or more rapidly than, external

calcification.

3.2.3 Rate of Calcification

Crystals were removed from installation 1 at Discovery Bay every
24 to 48 hours for the first 65 days of the study. Thereafter specimens
were removed at 95 Hays, 129 days and 213 days. Although exposed filaments

are common on crystals up to 65 days, no calcification was observed. Live,



uncalcified fllaments were found protruding from the spar crystals from
day 25 to day 65. The first fully calcified filaments (the first ones
found were already fully calcified) were found on the crystals removed
from the sea after 95 days and also on tpe 129 day and 213 day crystals.
Calcification, therefore, took place betweén 65 days and 95 days after
the crystals were placed in the sea. Living filaments were observed
projecting from the crystals as early as 25 days, but no calcification
was seen on living filaments for_the next 40 days. This observation,
together with the fa;t that the longest calcified filament observed is
only 250 .um, while longer uncalcified filaments were seen, suggests that
only dead filaments were being calcified.

These results are significant, particularly in the light of the
paucity of accurate rate data elsewhere on the submarine precipitation
of calcium’cqrbonate. The rate of organic carbonate skeletogenesis has,
of course, been well SCUdied; but the process described here is not in
Xilﬂ calcificatiqn and hence not skeletogenesis. The process is one of
submarine precipitation (cementation) not directly related to the life

-

activities of the algae, as precipitation appears to take place on only

87
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4

dead filaments. The precipitation isé not likely purely inorganic however,

but may be biochemicaily influenced or controlled by organic materials
in the algal thalli,\or by assoclated bacteria acting to break down the
algae. Calcification of the filaments is geologically extremely rapid

and shows that the rates of precipitation of some sublittoral marine

carbonate is measured in weeks or less, rather than years or decades.

3.2.4 FExposure of the Filaments and the Microenvironment

Results of this and other studies (Golubic, 1969) show that some
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endolithic algae, including Ostreobium sp., can live not only In reef
cavities where Schroeder (lb?Za, b) found them, but can also live as
epiliths, either on the substrate surface, or perpendicular to it and
essentially free of it. A microenvironmént (in the sense of a closed or
at least highly restricted cavity in which special conditions develop
and are maintained) 1is not essential to survival, growth, or calcificaéion
of the exposed filaments. If a microenvironment exlsted about the exposed
filaments on the Iceland spar, it may have consisted of little more than
an area of reduced cifculation, ar modified chemical environment .created
by the presence of algae (fungi and bacteria as well), both alive and
dead, and their metabolic products; The maintenance of such conditions
on the surface of the Iceland spar could only have been temporary, though
perhaps enhanced by the protective effects of populations of truly
epilithic algae growing on the crystal surface.

Precipitation of carbonate is much more common on the exposed
algal filaments than on the surface of the Iceland spar; a few rare
examples of carbongfé precipitation on the spar surface were noted,
however. This suggests that organic compounds played an important role

\
in precipitation. Mucilanginous coating on dead filaments, and organic
materials bound in the algal thalli, together with the associatedlact1v~
ities of bacteria during the procéss of decay, may create a local micro-
envirOnment suitable for the concenitration of metal ions, of the correct
PH, etc., to induce precipitation (Kendall and Skipwith, 1969). Organic
"materials are known t; be important in some carbo&ate precipitation and
in the determination of crystal composition and morphology (Wilbur and

Watabe, 1963; Kitano and Hood, 1965; Kitano et al, 1969), so that it is

not unlikely that the most important factor in the rapid calcification
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of the exposed filaments 1is the presence and type of organic compounds.
The relation between mﬂgnesiuﬁ and the type and quantity of

organic compounds present may be of great importance in the precipitation

of some carbonates (Kitano and Hood, 1965; Kitano et al, 1969). The
precipitation of carbunate on the filaments appear to have been influenced
by the organic‘substrate. Low concentrations of available magnesium (from
the bubstréte Iceland spars and the presence of organic compounds in the
algae, released by algal breakdown, or metabolism (neighbouring living
filaments), such as succinhte, lactate, citrate, malate, glycogen,
pyruvate, etc., (many of which are algal-metabolic by~-products) favour
a stable low Mg calcite (Kitano and lood, 1965). The precipitation of

low Mg calclite on the filaments could be a result, therefore, of the
decreased influence of the low concentration of available Mg, and the
increased influence of organic compounds. An influence by Mg ions greatef
than that o} available organic materials, would favour aragoﬁite or high
Mg calclte. ‘It is ﬁbssible, therefore, that under normal conditions, a‘ .
high Mg calcite substrate would favour aragonite or Mg calcite precipita-

tion, assuming of course, that the presence or absence of Mg in the

substrate does influence the local carbonate gaochemistryv,

3.3 RELATION TO SEDIMENT PRODUCTION

This study shows that a significant numbe¥ of calcified filaments
rod
are produced on the exterior of the Iceland spa% crystals at a geologically

rapld rate. Speculatively extending these observations to natural carbonate
substrates other than Ideland spar, then over a perlod of time breakage of
A

the exposed calcified filaments could produce a significant amount of

sediment. This has occured on the Iceland spar, as broken calcified
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filaments are quite common,'agd is also found among calcified filaments
on sand grains in Curacao, Bonaire, and Jamaica. Exactly how much mater-
ial {s generated and how rapidly breskage éCCurs is a matter fo; further
detailed investigation. . Reduction of the broken filaments by abrasion

or other erosive processeg, such as additional algal or fungal boring,

could contribute to the aétugplation of micrite-gize material. A rough

~
’ ~

and somewhat speculative calculation may be made, using the following: -

1. the filaments are treated as cylinders, so that branching is not

consfdered; 2. an average observed filament spacing of 100 um; 3. an
average obseflved filament length of 60 um; 4. an average observed
filament diameter of 15 um; 5. a; average Iceland spar surface area of
20 cm2 (the crystal surface in contact with the substrate was not
included). This results in a minimun contribution of about 2.4 x ].O"2 mm3
of micrite to the sediment budget in 4 months (the perlod in which the
first generation of calcified filameﬁ;s is produced) from a crystal area
of 20 cm2 (equivalent to the surface area éé\a single calcite crystal
used in this study) from the breakdown of all the exposed filaments on

the spar. This is equivelent to the production of 0.72 Cm3/ mZ, yr of
micrite with no porosity. Given a porosity of 60X for the loose sediment,
the volume of sediment geperated is 1 cm3/ m2/ yr. These figures are ‘
based upon the assumption that similar rates of production will occur on
substrates other than,the Iceland spar, and that the conditions under
which the growth took place are near the norm for the area. There is,

of course, a wide variation in conditions and rates of growth to be
expected, so that these f}gures must ge rggarded as an estimate subject

to wide variation. The calculated value of 1 cm3/ m?/ yr 1s based upon

an ideal surface with no topography (i,e. boring takes place in a mirror

90
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’ . ) ' a
:gmooth ‘plane). This is of course not the case in nature, so that the

vagaries of the surface such as unevenness, grain surfaces, etc., will,
serve to make more surface -available, and as a result increase the number
of exposea filamentg and‘;he resultant sediment production.’

Limestone cliffs will also be sources of sediment input as the

calcification of exposed filaments on these surfaces bordering areas of
- <

carbonate depésition will probably take place on nearly as gre&t a scale

as within the carbonate depositional substrate. /”

Calfulations of thi£m¢§§%\have been-made for various other algae

which contribute to .sediment production. Acetabularia antillana produces
as much as 620 cm3/ m2/ yr (Marszalek, 1975), which is much more than

ejther Penicillus qr halimeda;‘%oth these genera are found to produce

significaqt~quanpities'of sedimént, howeQér, amouﬁtiqg to between 2 to ~
323 cm3/ m2/ yr for:Penicillus (étodkpan, et al, 196;).' The estimated
possible contribution of 1 ch3/ m2/ ;r for the breakdown of calcified
algal filaments (this paper), thou .not‘largE; is significant in the,
light of’\he 2 cm3/ mz/ yr contripution of Peniéillus in soﬁe parts of
the Florida Bay and back reef areas (Stockman, et al, 1967) ,

Thouqh present in the lagoon and back reef areas of rcef complexes,
endolithic algae are also 'very common within the reef itself: Thg

[y

breakage and reduction of exposed filaments ceuld be a source of some .of

i

the m;crite found within the réef.

* . N
.

13.4 MICRITIZATIOV OF QARBONATE SUBSTRATES

a

3 4.1 Infilling of A@g@l Borings

2

_The Iceland spar crystals monitored at Discovery B&y, Jamaica, J

provide an opportunity to study with time the progressive development of

-
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carbonate substrate erosion, micritization, and cementation associated

S

with endoii{hic algal activity.

“ Vg;ated algal borings within.the Iceland spar crystals commonly
show precipitation of low Mg-calcite on the boring walls by 95 days after
placémént in the sea, and Farely earlier (Fig. 3-14). None'of_the borings’

are filled completely by precipitated micrite e%en‘up to 257 days, though’

1

an estimated 25% by voLgme of the borings is filled by 257 days.

The composition of the.preciéitated‘micrite infill is the same
as ‘that of the Iceland spa} as determined by EDAX and KEVEX analyses,
?ﬁgs suggests a relationship betweép composition of the substrate and

tﬁe'brecipitated infill, which is supported by other workers (Glover and
b

' Pray, 1971; Alexandersson, +1972, 1974; Schroeder, 1972a; Gunatilaka, 1976)

who found similar direct relationships. Winland kl968),\however, nated

9

no relation between the composition of the substrate and the micrite

"infill. The contrbls on the precipitation of carbonate in borings are

unknown, and serve to emphasize the general and basic lack of understand-
. . %y :
ing of the processes involved.

In this study, micrite composed of low Mg calcite was found to
preéipitate in algal borings in the Iceland spar calcite (Fig. 3-la)~(low

Mg calcite substrgtef, The end result of the process of infilling by
3 o

précipitated calcite is micrite tubules and finally a micrite envelope
r

abo%p the spar, similar to that described by Bathurst (1966 1971, 1975)

5
(Fig. 3-1by. How long complete infilling of a boring would ta§$ is” un-

known. Projection from the results of this study, in which up to 25%

infilling occurs after 257 days, gives a minimum time to complete infilling
IT -l
of about 3 years; it is not known if the rate of infilling is .a lineaf

function. This estimate agrees with Alexanderpson's (1972) conclusion

\
8
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the surrounding seawater. The picture may be somewhat more complex than

. ) 93
that years, rather than hundreds of years, are required for infilling of

v

algal borings by micrite carbonate (see also, Friedman, 1964; Fuchtbauer,
/ . -

1969; Ginsburg and Schroeder, 1969; Ginsburg et al, 1968, 1971; Schroeder

and Ginsburg, 1971)., In shallow tropical maripe environments.migrite

infilling of algal Borings is geologically rapid, but how fast this

‘ . . t .
process and any assocliated micrite envelope formation can be expected to

-take place with increasing depth is unknown.

»

The infiuence that the endolithic algae or associated micro-
organisms have upon ghe nucleatioﬂ and miner;logy of the carbonate Filling
borings is a matter for further investigation. Alexandersscn (1972),"
Bathurst (1966), and Gunatilaka (1976):concldde that the algae do little
?lse tharr produce the holes in which ;rystal growtﬁ takes place, and.that
tqe precipitation 1is a fpnct%on of the degree of carbonate saturation of

o

this, however. Margolis and Rex (1971) suggest that algal metabolism

>

and boring, or bacteria associated with the aglae, play a key role 'in ;he
growth of aragonite-crystals wfth}n algal boriﬁgs in ﬁaﬁamianhoolites
(see also, Wilbur and Watabe, 1963; Kitané and Hood, 1965; Kendall and
Skipvith, 1969; Gebelein and Yoffman, 1971),. Thé question is far from
resolved; indeed, more than one process may be involved, and the particular
biogenic, biqchemical, or physico—chemical.Erécipitative pechanism may be
a functidn of variability in the immediate environment. ,
In the Iceland spar crystals studied in the 5amaican experiments?
only vacatgd algal borings céntain pfacipitated acicuiar or rhombohedraﬁ
érysqals ofilbw Mg calcite; no aragonite or high Mg calcite was found in
ghe borings. It is unlikely thaé éndolithic algal ﬁetabolism is directiy

.

involved, althouéh éirculating metabolites secreted by live algde in

Py .



FIGURE 3-8

Residue micrite. a) Etched surface of Iceland spar
developed below mucous coat, which has subsequently been
removed. Installation no. 1, Discovery Bay. Scale bar
75 um, P, c) Degail of the etched surface of Iceland
spar seen in (a) abova. Note the regularity, typical
of early stages in residue micrite formation. Scale

bars 5 um, and 2 um, respectively. d, e) Patches of

"mature' residue micrite, showing.its porous nature, on

:
—

the surface of Iceland spaxr. Scale bars 10 um, and

5 um, respectively. f,'g) Resiaue micrite, showing
scale;like development typical of some areas developed

on I;elang spar. Scale hars both S.um. Scanning electron

micrographs.
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neighbouring bores may be important. Precipitation associated with

bacterial activity or decomposing algal filaments cannot be ruled out,

nor can inorganic precipitation from supersatu}ated seawvater.

©

.3.4.2 Residue Micrite

Aft;r 95 days in the sea, scattered, irregular (100 um‘to 800 umj
patches of microporous calcite surrounded by algal borings are found on
the surface of Iceland spar crystals (Fig. 3-8). The patches are white
in incident light and very light brown in transmitted light, and cousist

‘
of rhombic and irregular remnants of spar from under 0.1 um to 5.0 um in
diameter. The patches are the result of digsolution of the spar surf?fe,
and correspond with the "residue micrite" deséribed by Alexanderssén
(1972). Residue micrite‘is a porous microcrystalline fabric, produced by
selective leaching of the substrate which leaves behind a residue of
original substrate material, composed of micrite-size particles.

Residue micrite has been described as .a feature of carbonate
undersaturated waters (Alexandersson, 1972) or of subaeriai meteoric
diagenesis (Land, 1967). Neither qgrbonate‘undersaturation nor subaerial
diagenesis obtains for the Iceland spar experiments in Jamaica, Patchex
of etched calcite were f;und invariably beneath algal mucous coats on thé
surface of the spar. In some cases, the etch pattern was very ordered
(Fig. 3-8a, b, c), rcpzesenting early stages in the development of residue
micrite. Alexandersson (1972) mentibns similar early strong substrate
contrgl of the surface etch pattern on carbonate grains, which disappears
as etching proceeds. Alexandersson (1972, 1975) also noted however, the

complete absence of etched surfaces on grains from the carbonate saturated

and supersaturated waters of the Mediterranean and West Indies. Although
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this may be the case in carbonates exposed directly to carbonate saturated
and supersaturated sea water, the presence of mediating algal mucous coat
and possible associated mildly acidic conditions may proéuce etched

~

surfaces:even in tropical carbonate supersaturatéd waters. The comment,
by Alexandersson (1972) that selectively-leached residue micrite and ‘
etched carbonate surfaces may be restricted to carbonate undersaturated
waters is valid in theory, but not always in practice. An'etched
carBOnate grain from carbonate saturated and supersaturated waters which
has lost its mucous coat will be indistinguishable from an etched grain

3
from undersaturated waters.’

The development of patches of residue micriée under algal mucous
coats on the Iceland spar reprcsents'che early stages in the production
of micrite envelopes similgr to that described by Kendall and Skipwith
(1969) from the Persian Gulf (though the reprecipitation described by
Kendall and Skipwith ;eed not necessarily take place). The first small
patches of residue micrite areffound at 95 days on the spar; by 257 days
they are. several hundred microns acrgss and up to 100 um deep. "The
patches do not represent any accretionary growth but simply selective
leaching of the spar calcite. Continued leaching of the low Mg Iceland

spar under algal mucous coats would result in a micrite eunvelope of

porous, low Mg calcite, up to several hundred microns thick.

3.4.3 Constructively—-Generatéd Micrite Envelopes

t

Between 65 days and 95 days, dead exposed filaments are first

[
observed to become completely calcified (a cementation phenomenon not
related to algal life processes) by low Mg calcium carbonate, both inter-

ally and externally. ' The process of palcifibation of dead, exposed

§~



FIGURE 3-9

Schematic representation of the development of dense,

. . 1]
coalescing masses of calcified exposed endolithic algal
]

filaments on Iceland spar calcite. Theighall inset at the
)
upper left shows the development of calqﬁfied filaments,
- i -
calcified filament masses, and constructive miérite

L

envelopes, in a cross-sectional view.
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a) In tertwinec?'

FIGURE 3-10 Detail, constructive micrite envelopes.

calcified filaments in a micrite envelope from the
Sample

Pleistocene terrace at North Point, Barbados.
L}
Scale bar 60 um. b) Constructive envelope.

B-14.
Mottling due to dense calcified filaments. Surface of

Note branching calcified filament

grain seen at top.
c) Detail of branch-

Scale bar 40 umY

Sample B-16. Scale bar

at bottom center.

ing filament from (b) above.
d) Detail of calecified filaments at high mag-

20 um.
nification under the light micig?cope to show tha»

characteristic poor resolution of these/$tructures using
a
light micropraphy. Radial fabric is external palisade
.1‘

y; A
cement. Scale bar 8.5 um, Sample B-16. Transnitted
¥

plane palarized light.






FIGURE 3-11

Boundary between a grain and a constructive micrite
envelope, from Discovery Bay Jamaica, first reef terrace.
Sample J-314., a) Micrite-infilled algal boring in grain,
in contact with constructive envelope at right. ‘Scale
gar 8 um. b) Detail, showing boundary between grain and

envelope. Scale bar 4 um. Scanning clectron micrographs.
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FIGURE 3-12 Schematic representation of pelecypod grain containing

micrite-infilled algal borings, and coated with a construc- ,- ’
tive micrite envelope. The micrite envelope at 250

diameters shows little detail, but appears as a spagherti-

like entanglement of filaments and micrite. At higher’

’
-

magnificatiens (2500 diameters) the detailed structure

of the calcified algal filaments is visible. -~
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FIGURE 3-13 Comparison of constructive and destructive type micrite

.
¢

énvelopes.

»
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(endolithic) algal filaments proceeds until, by 213 days,»masseg of
calcified algal filaments are formed. There is no known limit to the
process, aside from complete or nearly complete coverage of the crystal
by a coalescent mésg of calcified filaments (Fig. 3-9). ‘The "construc-
cively~g2Perated" envelope formed in this way cqnsists of dead algal
thalli filled with rhombohedral and acicular low Mg micrite calcite and
covered in low Mg palisade cement (Sqﬁroeder; 1972a). The bouqdaries
between aéjoining calcified filaments are distinct only under high
magnification (greater than about 1000 diameters); under the light micro-
scope,cthe micritic masSes do not readily show their algal tﬁalli or
“palisade cement (Fig. 3-10). The structure of the calcified filaments
is clearly visible only under the scénning electrén microscope (Figs.
3-11; 3-12).

The constructive micrite envelopes differ from the destructive °

envelopes described by Bathurst (1966), by forming on the external surface

102

of the grain, although some boring of the spar and infilling of the borings
- ¢

takes place as well (Figs. 3-11; 3-13). Actual destruction of the spar
(or grain periphery) need not take place during constructive envelope
‘formation, though there is no apparent reason why the two processes could

not occur simultaneously.

: Schroeder (1972a, b) described calcified endolithic algal filaments

virtually identical to those described above, lining cavities within

Bérmuda reefs. The filaments Schroeder (1972a, b) described also produce
calcified masses, but these lined only the.cavity walls. C;icified fil-
aments and masses of coalescing calcified filgments are apparently quite

common in tropical marine carbonate environments. The calcification of

endolithic and chasmolithic élgai~filaments is a cementation phenomenon



FIGURE 3-14

Yy,

Calcified algal filaments projecting out of carbonate

grains from Discovery Bay Jamaica. .Sample J-28.

a) Calcified filaments of grain exterior. Many have :
coalesced into masses; Compare with James et al. (1976)

Figs. 13a, b. Scale bar 60 um. b) Detail of (a) above.

Scale bar 22 um. <¢) Mass 6f calcified algal filamenks.

Scale bar 10 um. - d) Three calcified filaments whic;\

have coalesced. Scale bar 10 um. e, f) Detail, cal-~

cified algal filaments on grain exterior. Scale bars

©

2.5 um and 6 um, respectively.
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FIGURE 3-15

Calcified algal filaments projecting out of carbonate
sand grains from Jamaica, West Indies. Specimen J-26,
Discovery Bay. a, b) Calcified fiiament with ""bulb-
like" calcification developed. Scale bars 2.2 um and

1 um, respectively. <¢) Calcified algal filament termina-
tion. Scale bar 1 um. d, e, f) Exterior of a calcified
algai filamentKégzwing calcite developed along the
thallus. Scale bérs 2 um, 1 um, and 0.5 Jm, respec—

»

tively.

,
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105
rather than a product of algal metabolism. AltEPugh.Schrpeder (1972a)
suggests that calcification occurs during the lifetime of the algae in
reef carbonates from Bermuda, only dead filaments become calcified on the
Iceland spar. The precipitaéion mechanism involved is unknéwn, but the
close simjlarity between the comp;sition of the spar and the calcite
encrusting the filaments is more than coincidental (see discussion on
similar phenomena by Gunati%aka, 1976). Calcite dissolved and removed
by the boring activity of living endolithic filagents in the spar may
be precipitated outside the spar on the dead filaments. An organic
catalytic reaction or bacteria—-associated reaction on.the dead filaments
is suggested by the almost compiete absence of any calcite precipitated
on the exposed surface of the spar outside tha algal borings.

Incomplete constructive envelopes and isclated calcified exposed
endolithic algg% filaments have been found in modern sediments and reef
rubblé (Figs. 3-15; 3-15). In Jamaica (Discovery Bay), Curacao (Westpunt
Baai), Bonairé (Barcadera){ and Barbados‘kBe}lairs) they have been found
to a depth of 20 m, though they probably occur deeper,

A control on the development of constructive micrite envelépes
and isolated calcified algal filaments is the degree of agitation of the
sediment. Alexandersson (1972) noted the same control on micrite envelope
formation (destructive type). Calcified filaments will constantly be
broken from grains, and constructive envelopes will ;ot he likely to
devglop under agitated conditions, unless peribds of quiescence occur and
the filaments are giv;n suf ficent time to calcify (and possibly bind the
grains as described below)«w—ss.

,The Pleistocene (83,000 year) reef terrace at River Bay and North

Point .Barbados (foqga,describcion of the geolégy see James, 1972) has



FIGURE 3-~16

~

Possible cénstructive micrite envelope from the Devonian -
middle Cairn Formation at the Mieftte reef complex, Jasper
Park (Sample M~13). ' The stromatoporoid at the lower
righ; is encrusted by the envelope, and is, in places,
penetrated by micrite tubules (representing endolithic
algae).v The micrite envelope 1s seen Eo consfst of

small patches of microspar cement, micrite, and dendritic
micrite-infilled structures of probable algal origin. ;!
The simiiarity between this, and similar structures of

demonstrable "constructive' origin, is striking. Scale

bar 50 um.

wt -
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FIGURE 3-17 Micrite envelope probably of the construccfvé type,
on a brachiopod fragment frow the Valcour Fm., Chazy
at Isle LaMotte, Vermont. The enveiope consists of
microspar, micrite, and intertwined calcified algal

filaments. Scale bar 100 um.
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provided excellent examples of constructive envelopes In lithifled.

calcirudites apd calcarenities. Pelecypod, echinoderm, and coral fragments

LN N

and grains are commonly found Qlth a 20 um to 600 um thicg micrite envélope,
consisting of a tangled maés Qf calcified algal filaments 10 um to 40 um

in diameter, and each up to several hundred microns long (Fig. 3-10).

Under Ehe petrographic microscope these envelopes are commonly very
difficult to distinguish from destructively-generated envelopes (Bathurst,
1966) made up of micrite~infilleﬁ algal tubules. Apparent undet the
scanning electron microscope, however, are the algal thalli, micrite infil-

/

ling of the filaments, coalescing palisade cement coats on the filament

and intér(ilameht micrite cement (Figs. 3;12; 3«11). Micrite tubules
produced b& filllng of alg;l bores are also common (Fig. 3-1), however,
as are empty and vacated algal-and fungal borings in the gra;ns. <
difference in fabric between Ehe ofiginal grain, any destructive

that have developed, and constructive envelopes, lIs unmistakeab%ﬁ when

!

viewed on the.scanning electron microscope. The boundaries be7éeen the .

grains and lower surfaces of constructive envelopes are genérglly very —
k]

/

sharp and distinct (Fig. 3-11).

Envelopes exhibiting external micrite dévelopment b; the calellica-
tion of exposed endolithic algal filaments are found chrqﬁghout the
Phanerozoic. Many eiamples havg been-: found during the g;urse of this
study from the Devonian Miette reef complex (Frasnian)fof Alberta (Fig.
3-16) (for a description of the complex see: ‘Mountjﬁy, 1965; Xobluk, 1975),
and the Orﬁovician‘lsle LaMotte, Vermont (Fig. 3~l?0 (for a description of
the geology, see: Kapp, 19?5;; these included the same features as
observed in the modern and Pleistocene calcarenites oﬁ Flérida, Barbadoé,

Jamaica; Chracao, Bonaire, and Bermuda, and otﬁer Caribbean 1islartds.

«

-«

T s A R el P

[ P58 TRt



o

3

le

1

FIGURE 3-18

+
©

(0~

'f\ | .

©

NN

Calcified intergranular algal filaments. = All under plane
polarized light. . a, b) Calcified filaments showing
interior £ill, exteérior cement, and surficial micrite

and microspar:cement in the inter-filament pores. Sample

~

, B~13. Pleistocene at. North Point Barbados. Scale both
160 um. c) Tightly—ﬁaéked'calcified filameﬁts between

2 grains from the first reef terrace (Pleistocene) at
Discovery Bay Jamaica. Sample J-285. Scale bar 65 um.
. . )

o
. . .
-~ . Q . S ’ ’

’
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FIGURE 3-19 Calcifi;d intergranular algal filaments. All samples
from Pleistocene calcarenite at Animal Flower Caves
(83,000 yrf terrage), Barbados.. a, b, c, d, e) Inter-
;wined calcified filaments, developed in original pore'
space between grains. Note infilléd algal filaments
and the palisade cement precipitated on the exterior.

.| Sample B-13. Scale bars 16 um, 16.5 um, 16 um, 16 um,

® v

8 um, respectively. f) Micrite and microspar -dlined

pore between calcified intergranular filameﬁtsk -Sample

B-16. Scale bar 3.5 um. Scanning electron micrographs.

&
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FIGURE 3-20

Details of calcified intergra;ular algal filaments. All
specimens from Pleistocene (83,000 yr. terrace) cale-
arenite at Animal Flower Caves, Barbados. a, b, c¢)
Calcified filaments in cross sec;ion showing thallus,
interior fill, and exterior palisade cement. Samplé
B-9. Scale bars all 8]ué. d) Detail of glgai tﬁallus,
Qith interior fill and external cement. Sample B-11.
Scale bar 1.5 um. e, fY).-Surface of the interior micrite
fi1l in an algal thallus. No;e centripetal developmené
of crystals. Sample B-9. Scale bars 3.5 um agd 1.5 um,

L]

respectively. Scanning electron micrographs.
. Y 4

.
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3.5 GRAIN BINDING AND INTERGRANULAR PORE FILLING

Aigae living as endoliths grow through micrite envelopeé (both
constructive and destructive) into intergranular pore'spaces to become
chgsmoliths, as‘well as living and growing entirely as chasmoliths within
the iqtergrahular pores. 1In this study, the extensions of endolithic

algal filaments forming constructive micrite envelopes, while chasmolithic,

*

are distinguished from the intergranular,chasmolithic algal filaments
inhabiting the pores outside both the grains and the micrite env;10pesf
Dead (inisrgranular) chasmolithic algal filaments are calcified

) - * . .
in the same manner as those forming constructive micrite envelopes on
4

grain surfaces (Fig.‘g—lB; 3-19; 3-20). Intergranularégalcified filaments

are filled with micrite and encrusted in palisade cement (see algo

»

)

Schroeder, 1972a, b); they'intertwine to produce a complex of interwoven
calcified filaments. Micropores 1ef£ between calcified filéments are
parpially to completely filled by rhOmbohedralimicrite and microspar
~ cement which precipitates on the palisad@ cement coating the aléal fi1-

aments (Fig. 3-19b; 3-21). Intergranular porosity (and possibly

]

permeability) is reduced in this way, and the gfains are boﬁnd by the

.

entanglement of calcified algal filament and micrite cement (Fig. 3-18;

3-19; 3-20; 3-21; 3-22), -

%

Whether or not the chasmolithic intergranular filaments most *

‘commonly grow and become calecified at or near the sediment water inter-

v

face, or deep in thé sediment, is unknpown. Jeff Drawis (1976, pers. comm.)

however, ﬁéé found calcified algal filaments binding oolites‘iQ.oolite
.- N

shoals on the Bahamas in tﬁé(sgme way 'ag described above; the binding of

the oolites appears ‘to. be taking place at, or near, the sediment-water

[

interface and occurs very rapidly, perhaps in the order of a year or less.

/

=



FIGURE 3-21 YIntergranular pore between calcified intergranular algal
filaments from a Pleistocene calcarenite from the 83,000

year terrace at North Point: Barbados. The elongate

Y -

crystals are now low Mg calcite; original composition
unknown. The crystals precipitated in micropores between-
. calcified algal filaments, but never filled the pore

completely. Sample B-5. Scale bar 0.5 um.

Jo
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FIGURE 3-22 Schematjp representation qf pore filling and micrite

3 oo
envelope formation by calcified exposed endolithic and

chasmolithic algal filamepts.

Gy
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FIGURE 3-23 Calcified exposed éndolithic and intergranular chasmo-

-

lithic algal filaments projecting from oolites in the
Miami Oolite. Specimen F—19: a) Scale bar 55 um.
b) Scale bar 22 um. c) Scale bar 5.5 um. d) Scale bar

11 um. f) Scale bar 20 um. Scanning electron micro-

 graphs.
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FIGURE 3-24 Calcified exposed endolithic (chasmolithic) -algal fila-

ments projecting from the'surface of oolite grain in

the Miami Oolitd. Specimen F-84. a, b, c) View down
the longitudinal axis of calcifigd filaments. Scale
bars 5.5 um,’5.5 um, and 11 um, respectively. d) End

of a broken calcified filament shdwing éxternal calci-

fication and interior infill. Compare with James et al.
' ~ \_\
(1976), Fig. 16c. Scale bar 2.2 um, Scanning electron

micrographs.

!






- ‘ ~ Lt .
Similar features were found agyﬁdantly in\ehe Miami Oolite (Figs. 323}
3-24), where calcified algal filaments occur Setween, aed bind grains.
Many of the filaﬁents are calcified ex;edsions of endolithic algae, and
some are true chasmoliths. The specidens 6f the oolite shdwed Cross—
bedding, and represent.an hgitated environment' the calcified filaments
_ are covered in rhombohedral cement, and therefore were e;lciﬁ)ed before
the majority- of the.microsparucement was precipiggted. This suggests

early filament calcification below the sediment surface, or near it, as.

Dravis (1976, pers. cemm.) found in the Bahamas.

117

Winland and Matthews (1974) describe grain binding by chasmolithic ~

or endolithic filamentous cyancphytes kEntophysalia deusta) in grapestone

from the Bahamas. Calcified algal sheaths are figured between grapestone

grains that are interpreted as recrystallized ooids. Calcite encrusting'

the filaments is Mg calcite, and is developed as rhombic and aciCular
crystais. The intergranular calcified filaments. described above are the

same as those described by Winland and Matthews (1974) and by Dravis and

are very similar to those from the Miami Oolite. James et al. (1976) figure'

’

structures from Belize (Figs. 13a, b} 16c in Jemes et al, 1976) which

resemble some calcified chasmolithic algae-

“+

3

The comment that intergranular calcified filaments serve a grain
. . .

binding function is supported by Dravis and Winland and Matthews (19?4).'

Binding of-graine by\Ehe filaments requires only periods of quiescence
even in highly agitaged ooL{te shoals, and occurs rapidly® ,
l Fine examples of intergranular calcified filaments are found, in

calcarenites in the Pleistocene (83,000 yearuperrace; James, 1972) at

4

¥

River Bay and North Point, Barbados, from the Pleistocene at Discovery Bay,

. {
Jamaica, and the Miami Oolite, but they are also found in/;h% Devonian
L : \
. h *

)

- . . <
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\
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FIGURE 3-25 Ancient calcified intergranular algal filaments. a) Part

Y

of an entanglement -of calcifiedﬁintergrapular,filaments.l
Specimen ﬁ;l7. Devonian.of the Miette réef complex.

“Scale bar 50 um. b) Detail of one of the filam@nts froﬁ‘
(a) above. Scale bar 25 um. c¢) Algal filament eétaﬁglg—
ment, in the spar from the Chazy at Isle Lantte.

LIS

Specimen Q-10. Scale bar®28 um. Light microscope,

N .
R

transmitted light. s
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FIGURE 3-26 Etched surface of specimen M-~16; from the Miette complex,

-
Alberta. - Both a, and b show calcified algal filaments.

a) Scale bar 14 um. ) Scale bar 14.5 um, Scanning

electron micrographs.
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at Miette (Figs. 3?25; 3-26) and.possibly as far back as the Ordovician

(Chazyan) at Islé LaMotte} Vermont (Fig, 3-25¢).  ° )

3.6 GIRVANELLA i

.

Girvanella Nicholson and Ethéridge (1880), (andjofﬁer similar

forms such as Ortonella, Noétocites; etc,) 18 locally a common and signi-

- ’

ficant microfossil (Fig. 3-27) ranging from the Cambrian to the Cretaceousg

(Johns;n,'1961a, b, 1965), and possibly to the Recent (Monty, 1965, 1967;
Shinn EE.E&: 1969; Biding; 1972, 1975). The affinities of Girvanella are.
are as yet u;ce%tain, but the concensus is that 11 éépresents one, or
several di.stinct species or even genera Withir; the Cyanophyta (Bornemann,
1886; Pollock 1918 Pia, 1937; Seward, 1931; Klement and Toomey, 1967;
Riding, 1972, 1975). Riding (1975) “argued that it may represent members

of the Oscillatofiaceae, Sytonemataceée, and Stigonematacea. Other

Y
AN

suggested affinities have included sponges (Hinde, 1887), foraminifera
(Nicholscn and Etheridge, 1578;'Rhumbler, 1895), and Chloraphyta
I(Rothpletz, 1891; Romanes, 1916; Fremy -and Dangeard, 1935; Scoffin, 1971).

The calcified sheaths ofﬂGirvangila (Abrmarly ranéing from 10 um
'to 30 um in diameter) are generally considefed to have been pFoduced 3‘!
the alga itself, by analogy to extant calcified cyanophytes (Monty, 1965;
Riding, 1975, and 1nqpress). . .

¢

Girvanella is commonly found as 1solated filaments ox pairs of

filameﬂts; as masses of closely intertwined filaments, or as masses of

- Ed

. intertwined filaments with interspersed patches of spar cement (Fig. 3-27);

as a grain encrustation, forming envelopes (Fig. 3-27); as intertwined
’ ’ L:h . " . v )

masses between grains, apparently serving a grain binding function; and

as an endolith (Fig. 3-27; Klement and Toomey, 1967). Filaments of eath

. 0
A

-



FIGURE 3-27

-Qﬁ:, Light microscope, transmitted light.

Girvapella envelopes on grains. All are from the

Ordovician (Chazy) at Isle LaMotte. a, b), Envelopes

of Girvanella filaments on stromatoporoid grains. Fila- '
ments are seen which are endolithic. Samples Q=15 and

Q-10. Scale bars 6% um, and 100 um, respectively,

P

¢) Detail of Girvanella iﬁ micrite envelope on a
' F

stromatoporoid fragment. ' Sample Q-15. Scale bar 35

-
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-



»




FIGURE -3-28

“bar 2 um. Scanning electron micrographs.

)

’
[y

Isolated filaments of Girvanella, showing calcificatien.
All are from the Ordovician (Chazy) at Isle LaMotte.
Specimens were prepared by etching polished limestcne -

slabs. a, Rk, c) Though damaged by the etching, these

specimens crudely demonstrate the presence of interior,

fi11 and ext;rigr encrustation on Girvanella. Sample
Q-15. 'Scale barq 11 um,‘S‘Pm, and 5 um,:respeccively.

d) Detéii of the center of the broken end of a Girvanella
filament, The position of tge sﬂeath is delineated by

the dark, curved line at center. Sample Q-15. Scale

v
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of -these types are in fact often found calcified both intérnally and
extefnally by micritic calcite (original composition unknown) in contrast
to impregnated sheaths. Commonly the calcite has beén{fecrxstalli;ed,
but where well-preserved material occurs, the interior fill is centripetal,.
consisting of rhombohedra or blade—like crystals. The exterior calcité
coat is alsq,raALalLy developed and grew oulward*from the external sur-

face of the sheath (Fig. 3-28). .

Calcified algal filaments are by no means ;are. Scytonema, 2
§£§}zothrix,\énd Lyngbya are commonly found calcified in nature (Getiter,
1930; Friedman et al, 1964; Mont;, 1965, 1967; Winland and Matthews, 1974)
and have been studied in culture (Ulrich, 1927; Schlonleber, 1936).
Calcification in Scytonema agheérs to be related to.algal metabolism where- o

as in othef forms,‘suéh:as Schizéthrix, the mechanism is not known with

certainty and could involve bacterial activity within mucilaginous coats

(Monty, 1965).- Analogy has been drawn between these calcified algae and
preserved Girvanella and Ortonella (Monty: 1965, 1967; Riding, 1975).

However, the habitat of calcified Scytorema and Schizothrix described by

. . ®
Monty (1965, 1967), and the forms figured by Shinn et al.(1969) and others,

differ greatly from the inferred paleoenvironment of Girvanells and sim-

ilar forms. Calcified filaments of Ostreobium quekettii described lining-

cavities in Bermuda reefs (Schroeder 1972a), within intraskeletal cavities

in corals (Lukas, 1974), ob§erved forming on_Iceland spar calcite in

Jamaica (Figs. 3-4; 3-5) and from moderm sediments (Figs. 3-14; 3-15; -
3-23; 3-24) and the Pleistocene J;maica, Ba}bados, Curacao, and Florida

have very similar structures to.girvanellas. Filamentous endolithic¢ algae //
commonly grow out to the ;rains they inhabit and beco;; cald}fied by

either high or low Mg calcite. The filaments are observed ohlx/after the
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death} of the algae.” The similarfties both in structure and habitat

between the calcified exposed'endolithié algae and Girvanella are striking:

-

l)' Both are calcified centripetally on the interior and radially
’
on the exterior of the sheaths.

k]

2) Filament diameters of the calcified sheaths are in the same

size range (5 um to 30 um). v )

3) ﬁ;th function aslendaliths, as;epiliths on grains, a&d as .
chasmoliths (live in ;aviéieé not of their dé; making) between‘
g§éins, and‘can form masses of calcified filaments oA the. -
surfaces of grains which may be termed micrite envelopes.’

4) Both can occur as intergranular filament masses which,may or
méy not serve é grain binding function. Originally porous
areas between calcified filaments are f;lled in by micrite
or microspar cement shortly after the calciflcation of .the
filaments. .

Y

Although Ostreobium quekettii is the ngé most commonly observed

calcified in this manner, some endolithic cyanophytes such as Hyella and

Hormatonema also calcify. Calcification of dead filaments may take place

efthe:r in llight, in cavities, or within sediment. Even some of the
endolithic chlorophytes are capable of living anh growing without 1light

or at extremely low light levels (Halldall, 1968; Shibata and Haxo, 1969;

[

N .
Schroeder, 1972a).

-

]
Riding (in press) recently desctibed calcified+filaments of

B : R o
Plectonema gloeophilum Borzi from freshwater pools on West Island Aldabra,

- B

which are interpreted as living Girvanella,

»

Riding also makes the distinction between impregnated and encrust-

t

ed filamentous algal sheaths, both of which he describes as being : ,
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"calcified". P. gloeobhilum apparently has sheaths impregnated, rather

" than encrusted by carbonates (Riding, in press). The filaments are.

()

precipitatéa carbonate.

: Jol}owiné death and calcification. -

calcified dyring the life of tM® algae, but whether the calcite is a

direct metabolic precipitate within the sheath or is an indirect result
of metabolic activity, is not demonstrateds’ Extension of the conditions

within the restricted, 'stagnant freshwater pools to the shallow open
marine environment in whieh Girvanella lived is a problem, but nevertheless,
«

'there are great similarities between the calcified P. gloeophilum and
fossil Girvanella. Riding dismisses Qstreobium and other forms as possible

medern anelogues to Girvanella on the basis of total infilling of cal-.

<

fied dstreobium sheaths, the apparent lack of Mthick' encrustations on -

Girvanella filaments, and the presence of local swelling on the sheaths

of some Ostreobium species. "Not all Ostreobium filaments show pronounced
swellings, perticularly following -calcification, some Girvanelia filaments
were infilled early, and men} also‘were‘encrugted by micritic carbonate.

Not all algal filaments calcified by extermal encrustation reach véry
.great size, end dre apparently limited in some way to about .30 um diemeter.

The important point is not, _however; thatPOStfeobium inbparticular,

-

represents modern Glryanella, but rather that Girvanella-like structures

could have formedvby a cementation process: the infilling and encrustation

of -sheaths of verious dead green and blue—green filamentous algae by

Girvanella resembles the calcified algal filaments described by\
. . £ .. ‘
Schroeder. (}972a),  and described above, very’wlosely. It may therefore
§ L] - . .

'be a "diagenetic taxon" resulting from the early altération and cementation o

‘of a rdumber of dif? rent specie% from possibly widely differing genera, all™’

with similar, though variable, habitats. All ‘come to resemble one “another

RN

i .

i
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CHAPTER 4

ALGAﬁ BORINGS AND FRAMBOIDAL PYRITE IN

UPPER ORDOVICIAN BRACHIOPODS

€

4.1 INTRODUCTION

Hessland (1949) mentioned the occurence of endolithic algae in
many types of fossil and recent invertebrates,'includiﬁg opthid brachio~-
pod valves. Many of the algal borings in Hessland's (1949) Lower
Ordovician fossils are also coated ‘in iiménite (Hessland's limonitic

ooids). Specimens of the orthid b}achiopods Plaesiomys subquadrata(?)

Hall and Hebertella sinuata(?) Hall from the Richmond Group of Ohio are
also bored,.présumabl§ by endolithic microphytes; the bofings are still
partly empty and commonly contain various crystal forms of iron sulfide.
The pyrite oc;urs as spheres; octahedra, and framboids. ; The term
framboid, first used by Rust (1935), refers'to spheroidai aggregates of
micron—-sized pyrite c;ystals, a common feature in modérn and ancient
sedimeqts. Though by no means a common feature.;n Ordovician fossil
materials, such unmicritized, pyrite-filled, and wei}Lpreserved bofings

provide an opportdnity to study ancient endolithic activliiy and some of

the accompanying early diagenetic processes.
s . . . . /n’l

b ‘

4,2 METHOD OF STUDY -

The' 9 brachiopod specimens were completely removed from the

surrounding matrix and carefully cleaned. The convex sides of the ventral

valves containing'the'borings were etched in 2% acetic ac for 15 min- .
‘ L

utes. A fragmént of 1 specimen of Plaediomys subquadrata(?) Hall,

1
preserved as translucent calcite, was mounted between glass plates ﬁnd

—

e

" ‘_‘/



FIGURE 4~1.

3

Pyrite.infilled algal borings in upper Ordovicign

7
brachiopods from Cincinnati, Ohio. a, 'b) Borings in

Hebertella. Scale bars both 13.5 um. ¢) Partly infilled,

‘partly empty, algal boring in Plaesiomys. Scale bar 5

um. Light microscope.
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FIGURE 4-2

Sketch of the boring in Fig. 4-1c. Note that in many
places the spheres and framboids do not touch’ the boring

wall; the boring is also somewhat irregular.
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FIGURE 4-3

Algal bores filled with pyrite in upper Ordovician

brachiopod (Hebertella). Borings have beeh etched'out.

a, b) Tightly-packed pyrite crystals occupying the

etcheé‘boring. Scale bars both 2 um. ¢, d, e, f)

P
Linked pyrite crystals and framboids filling in algal

borings. Scale bars 2 um, 1 um, Z um, and 1 um,

respectively.

<
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studied in transmitted light on a getrographiéimicrosCOPe. The etched
speciméﬁs were washed in distilled wateé, dried, and coated with
aluminum. Each specimen was studied on a AMR m;del 1000 scanning
electron microscope. - Semi-quantitative analyses were caEried out on.an
EDAX unit attached to a Cambridge scanning electron miéroscope.

4.3 DESCRIPTION

Hebertella sinuata(?) Hall and Plaesiomys subquadraga(?) Hall

are articulate brachiopods'of the superfamily Orthaceae Woodward.

' Paleozole articulate brachiopod shells were likely low Mg calcite (95X-

99%)-with a proteinaceous matrix; traces of phosphate, magnesium, and
iron were present, but in sméll and gighly’variable quantities (Moore,
1957). Analyses by EDAX show that the brachiopod shells are now low Mg
calcite, containing calcium aﬁd traces of sulfur, iron, silicon and
phosphorous;‘magnesium is absent. The pyrite in ths borings is rel-
atively pure. | h '

The microborings are found within the primary and secondary
layers sf the shell (Rudwich, 1970); in densities ranging from 1 fila~

ment perx mm2 to over 100 per mmz. The borings are generally close to

the outer surface of the valve and show no preferred orientation

" (Fig. 4-1). The occurrence of the borings on, and close to, the exter-

ior of the disarticulated valves of the brachiopod suggests that most
of the.boring activity took place while the brachiopods were sgill alive,
or while‘th; valves of the dead orgsnisms were still tightly closed
before burial. Yy ’

Examples of faise ramification (Bromley, 1968) are rare, but do

occur. The branching is dichotomous, and the angles vary between 32°

B



FIGURE 4-4

e )

N

Sketch of a cut-away view of a pyrite-filled boring
showing pyrite plateletes and spheres, as well as ~ u
possible framboids within the boring. In{thig efample,

the structures are in contact, but are, as is typical,

not todching the wall of the boring, except in one or

two places.
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FIGURE 4-5

A

A
-

Pyrite-infilled borings in Plaesjomys from the upper

Ordovician near Cincinnati, Ohio. a, b, c, d) Pyrite-
-

infilled branching borings of tightly packed pyrito-

hedra, dodecahedra, octahedra, plateletts, and spheres.

Scale bars 5 um, 5 um, 10 um, and 5 um, respectively.

e) Pyrite frambaid. Scalé\bar 5 um.
A\
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FIGURE 4-6

Pyrite~infilled algal borings in Hebextella from the

upper Ordovician. a) Tightly-packed pyrite octahedra,
_gyritohedra, and plateletts, which in agéregate'duplicate
the algal filament. Scale bar 5 um. b) Algal boring
filled in with placeletts;\framboids, and octahedra.

Scale bar 2 um. «¢) Tightly-packed framboids and e%tremel;
fine pyrite crystals. Scale bar 5 um. d, e, £) {§Very
tightly-packed pyrite crystals, some of them extremely

fine, closely duplicating the original filament morph-

ology. Scale hars 5 um, 5 um, and 2 um, respectively
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and 90°, with a mean of 65° (600 measurements). The borings are generall&

filled or éartially filled with pyrite, but some are almost completely emp-

.

ty (Figs. 4-1; 4-2). . Infilling by micrite carbonate, and micritization of '

. 4
. et

the. bore walls (Bathurst, 1971), didlgbt occur. The borings are ramose,

~

often gently curved, rarely straight gF{g. 4-1); iﬁdividual borings "are var-
iable in diameter (a characteristic of some endolithic algae). The borings
var§‘from about 1.5 um to 10 um in diameter, and attain lengths of up to
600 uil>\_-8

“The pyrite occurs as rare cubes, and commonly as octahedra, trapezo-
hedra, and various iron cross twins qf‘octahedfg and pyritohedra. Plate-}ike

N I -
clusters of twinned cubes and octahedra are also found. Small framboids

-

(1 um-10 um) are common within the borings and often occur in chains, either
touching directly or connected by smaller crystals (Figs., 4-~3; 4-4). Agg-

regates of small (1 um-2 um) framboids are also seen. Larger, isolated fram-

t b

boids (to 30 um) consisting of octahedral pyrite crystals occur outside the

borings within the shell (Fig. .4-5e). ghe pyrite crystals and framboids out—
-

side or within the borings rarely touch the bore wall or brachiopod shell
material; there is generally a small space (1 um to 3 um) between the pyrite

and the wall (rigs. 4-6a, b).

o

The pyrite reproduces with variable fidelity the gross mofphology of

the original filaments. Five basic types are found: |,
& r -

. |

1) Pyritized filaments consisting of tightly-packed pyritohedra and-

spheres, producing rough—surfgced strands; they may or may not

Ed

show branching. Individual crystals vary from 0.1 um to 1.0 um.
. ¢

2

The filament diameters may reach 1 um to 5 um, with lengths of
© 100 um observed.
. 2)" Chains of pyrite framboids, or clusters of framboids arranged

in chain-like series. The chains may be several hundred



3)

4)

5)
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microns longj and éoﬁmonly hgénch, Individual spheres and
framboids are 3 um to 10 um in diameter; chains méy vary
from 2 hm to 10 um in d;amet;r.

Chains of pyritohedra, rare cubes, octahedra, trapezohedra,

and plateletes, reaching up to 600 um in length. , The chain
diametef is about 5 um; indivfhual crystals vary between
0.5 um and 2'um in size. .
Smooth, pyritized fila;eﬁﬂgg§no individual crystals can be
seen. The crynglg are either too tightly packed, or are

too small tokbe seen. The filament diameter 1s very consis- '
tent, at 2 um to 2.5 ;m;,the surface is very regular and
smooth. These structur;s are very rare. »
Isolated pyrite fr;ﬁboids, from 5 um to 30 um in diameter,
with a mean diameter of about 7 um (100 measurements). The
framboids are made up of pyritohedra, or mor; commonly,
octahedra. They are generally spherical ;o slightly ellip-
soidal. These arelvirtually identical to the framboids
described by many other authors from different sediments
(Berner, 1970; Sweeney and Kaplan, 1973; Rickard, 1970).

! . R
4.4 DISCUSSION

The false ramification seen in some fllaments, dichotomous

branching, irregulgrity of the borings, and several other features

described above suggest algal boring activ®ty (Bromley, 1965), of a type
-

unknown. The possible presence of assoclated fungi cannot be ruled out,

as they are common borers (Kohlmeyer, 1969), dand parasitic on some

endolithic algae in some substrates (Lukas, 1973);- some fungi date from

~

?
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éhe 6rdovician (Tiffney and Barghoorn, 1974).

Preserved endolithic filaments, r;piaced filaments, and empty
unaltered m{cfophytic borings are rare in loﬁer Paleozoic carbonates.
Hessland (1;33) described preserved and replaceg algal filaments from the
lower Ordovician; Kobluk.and Risk (1974) described preserved endolithic
algal or funéal filaments from the Upper Devonian of Western Canada. The
borings in the fossil brachiopods described here, Bowever, do not contain
preserved filaments; the borings are empty, or the genéral form of the
filameht is preserved in pyrite. ’

Various workers have discussed gfdimentary'pyrite formation.
Roberts et al. (1969) proposed the direct Feaction of irom monbgulfide
(FeS) with:elémen;al Suifur to produce pyrite; in this model the reaction
can take place in an aerobic environment. There is, however, no evidence '
to support the operation of this process in nature.

The pathway which has been best studied and ;Aich can account
for most sedimentary pyrite formation is that involving hydrogen sulfide
(HZS) and bacterial reduction. B;rner (1970) summarized the process
(further discussion by Trudi#ger et al, 1972):

\ 1) Org;nisms die, aﬁd contribute organic matter.

25 Quiet water conditions develop. -

3) Fine grained organic materigls (eg; clays) contain or absorb
iron.

4) ° Neutral or slightly ‘acidic pH is present.

5) Organic m;tter is aerobically metabolized, producing a micro-
environment depleted in oxygen.

6) Hydrogen sulfide is produced by anaerobic bacterial sulfate

reduction.
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7) Iron monosulfide is produced by the reaction of iron with
water.

8) Hydrogen sulfide is oxidized to produce elemental sulfur.

9) Elemental sulfur oxidizes to'sulfate;.some sulfur_gombines
with iron monosulfied to form pyrite, which may crystallize
as individual crysta%s or as framboids.

Within the quiet, protected environmeént of the borings in the
brachiopod valves, all the abéve conditions could easily have been met.
Orgariic material required in the process was readily available when the
algae died. The iron was available from many sources, including the
brachiopod Yalves themselves, though this could account for only a small
étaction of the total iron; other sources include sea water; clay part-
1c1e?, and the dead algal material. -Local physiochemical ccnditions
determined which crystal form of pyrite would develop.

Time is not a problem. Berner (1970) showed that the pyritization
process occu;s relatively rapidly, within a few years in the bresénce of
hydrogen sulfide and élemental sulfur. Paleoenvironmental conditions in
the Richmond were aerobic at the sediment surface. Therefore, while algal
boring took place at or near the sediment surface, pyrite precipitation
probably began after the valves were buried. This was found to be the
case in Recent bivalves studied hy Srivastava (1975), in which vacated
algal borings were partly or wholly filled by framboidal pyrite; the
pyrite was found in shells oniy after burial at 4 cm~7 cm below the sub-
strate surface.

Some workers argue that not all framboidal pyrite and other

sedimentary pyrite is produced through organic processes (Berner, .1969;
Farrand, 1970; Sweeney and Kaplan,_1973). In the borings described here,

-
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however, the association between ‘filament morphology and occurrence, and
pyrite development, is far too strong to suggest that organic materials
and processes were not involved to some important degree. It 1s suggested
that the pyrite precipitated either around an organic nucleus, ;uch as
a bacterium (Massaad, 1974) or algal cell or other organic membrane (Farrand,
1970). The pyrite crystals and framboids are not considered mricrofossils
themselves in any way, as hasvbeen suggested by Love (1957) and
Schneiderhdhn (1923). It is not possible to say with any certainty whether
the pyrite crystallfzed around or within an organic structure; the presence
of empty space almost completely encircling framboids anc crystals withiﬁ
bori&gs suggests, however, that an organic coating around the crystallizing
structures may indeed have been present, and has since disappeared. Both
Sweeney and Kaplan (1973) and Farrand (1970) considered such orgaﬁic coat-
inés or membranes around framboids as both a controlling surface and a
protective cover against corrosion. The coating could have been of many
forms, such as Farrand's (1970) hydrophobic organic coating or even bacter~
ial of algal cell walls. There are, however, a few exambles among the
framhoids studied of small framboids encircling segments of pyritized
algalvthalli. Though perhaps coincidental, and by no means common, these
suggest that at least some of the pyrite may have developed using segments

>

of algal filaments as nuclei.

The occurrence of long chai;s of frambolds and crystals within
‘bores suggest that cryséalI&zation was either directly related to gacter—
ial growth during the breakdown of tha algal filaments themselves, or a
combination of both. In some examples, the fidel%}y with which the
pyrigf has duplicated the algal filament morphology (Figg. 4-6e, f) argues

in favour of direct precipitation within, or on, the filaments themselves;

§ B AR 2 B
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in other examples, the development of clusters and framboidal aggregates
in chains within the borings suggests precipitation within, or about,
bacteria, as suggested by Massaad (1974). 1In the former, it'is not
suggested that viable algal filaments were precipitating pyrite, but
r;ther that precipitation took place ;fcer death and burial of the valves,

probably through the intermediate activity of bacteria as proposed by

Berner (1970) and others.
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CHAPTER 5

N

‘ SUMMARY AND CONCLUSIONS

Endolithic algal infestation and breakdown of crystals of Iceland
spar calcite placed in 5 locations in the subtidal (60 cm) nearshore
marine environment along the coast at Discovery Bay Jamalca, was monitor-
ed with time. The infestation of crystals placed in sea water tanks at
McMaster University was also monitored for comparison and control.

Infestation of the lceland spar by marine filamenco;s endolithic
(boring) algae proceedea at about 3 times the rate in the crystals
studied from Jamaica compared to those from the sea water tankg. This
difference is considered to be due mainly to the lower level of illumination
in the tanks.

The curve of infestation (measured as percentage of the surface
area of the crystals infested by endélitbic algae) versus time is.ve;y §
similar to a normal population growth curve.{(Fig. 2-4). In the nearﬁhore
tropical marine environment of Jamaica (installation 1), infestation
takes place slowly for the first 15 days (increasing 0.25% per day) and
then ‘ncreases rapidly (increase of 0.93% per-day) for the- next 80 dayg,
when the rate of infestation begins to level off; 100% surface-infest—
ation was achieved 213 days after the crystals were placed in the sea.

Under a light sand cover, (inst;llation 2) . initial infestation
is retarded and the rate of infestation is reduced,.probably as a
function of decreased illumination bélow the sand, and reduced initial
algal recruitement. A supratidal p601 (installation 3) with minimal

sea water exchange, which became clouded and slightly hypersaline,

FEYI LS NP N L XTI
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showed very early (less than 1 day) initial infestation. The success of
endolitbi; algae in pools and pockets ﬁay be a key factor in nearshore
phytokarst and solution pit development. C(onditions of restricted
;irculation and quiet water are also favourable environments for endoli-
thic algal infestation; the algal populations begin infestation very
early and grow rapidly. Agitated environments, generally conslidered
unfavourable by othexr workers for settlement and development of endoli-
thic algal'populations, may in certain cases be highly favourable fér
infestation by endoliths. Highly abrasive or extrémely agitated sub-
strates may, howevér, be unfavourable, preventing initial settlement

and resultigg in abrasion and removal of endolithic microphytic popula-
tions that do develgp during qulescent periods.

Endolithic algii/&nfestation of Iceland spar below the sediment
surface proceeds at a compafatively extremely slow rate, 1f at all. The
substrate rods buri;d in the sediment in the "Blue Hole" at Discovery-
Bay showed no algal-infestation ;f the spar, except at the sediment
surface, to a depth of 60 cm for 12 months. Algae therefore,may not
be active endoli;hs’more than a few centimeters below the sediment
surface. ?he crystals monitored in installat{on no. 2 ind{icate that
éndclithic algae are active at least 1 cm below the sediment surface;
the cixstals on the substrate rods sh;w that at greater depths 1in the
sediment, boring algae‘are inactive. Endolithic fungl are known to be
active below the sediment surface, and even deeply buried within rock,
but the fungi never penetrated any spar crystals (probably due to the
absence of an organic matrix in the crystals).

The absence of any enddlithic algal attivity below the sediment

.
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surface may be a function of the inability of algae to bore in the
subsurface gnvironment or of extremely slow algal recruitement rates.
It seems-unlikely that slow recruiEement rates are involved, as
certainly some signs of initial infe;tation should have been noticed
during the 12 month period, when, considering the rapid infestation
rates at the surface. 1f the 3Igae cannot bore at any depth greater
than a few centiméters below the sediment surface, then heterotrophic
actfvity should be ruled out as significant among the endolithic algae.
The dominance of live endolithic fungi in deep water where light levels
are reduced, and within bores and the above observations, argue in favour
of light dependancy of endolithic algae. The most important conclusions
to be drawn from a realization of light dependancy are:

1) Endolithic algae may be a reliable indicator of photic envir-

onments.

2) Most, if not all, endolithic algae infestation of grains occurs
while the grains are at, or immediately below, the sedlment
surface, When coupled with varlations in rates of Iinfestation
due to the light reducing effects of increased water depth,

. this may pxoviﬁé an index of the relative lenéph of time
algal-bored grains remain at the substrate surface.

The crystallography of the substrate exercises strong control over

filament orientation during initial infestatlon; c¢rystallographic
control becomes weaker as the filament density increases.
Not all‘gorings contain living filaments. During tihre earliest

stages of infestation (first 15 days), 90%-100Z of the borings contain

living filaments; as infestation proceedé, the proportion of borings
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housing live filaments drops to about 5%-10% (95-257 days). At the
advancing boring front within thé'crystal, the p}oportion of living
filaments remains high, but decreases as the front moves deceper and
the boring aensity increases.

Residue micrite, previously gonsidered strictly a feature of

temperate CaCO, undersaturated waters, or subaerial meteoric diagenesis,
)

3

is found in tropical CaCO3 saturated waters as well. The micritization

process takes place beneath a mucous coat, pr;;ably due to slightly acild
‘conditions fﬁvouring selection leaching of the substrate.

The micrite observed forming as early as 95 days after Iceland
spar was placed in the sea in Jamaica, consists of a porous micro-
crystalline fabric¢ of micrite-size particles, a residue of selective
leaching of the orii?ﬁhl substrate.

Early stages in the formation of micrite tubules, leading to the
development of micrite envelopes such as described by Bathurs& (1966)
were observed in the lceland spar crystals. Vacated algal borings

-
within the spar commonly show precipitated low Mg calcite on the boring
walls by 95 days after placemen; in the sea. None of the borings are
filled completely by micrite even up to 257 days, though an estimated
25% by volume of the boring is filled by 257 days. How long complete
infilling would take can only be estimated by projecting the observed
rates, glving an estimated 3 years to complete infilling.

Filuaments of Ostreobium sp. project o&t of the Iceland spar
crystals into the sea, and become completely calcified (cemented) within

65 to 95'days after placement. Calcification occurs only upon dead

filaments by the precipitation of small micrite-size crystals around the
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exterlor and in the interior of the thdllus. Crystal preciplitation begins

inside the thallus and may be partly contémperaneous with, or precede,

oy
external calcification.

Calcified filaments broken off from the surface of a grain will

contribute to the accumulation of carbonate sediment in the area.
—
Further. reduction of the filaments by abrasion or further boring activity,

grinding within the guts of deposit feeders, etc., will produce silt and
micrite size material. 1If all the filaments are broken off, then
sediment contributions in the range of 1 cm3/ m2 / yr may be produced.

The coalescence of the micrite encrustations about exposed fila- ‘

« .

ments in a dense population could produce a micrite envelope of the type
commonly found coating bored and micritized grains. The mode of forma-

tion of such "constructive" envelopes is not the same as described for
»

the formation of "destructive' micrite envelopes by Bathurst (1966, 1971);

Y
.

the envelopé develops outsida rather than inside }he substrate. Through

this process, the generation of at leagt some micrite envelopes could

be very rapid,‘perhaps occurring within a yea} o; a few-yeqrs.
Constructive micrite envelopes, produced by the coalescence of

masses of calcified exposed aléél filaments, appear to be relatively [

common in marine carbonate sediments throughout the Phanerozolc¢. The

- R

development of constructive micrite envelopes is not an isolated phenom-
enon,’but may and often does, occur in conjunction with other micritfiza-
tion processes such as boring-infilling, residuelmicritizat%on, and others.

In agitated environments'where grains are constantly being moved,
it is unlikely that constructive envelopes wilti-develop. 'However, short

periods of quiescence, in the order of weeks or months is sufficient to

PLITAN D ih»iﬁ:‘ -,;%v; il P sl +
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allew intergranular algal filaments to grow, and some tb become calcified.
fhese filaments stabllize the sediment and ln some cases, prevent remobll-
1zation, thereby allowing further cglcification of filaments, micrite
enve lope formation, and the complete to partial filling of inceréranular
pores by calcilied algal filaments and associated micrite and microspar
cement.

The process of filament calcification and sediment stabilization
by calcifled algae iIs summarized in Fig. 5-1.

Algal borings in the articulate brachiopods Plaesiomys subquadrata

(?) Hall and Hebertella sinuate (?) Hall, from the Richmond formation of
Ohio, are eﬁpty or partially to wholly filled with pyrite; 1t occurs
as framboids, sphereg, platelettes, trapezohedra, octahedra, pyritahedra,
rare cubes, and iron gross twins of octahedfa ané pyritahedra. The
pyrite is found ags isolated framboids outside the algal borings in
the brachiopod shell, or in cﬁains of framb;ids and single cgyscals
within the borings. The gross morphology of the borings is reproduced
vith varlable fidellty by the pyrite.

The borings provide insight into the early diagenetic history
sf the Richmond sediments. Though the borings were produced either
while rhe b%achiopods Qere alive or shortly afterwards’ (probably in the

N
photic zone), pyritization did not take place until immediately after

burial; pyritization may have taken only a few years.

Pyrite was precipitated in the borings in a quiet, protected
environment; whether the system was open or closed in unknown. The
mechgnism of pyrite brecipitation was probably the same as that pro-

v

posed by Berner (1970), and involved anaerobic sulfur-reducing bacteria.

~
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Pyrite precipitated around an organic nucleus, such as a bacterium or
algal cell, or developed within an organic structure such as an algal

cell or organic membrane. o *

-»

Major Effects Of The Endolithic Algae

The ﬁiological effects of !ndglithic algae are largely unknown.
Though it has yet to be demonstrated, many workers hoid the view
‘that boring algae may be a nutrient source (either directly.o; indir-
ectly exploited) for grazers cropping surface algae (And which pull up
substrate in the process) and "c£§ncheisL such as urchins and pa?rot
fish (Fig. 5-2). 1There is also some evideﬁce that epidemic infestation
of shelled populations suéh as barnacles may bg responsible‘for mass
mortality in modern and also some anclent popﬁlations.

The geolééical effects of the boring algae are divexrse and
significant. They ére probably very important iu-che éeochemical .7
stability and the alteration of high and low Mg calcite and aragonite
through the influence of metabolites. How organic*éhepical metabolic
processes alter carbon&te substrates is unknown as are the major results
of such alteration; yet the boring algae probably do significantly
affect the substrate. What remains to be worked out is the "what" and
"how" of the metabolic effects.

The remaining major geqlogic effects, summarized %n Figure 5-2,
may be grouped as destructive or constructive, judged on the basis of
the influence on the substrate. Porosity is both enhanced by boring bt

activity, and reduced by bore hole infilling, and cementation of inter-~

granular filaments and constrfuctive envelope formation. Permeability is
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o

pich:ably enhanced and reduced in the same manner, althougﬁ it has yet

< N
,

togbe provena

i' The influence of boring algée in destructive micrite, envelope
-\
formation by boring infilling is well known, as are man¥y of ‘the related

processes such as gnternal grain, preservation, etc., resulting from the

process.  Constructive mi'crite envelopes produced by calcified filaments

about the grain exteriour will also form-gived the right conditionsjy

_they may also form togethéer with destructive envelopes, even on the same

grain. = -
&
N

S Boring algae contrdbute to the sediment accumulation in an
- . 9

"area by weakening and breaking down substrates. The calcified exposed
algal filaments, however, when broken off the substrate, will contribute
micrite and'peloiﬁal sediment in significant amounts. They:.may be

\an important source 6f much of the micrite and peloids  found within reef

»

structures themselves. ) N -
' -

The end result of much algal boring in carbonate substratés;

<

pérticularly grains, will be the complete ‘breakdown bf the‘grain to mud
or finer‘materiaf, or wholesale micritizétion. Fully micritized grains
* resemble pellets and wmay ip fact be termed ohlx pelosds, unlegs the

original skeletal nature is demonstrated -- quite often a difficult
" if not impossible task.- . ~ \ s

3

<&
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FIGURE 5-1

‘ »

Sequ@ce of development of micrite-infilled algal
borings, calcified algal filaments, and intergranular

cal¢ified filaments in carbotiate sediment.

f
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FIGURE 5-2 Summary of the major geological and some of the biological

effccts of the endolithic algae.
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APPENDIX FIGURE 1

Jamaica. a) View of south and east shores of

Discovery Bay, including Kaiser Bauxite loading-
facilities. b) First marine limestone terrace at
Rio Bueno, 3 km west of Discovery Bay. . ¢)- Bio-
erosion of corals, Discovery Bay forereef. Cavity
erosion such as this by parrot fish, urchins, etc.
provides an avenue for attack by endolithic algae
and fungi; depth 10 m. d) Sand channel, with
small bioherms, forereef at Discovery Bay; depth
16 m. e) Coral,. same as in ¢ above, but in the
Pleistocene reef exposure, first reef terrace,

east shore of Rio Buero Bay. f) Porites furcata,

and Acropora cervicornis in place in the first

reef ferrace (Pleistocene) exposure east Rio Bueno

Bai’ . 9
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_ APPENDIX FIGURE 2

Jamaica; all are from the forereef, west Discovery
Bay. a, b) Detail of'cervicornis'zéne; depth 15 m.
¢) Sand patch, in the cerxvicornis zone, at the
head’of a sand channel; depth‘}S m. d) Montagtrea
zone, with a magnificent‘speciﬁén of Dendrogyra
cylindricus at center; depth 10 m. e) Sand channel
between 2 reefbutlrésées, at buttress Eront. Note
dropoff in the, distance; depth 20 n. f) Dropoff
at front of buttresses. Note the.hig;*angleé slope.
—

Much of the sand here is unstable, and easily moves

downslope; depth 25 m.

7
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APPENDIX FIGURE 3

Florida Keys. a, Db) Pickles reef, off Key Largo.

The reef here is dominantly calcareous algae,

hemispherical corals and\gbrgonians; depth 5 m.

¢) Sand channel at Pickle$ reef; depth 5 m.

»

d) Patch bare ‘of gorgonians on Pickles reef. Note
the large amount of rubble and sand; depth 4 m.
e, f) In place corals in the Key Largo limestone,

Key Largo quarry. Note the Well—pFEserved pholad

boring>in f.

JR.

- ——
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APPENDIX FIGURE 4

Curacao, Dutch West Indies. All are from the reef
at Westpunt Baal. a) Forereef, depth 15 m.

Heavily bio-eroded coral, showing stalk devel-
opment. b) Forereef, depth 10 m. Storms, or
simple instability caused by concinhal bioerasion
of the stalk may cause some cgral heads to fall

and overturn. c¢) Backreef; back ;eef ruyble zone;
depth 4 m. d) Forereef; depth 25 m. d) Sand flats
land-ward of back’rgef rubble zone; depth 3.5 m.

f) Back reef rubble zone; depth 4.5 m.
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APPENDIX FIGURE 3

Curacao, Dutch West Indies. a) The guru is seated
on a large clionid sangg which has completely
replaced a heqispherical head of Siderastrea
siderea(?); back reef Paradise Bay; depth 4.5 m.

b) Transition from back  reef rubble zone (back-

ground) to sand flats. Paradise Bay; depth 4 m.

“¢) Sand flats, Lagoen; depth 3 m. d) Back reef

rubble zone, Paradise‘Bay; depth 4 m. e) First

reef terrace (Pleistocene) exposure at Piscadera
Bngi. f) First reef terrace at San Pedro; north
easL coast. The hill in the back is the dacite

core of the island, with a remnant of the second
(B terrace) maring limestone terrace adhering.

Diver and field assistant, B. Pratt.
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APPENDIX FIGURE 6 Bonaire, Dutch West Indies. a) Intertidal and

. supratidal beach seﬁarating intertidal algal mats

[
+

(back) from the Lac. The nodules in the fore-

ground are cemented sands and algal stromatolites,

most of which contain calcified algal filaments.

%, c) Malmok, north coast, showing the Pleistocene

4 v

\\‘ marine terrace.
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APPENDIX FIGURE 7 Barbados, West Indies. All ére from the Bellairs
. reef, Bellairs, St. Jamesl a, b, ¢) Porites
reefs. These reefs are columnar structures, and
are only 100 m offshore. d, e, f) Extensive bio-
- erosion on the reefs is accomplished by Diadema
and other urchins and grazing fish. The continued
grazing opens up freéb reef surface to infestation

. by endolithic algae.
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APPENDIX FIGURE 8

T

v

Barbados, West Indies. a, b) First reef terrace

(83,000 years) at North Point and Animal Flower
Caves, north coast. The calcarenites' in these
rocks have ﬁrovided particularly fine specimens
of calcified algai filaments. c¢) First reef
terrace (83,000) at River Bay. Richard Dodge is
sitting on a very well-preserved in situ colony

of Montastrea annularis. d) Sticks of A. cervi-

cornis in the first reef terrace at River Bay.

e) Extremely well-preserved, in situ colonies,
of M. annularis in the first reef terrace at River

Bay. . ]
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APPENDIX FIGURE 9

A\l
Barbados, West Indieé; Pleistocene exposures.

a) Montastrea annularis in situ in the ffrst reef

“terrace at River Bay. b)¢Stalks of Acropora

palmata (recrystallized), in the 125,800 year old .
terrace above Holetown. c¢) Overturned Siderastrea

in the first reef terrace at Crane. d) Large

gastropod in the 125,000 year terrace at Holetown.

r
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APPENDIX FIGURE 10

Migtte reef complex, Jasper National Park, Alberta.
a) Slide Creek southeast, showing the reef‘margin‘
(at Sx), and the base of éhe complex (at SEl and
SE2), resting on the Cambrian. Cu: ’Cairn; Px:
Perdrix; Sx: Southesk; Mh: Mount Hawk.:- Strati-
graphic sections used in this study are located

at SEl and SE2. b) Northwest side of Slide Creek,
looking into the center of the complex from the
area of (a) above. The beds are dominantly légoon
and back reef carbonates. N.W. refers to the
section measured on this side of the creek. The

beds of the Cairn and Southesk Formations here

are represented by Cn and Sx respectively.
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APPENDIX II - SAMPLE DESCRIPTIONS

The samples collected in each of the major study areas are describ-
ed below by location. Where thin sections were prepared, the thin section
number is listed beside the sample number; in some cases several thin
sections were prepared from a single sample. Where samples were collected
from the modern marine environment, the depth (in meters) is given below
the water surface to the sample statiom.

The first letter(s) of the sample number refers to the study area

L

where the sample was collected:

» rd
J Jaméica i
F Florida
M Miette, Alberta

BD Bermuda

v

Q Southern Quebec, Ontario,'Vermont
B Barbados

2 &
C Curacao ’

BN Bonaire
X Miscellaneous
Isolated specimens, or specimens used in laboratory experiments

-

at McMaster University, are referred to the miscellaneous group.



SAMPLE DESCRIPTIONS

_DISCOVERY BAY JAMAICA

SAMPLE  THIN SECTION "~ DEPTH (M) DESCRIPTION.
J-1 TS-162 2 Dead, degraded P. porites; degraded
pelecypod valves
J-2 e 3 Calcarenite: plus bored QOstrea,
bored echinoderm test -
J-3 TS-60 1 Calcarenite: coral, Halimeda,
calcareous algae rich
J-4 TS-61 1.5 Calcarenite/calcisiltite: coral,
Halimdea rich
J-5 TS-62 - 2 Calcarenite: coral rich
J-6 . TS-63 P 2.5 Calcarenite: coral rich
J-7 ———— 1-4 Calcarenite: pelecypod, Halimeda
rich; dead corals: A. cervicorris
J-8 TS-64 5 Calcarenite: pelecypod rich
J-9 TS-160 5 Calcarenite: pelecypod, Halimeda
rich
J-10 TS-65 5 Calcarenite: Halimeda, pelecypoa
rich -
J~11 TS-66 5 Calcarenite: pelecypod, coral,
Halimeda rich
J-12 TS-67 5 Calcarenite: calc. algae, coral,
pelecypod rich
J-13 TS-68 3.5 Calcisiltite
3
J-14 - TS-69 6.5 Calcarenite: coral, calcareous algae
. rich
J-15 TS-70 .10 Calcilutite
J-16 TS-71 13.5 Calcilutite
J-17 < T8~72 13.5 Calcilutite
J-18 T8-73 10 Calcilutite .
J-19 TS-74 6.5 Calcilutite )
J-20 TS~75 3.5 Calcarenite: coral rich
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SAMPLE

SAMPLE DESCRIPTIONS
DISCOVERY BAY JAMAICA (CONT'D)

THIN SECTION  DEPTH (M) ' DESCRIPTION
J-21 TS-76 3.5 Calcarenite
J-22 TS-77 6.5 Calcarenite
J-23" TS-78 10 Caleisiltite
J-24" TS-79 13.5\ Calcisiltite
J-25 TS-80 16.5 Calcisiltite
J-26 TS-81 5 Halimeda calcarenite
J-27 a TS5-82 11.5 ‘ Calcarenite
J-28 TS-83 ‘16 Calcarenite
J-29 " TS-84 22 .Calcarenite
J-30 TS-85 22. T Calcisiltite
J-31 TS-86 20 Caleisiltite -
J-32 TS-87 to 16.5 Calcarenite

- 90 ¢
J-33 = —————- 13 Calcarenite ,/
J-34 = —em—— 8 éalcaren}te /
J-35 TS~-91 5.5 Halimeda calearenitez
J-36 TS-163 16.5 Calcarenit®; coral rich
TS-164 '

J-37 TS-92 20 * .Calcisiltite
J—?B TS~-93 16.5 Calcarenite
1239 TS-94 13.5  Calcasenite
J-40 T81§§ - -l Halimeda calcarenite
J-41 TS—;E-‘ 10 Calcarenite
J-A% TS-97 - 8 Calcgrenite :
J-43 TS-98 13.5 Halimeéa calcarenite
J-4b " 15-99 C16.5 Calcarenite ’
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SAMPLE DESCRIPTIONS

DISCOVERY BAY JAMAIGA (CONT'D)
i

i

SAMPLE  THIN SECTION DEPTH (M) ~ DESCRIPTION

J-45" TS-100 lé Calcarenite &

J-46 TS-101 6.5 ' Calcarenite

3-47 15-102 10 Calcarenite

J-48 “Ts-103 11.5 Caléarenite

3-49 TS-104 13.5 Calcarenite .

J-50 TS~-105 15.5 Qa}caren;tg

J-51 TS—106‘ 20 “Calcarenite

J=52 = - 16.5 Calcarenite

J-53 TS-107 13.5. Calcarenitc '

J-54 @ e 10 Calcarenite

3—55 TS-108_ 6.5 Calcarenite

J-56 TS-109 3.5 Calcarenite

J-S; ————— «iO.S qug;renite . <
J-58 15-110 13.5°  Calcarenite

J-39 TSTlll! 17 ; Calcarenite

J-60 —————— 20 Calcarenite . .

J761 ‘:TSFilz 2 2 ;Caléarenite; coral, pelecypod,

‘ : mk ‘ §3g§. calsareo?s algae ri;h -'
J-62 TS-113 2.5 Calcarenite 2
" 363 . TS-114 e Calcarenite ?

i—64 TS-115 4,5 - 9 Calcarenite

J-65 TS-lié . 4.5 ' Calcarenite

J-66" TS;117V | 4.5 ~Caléa£enice ‘ ‘

'9-67 TS-118 5 Calcarentte

S ‘ ) I .
J—§8 TS-119 5 . Calcaren#fe-- NI 4
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" SAMPLE DESCRIPTIONS
DISCOVERY BAY JAMAICA (CONT'D)

SAMPLE -THIN SECTION DEPTH (M) ' w DESCRIPTION

J-69 TS-120 5.5 Calcarenite

J-70 - T8-121 6.5 Calcarenite

J-71 TS-122 ) 3 Calearenite

J-72 TS-123 3.5 Calcarenite

J-73 TS-124 3.5 Ca}cagenite ’

J-74 TS=-125 3 Calcarenite »

J—7$ TS-126 8) . Calcarenite . .
J-76 - TS-127 11.5 Calcarenite

J-77 TS-128 15 Calcareni?e‘

J-78  TS-129 18 Calcarenite

J-79 _TS-130 - C22 Calcarenite

J-Bb TS-131 8 . Calcarenite with fragmentsiof dead

coral

3-81 T5-132 10.5  Calcaremite’

J-82.  _ Ts-133 15 Calcarenite
. J-83. . Ts-134  * 18  Calcarenite .

3—84 , TS-135 ) 21 Calcérenité

J-85 ¢ ammeme - 25 Dead coral (A. cervicornis), sand'; »

‘- channel . \

. J-86 ——r——— ) 25 ’ i Déad'coral: sand channei

J;87 ——--—;." 20 Déad coral (A. cer;icornis), sand

: * channel . '
J-§8 ' m———— ' . 16.5° ° Dead ®ral (unidegtifiéble),‘sand
- . -channel ‘ ,

J-éQ L mem—— _ 13.5' | Dead coral (P. porites), saiﬁ channel
J-90 . ——te= - 10 L De;d_cbral (P. Boriteéﬂ,,sand channel ’
. J=91 e ) iB -, 'Dbead cprél (A. cervicornis) |

] . -
s -
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SAMPLE DESCRIPTIONS ®
DISCOVERY BAY JAMAICA (CONT'D)
SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
J-92 = e 13.5 Dead coral (A. cervicornis)
J-93 TS-136 13.5 Calcarenite and dead coral
J-94 @ ————— 16.5 Dead corals, Diploria, A. cervicornis
J-95 TS~137 to 13.5 Sediment core, 55 cm..
148
J-96 TS-149 to 13.5 Sediment core, 50 cm.
153
J-97 = e 23.5 Dead coral, (unidentifiable) .
J-98 TS-154 23.5- Calcarenite, sand channel
J-99 = —m———— . 23.5 Sediment core, 50 cm., from sand
channe% :
J-100 TS-155 "16.5 Calcarenite
J-101 e 16.5 Dead coral (A. cervi@ornis and
S. siderea)
J=102 TS-156 13.5 Calcarenite
J-103 = - » 13.5 Dead toral (unidentifiable)
J-104 T8-157 20 Calcarenite, sénd'channel
J-105 = ————— 20 Dead coral (A. palmata), sand channel
J-106 T5-158 17 Calcarenite, sand channel .
J-107 = ee—— 17 Dead coral (M. annularis), sénd
‘ channel ’
J-108 T$-159 ‘15 Calcarenite, sand channel
J-109 = —e——— 15 Dead coral (A. cervicornis), sand
channel
J-110 = - 10 Dead coral (A. cervicornis), sand
channel ’ » ‘
J-111 W - . 20 Dead coral (unidentifiable), heavily

.bored

+



SAMPLE DESCRIPTIONS,

DISCOVERY BAY JAMAICA (CONT'D)

180

3

- SAMPLE -THIN SECTION DEPTH (M) DESCRIPTION
J-112 e 16.5 Dead ;oral (unidentifiable), heavily
- bored

B I B 13.5 Dead c;ral (A. palmata)

J-114 = e ¢ lq Dead coral (A. galmata)

J-115 === . 6.5 Dead coralk (A. palmata)

J-116 @ ————— 23.5 Dead coral (unidentifiable)

J-117 = e 20 Deadpelecyﬁbdvalves, héavily bored
by algae and sponges

J-118 == 16.5 Dead coral (Madracié sp.)

J-119 = e 13.5 Dead coral (S. siderea, M. annularis,
A. cervicornis)

¥-120 ———— 10 bead coral (A. agaricea, A. prolifera)

J-121 ——— . 6.5 Dead coral (A. gervicornis, P. porites)

J—322 —————— 25 'Dead coral (Agaricea ’sp.)

J-123 ————— 20 Dead. coral (A. agaricea), heawily
bored

. J-124 e 16.5 Dead Pinna

"J=125 = 13.5 Dead coral (Eusﬁilia fast@g;ata)

J-126 . ee——- 10 Dead cqral (unidentifiable)

.J-127 ------ 6.5 Dead cpral (unidentifiable)

J-128 - 18 Coral, collected live (P. porites)

J~-129 = e ib Coral, collected live'(A. prolifera)

J-i30. ~-§§:= 22 Coral, collected live éA. prolifera)

J-131 ————— 23.5 tCoral, collected live (M. annularis)

J=132 = e 13.5 Coral, collgzted livé (A. prolifera)

J-133 = e 13.5 Coral,‘collected live (M.fannularis)

J-134 ————— 11.5 _ Coral, collected liv; (P. porites)

ey e % i Aewe A
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SAMPLE

THIN SECTION DEPTH (M)

|
SAMPLE DESCRIPTIONS

DISCOVERY BAY JAMAICA (CONT'D)
\

, DESCRIPTION

J-135

J~136
J-137

J-138

J-139
J-140
J-141

J-142

J-143

J-144

J-145
J-146
J-147

5-148
. J-149
J-150
J-151

J=152

J-153
J-154

J-155

— o o

- o o

———

———— ———

———— e

—— - —

ey e o

"y ane e o -

5

A

2

Coral, collected live (A. palmata,

A. cervicornis)

Coral, collected
Coral, collected

Coral, collected

A. palmata)

Coral, collected
. Coréi, collected -
Coral, collected

Coral, collected

agaricites)

Coral, collected

\

-

\
Coral, collected

live

live

live

live

live

live

live

live

live

Coral, collected 1ive

mirabilis)

Coral, collected

Madracis sp.)

Coral, collected

S. radians)

Coral, collected

Coral,

Coral, collected
Coral, collected

* Coral, collected

A. agaricea)

Coral, collected

Coral, collected

collectgd

live
live

live
live
live
1ive

live

live

live

Coxal, collecfed ligg

+

(unidentifiable)

(M. annularis)

(A. grahami,

(Agaricea sp.)
(éga;icea 8p.)
(Agaricea sp.)
(Agaricea

(A, lamarcki)
{P. furcata)

(Madracis
(Agaricea~sp.,

(P. porites,

(D. .stokesii)
(P. furcata)

(D. stokesii)

(A. agaricites)

(P. porites,

(A.~agar1éea)
'tA..Ealmata)

181

- (P. astreoidgg)
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SAMPLE DESCRIPTIONS

DISCOVERY BAY JAMATCA (CONT'D)

S

Iceland spar calcite, dngtallation 1,
4 dpys ' ~

*

182 -

\\J//J

SAMPL.E THIN SECTIONl DEPTH (M) DESCRIPTION
J-156 RN 2 Coral, collected live (P. furcata)
J-157 = e - 2 Coral, collected live (P. furcata)‘
J—iSB —————— o2 Coral, collected live (P. furcata)
J=159 = e———— 2 Coral; collected live (P. furcata)

\ .

J-160 = ; 2 Coral, collected live (P. astreoides)
J=161  emmemee 2 Coral, collected 1ive (P. astreoides)
J=162 = e 2 Coral, collected live (P. astreoides)
J=-163 | e=e——- ; Coral, collected live (P. astféoides)
J-164 = e 2 Coral, collectéd live (P. astreocides)
J=165 = ———we- 2 Coral, collected live (P. astreoides)

J=166 0000 e—eee- 2 Coral, collecteé’live (P. astreoides)
j—lé? ——— 2 Coral, collected live (P. astreoides)
J-168 . = ———eee . 2 Coral, collected live (P. astreéoides)
J-169 —— s . 2 Coral, collected live (P. astreoides)
J-170 —————— 2 Coral, collected live (P. astreoides)
J-171 | === 2« Coral, collected live (P. astreoides)
J-172 ———— 2 Coral, collected live (P. astfeoides)
J-173 —_———— . 2 Coral, collected live (A. halmata)
J-174 TS-26 to 56 Sclerosponge, (C. nicholsoni) collec~ “

. ) 33 ted live . o
J-175 = e ——n ‘Iceland spar calcité, installation 1,
. 1 day ’
J-176 = —-—e—- ——— " Iceland spar Ealcite, instailation 1,
3 days . :

3-177 S -



SAMPLE DESCRIPTIONS

DiSCOVERY BAY JAALICA (CONT'D)

183

29 days

n

SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
L J=-178 e —_— Iceland spar calcite, installation 1,
5 days .
J-179 = e—me- — Iceland spar calcite, installation 1,
7 days
J-180 —————— —-— Iceland spar calcite, ins;gllation 1,
8 days ‘
\/’JAIBI ------ ———— Iceland spar calcite, installation 1,
9 days
J-182 == - " Iceland spar calcite, installation 1, -
11 days , ‘
- Pl
J-183 = - — Iceland spar calcite, installatiop 1,6
12 days
J-184 ————- o — Iceland spar calcite, installation 1,
13 days‘
J-185 = e ——— Iceland spar calcite, instalfation 1,
14 days
J-186 = fe—e— - Iceland spar calcite, installation 1,
15 days
- J-187 S s ——— .Iceland spar calcite, installation 1,
J-188 e —l- célcite, installation 1,
=
J-189 = = ———— Iceland spar calcite,‘inétallation 1,
- 20 days
J~190 ———— ———— ; Iceland spar calcite, imstallation I,
21 days - R :
J-191 ——— —— Iceland spar calcite, inscailacion 1,
24 dayst ~ i
J7192 - e Iceland 'spar calcite, installation 1,
. . 25 days ;
J-193 ————— J— Iceland spar .calcite, inﬁtallatién l;
: . 26 days -
A ) * ‘ a - -
J-194 = e ———— Iceland spar calcite, installation 1,

- g

M e .
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56 days
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SAYMPLE DESCRIPTIONS
, DISCOVERY BAY JAMALCA (CONT'D)
SAMPLE THIN SECTION DEPTH (M) ' DESCRIPTIONS
J-195 —————— —— Iceland spar calciée, installation 1,
30 days '
J-196 = ———=—- ——— Iceland spar calcite, installation 1,
) _32 days
J-197 S - Iceland spar calcite, installation 1,
33 days
J~198 ——— —_—— Iceland spar calecite, installation 1, .
34 day$ . )
J-199  —m—m—e — Iceland spar calcite, installation 1,
36 days '
J-200 ————— e Iceland spar calcite, installation 1,
/ 39 days '
J-201 - -—— Iéeland spar calcite, installation 1,
40 days o T
J-202 ———— R Iceland spar calcite, installation 1,
v . 42 days
J-203 ——————— ——— Iceland spar calcite, installation 1,
43 days
J-204 ————— —— Iceland spaf)calcite, installation 1,
44 days ‘
J-205 = eme——- R Iceland spar calcite, inmstallation 1,
- 46 days
- J-206 —— —— Iceland spar calcite,  ingtallation 1,
47 days
J-207 = e —_—— Iceland spar calcite, installation 1,
53 days )
¢ J=208 000000 e [ Iceland spar calcite, installation 1,
<34 days
J-209 | m—— -— Iceland spar calcite, instgllation 1,
, 55 days ) : .
J-210 ———— o — Iceland spar calcite, installation 1,



SAMPLE DESCRIPTTONS

DISCOVERY BAY JAMAICA (CONT'D)
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SAMPLE THIN SECTION DEPTH (M) DESCRI?TION
J-211 —————— —— Iceland spar calcite, inmstallation 1,
57 days
J-212 ——— —— Iceland spar calcite, installation'l,
’ 58 days
g "J-213 e —— Iceland spar calcite, installation 1,
59 days
J=-214 e —_— Iceland spar calcite, installation 1,
60 days
J-215 ————— —_— Iceland spar calcite, installation 1,
62 days
f V4 ~
J-216 = = ———— Iceland spar calcite, installation 1,
63 days .
3;217 ~~~~~~ ———m . Iceland spar calcite, installation 1,
) 65 days
J-218 = e ——— Iceland spar calcite, installation 1,
66 days
J-219 = e ——— Iceland spar calcite, installation 1,
. 67 days .
- J-éZO —————— ——— Iéeland spar calcite, installation 1,
68 days
J-221 ——m——r — Iceland spﬁr calcite, installation 1,
70 days _‘ . N
J=222 = —eee—- ——— Iceland spar calcite;‘installqggﬁﬁ 1,
95 days . '
" J-223 —————— —— Iceland spar caiﬁite, installation 1,
/ N 129 days )
J-224 ———— —— Iceland spar calcite, installation 1,
213 days 1 4
J=-225 — ———— Iceland spar calcite, installation 1,
253 days ’ :
J-226 ———— —— Iceland spar calcite, installation 1,

255 days

~
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SAMPLE DESCRIPTIONS
DISCOVERY BAY JAMAICA (CONT'D)

=
SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
J-227 ————— _—— Iceland spar calcite, installation 1,
257 days g
J-228 == ——— Iceland spar calcite, installation 1,
372 days . B
J=229 = e ——— Iceland spar calcite, installation 1,
373 days
J-230 eemm— ——— Iceland épar calcite, installation 1,
375 days ’
J-231 | mm——— y = Iceland Spafﬂqalcite, installation 1,
376 days / i
J-232 —————— ——— Iceland spar calcite, installation 1
379 days
J-233 ‘—::—r~ e ' Iceland spar-calcite,
380 days c
J-234 —————— — Iceland spar calcite, installation 1,
381 days ' .
J=235 = e | e Iceland spar calcite, installation 2,
121 days
J-236 —— — Iceland spar calcite, installation 2,
126 days
. P '
J-237 ———— ' —— Iceland spar calcite, installation 2,
127 days -
J-238  —————- ——— Iceland sﬁar calcite, installation 2,
. 129 days . R {
J-239 ——— —— Iceland spar calcite, installation 2, .
o , 133 days . ‘
: . -
J=-240 W ~eee—— —re—— Iceland spar calcite, installation 3,
- : 1 da
o &
J-241 —— ——— Iceland spar calcite, installation 3,
2 days ‘
J-~242 e — Icelandlspar calcite, installation 3,

3 days
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SAMPLE DESCRTIPTIONS
DIGCOVERY BAY JAMALCA (CONT'D)

SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
J~243 -—-L—r ——— . Iceland spar calcite, installation 3,
6 days ~
J-244 e ‘ ——— Iceland spar calcite, installation 3,
‘ 7 days
J-245 = e ——— Iceland spar calcite, installation 4,
1 day .
J-246 eemem- — iceland spar calcite, installation 4,
2 days "
J~247 ———— —— Iceland spar calcite, installation 4,
3 days
ﬁ L4
J-248 = —— Iceland spar calcite, installation 4%,
’ 4 days
‘J=249 ¢ e m— Iceland spar calcite, installation 4,
: 6 days '
'J-250 —~-4—-& fR— Iceland spar calcite, installation 5,
. 2 days ’ :
J-251 ————— ———— Iceland spar calcite, installation 5,
3 days ’
’ b
o1 =252 ————— —— Iceland spar calcite, installation 5,
5 days
J-253 ————— ————— Iceland gpar calcite, installation 5,
6 days
<
’ J=254 = —e——ee ——— Jceland spar calcite, installation 5,
7 days .
J-255 ———— -—— Substrate plate removed Apr 25/75
artificial reef -
J-256 ————— ——— Substrate plate removed‘May 26/75
artificial ef )
N ‘
J-257 ———— ———— ' Substrate plate removed Dec 30/74
° , artificial reef
J-258 emm—m- C—— Substrate plate removed Dec 30/74

o ' . ‘artificial reef
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SAMPLE DESCRIPTIONS

DISCOVERY BAY JAMAICA (CONT'D)

SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
J-259 = e ———— Substrate plate removed Sept 19/74
artificial reef
J-260 ——— —— Substrate plate removed Mar 2/75
artificial reef
J=261" = ——ee—— —— Substrate plate removed Mar 2/75
, artificial reef
J-262 —————— ——— Substrate plate removed Jan 16/74
= . artificial reef
J-263 @ - ——— Substrate plate removed May 26/74
artificial reef
J-264 = ————-- —— Substrate plate removed Nov 9/74
. artificial reef i ‘
J-265 —=m———- —— Substrate plate removed Jun 28/75
artificial reef
J-266 @ —————- —— Substrate plate removed May 26/75
artificial reef
J=-267 @ e —— Caliche crust, lst terrace, .Rio Bueno
J-268 -~ —— Caliche crust, lst terrace, Port Maria
J~269 e —— Collapse breccia, White Lmst. Fm.,
Lilliput
J-270 = e—————— 14 Dead M. annularis, east Discovery Bay
forereef
J-271 ———— ———— A.'galmata,,lst térrace, Oracabessca
J~272 e ———— Caliche, lst terrace, Oracabessca
J-273  e—e—— ——— Caliche crust, lst Pleistocene reef
terrace, Rio Bueno, east
J-274 ————— 14 Dead M. annularis, east Discovery Bay
forereef e
© J-275 ————— 14 Dead S. siderea, sand channel, east
Discovery Bay forereef ;
J-276 = e 14 bead M. annula:}b, sand channel, east

Discovery Bay forereef

s
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SAMPLE DESCRIPTIONS
DLSCOVERY BAY JAMAICA (CONT'D)
SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
J=277 = e 14 Dead M. annularis, sand channel, east’
Discovery Bay forereef
J-278 e 14 Dead S. siderea, sand channel, east
i Discovery Bay forereef
J-279 ————— 14 Dead M. annularis, sand channel, east
Discovery Bay forereef
J-280 ————— 14 Dead S. siderea, sand channel, east
. Discovery Bay forereef
®
J-281 = mee—- 14 Dead S. siderea, sand channel, east
) Discovery Bay forereef
J-282 = e—me—- 14 Dead Dichocoenia?'sp., sand channel:
east Discovery Bay forereef
J-283 m—————— 15 Coralgal block, sand channel, east
Digcovery Bay forereef
J-284 —te— e ———— Paleosol, lst Pleistocene reef terrace,

Runnaway Bay

J-285  —ee-- ¢ e Gastropod calcarenite, lst Pleistocene
reef terrace, west Discovery Bay

J-286 ———— 14 Deadl king conch shell, heavily bored,
sand channel, east forereef (Discovery
’ Bay)
J-287 = - ——— A. palmata, White Llmst. Fm.,
Oracabessca
J-288 ————- ﬁlO Dead king conch, heavily bored, west

forereef (Discovery Bay)

J-289 ————— 15 Spar cemented A. cervicornis, excava-
' : ted from 2 m below substrate surface
in cervicornis zone, 2/3 km west -of
marine labs, Discovery Bay

J-290 @ - 20 A. agaricea collected llve, off
Columbus Park, west Discovery Bay

J-291 —————— —— 1st reef terrace, east shore Rio
Buenoj; Agaricea and Siderastrea




SAMPLE DESCRIPTIONS
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DISCOVERT BAY JAMAICA (CONT'D).

. A
SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
B
J-292 = eem—e- ——— 1st reef terrace, east shore Rio
. p Bueno; A. agaricea
J-293 T —_—— lst terrace,* éast shore Rio Bueno;
P. porites, M. annularis, Manicina sp.
J-294 e —-—— lst terrace, east shoée Rio Bueno;
‘ P. furcata? )
J-295 ———r— R 1st terrace, east shore Rio Bueno;
N e Agaricea sp., Manicina sp.
J-296 —————— ——— 1st ter%ace, east shore Rio Bueno;
P. porites, Mycetophyliia sp.
J-297 ————— —— l1st terrace, east shore Rio Bueno;
\ A. agaricea L
J-298 T — lst terrace, east shore Rio Buéno;
M. annularis
J-299 — ———— 1st terrace, east shore Rio Bueno;
P. furcata ®
¥
J-300 ———— —— 1st terrace, east shore Rio Bueno;
P. fubteata
J-301 ————— ——— Iceland spar crystal oh substrate rod,

J-302

J-303

J-304

-y o ot

—— e i e oy

——

buried in sediment in Blue Hole,
Discovery Bay. Rod #1, crystal at

surface

Iceland spar crystal on substrate rod,
buried in sediment in Blue Hole,
Discovery Bay. Rod #1, crystal 15 cm
below surface i .

Iceland spar crystal on substrate rod,
buried in sediment in Blue Hole,
Discovery Bay. BRBpd #1, crystal 30 cm
below surface

Iceland spar crystal on substrate rod,
buried 1In sediment in Blue Hole,
Discovery Bay. Rod #1, érystal 45 cm
helow surface - . -

s
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. . . Q\;n[g nEs &lg 1O -t
. DISCOVERY BA} A (,\ uu.& D)
SAMPLE' THIN SECTION DEPTH (M) _ > .~ DESCRIPTION
o N
J=305 - ——e—e- Emmm Iceland spé;‘trystal on substrate rod,
buried in sediment in Blue Hole,
Discovery Bay. Rod #l, crystal 60 cm
- __ _° _below surface ’
J-306 ————— s ——— Icelﬁnd‘spar crystal on substrate roé;
buried in sediment in Blue Hole,
Discovery,Bay. Rod #2, crystal at
surface
J-307 ———— —— Iceland spar crystal on substrate rod,
N buried in sediment in Blue Hole,
Discovery Bay. Rod #2, crystal 15 cm-
below surface °
- * l,
J-308 ——e——- —— Iceland spar crystal on substrate rod,
~ buried in sediment in Blue Hole, .
Discovery Bay. Rod #2, crystal 30 cm
below surface
J-309 ---——- ——— Iceland spar crystal on substrate rod,
’ buried in sediment in Blue Hole,
Discovery Bay.- Hod #2, crystal 45 cm
below surface g .
J-310 === _— Iceland -spar crystal on substrate rod,

J-311

J-312

J-313

J-314

J-315

J-316

TS-252
T5-253
TS-254

TS-36

Halimeda calca

buried\ in sediment in Blue Hole,
Discovery Bay. Rod #2, crystal 60 cm
below )surface

west forereef,

below Zingoro reef )
\ ! \

1st reef terrace, west cpast Discovery

Bay, taken frog\supratidg% '

1st reef terrace, west coast Discovery
Bay, taken from subtidal

lst reef terrace, west coast Discovery
Bay, taken from intertidal

N
Bored dead fragment of A. palmata
forereef, Discovery Bay
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SPIPLE. DESCRIPTIONS :
DISCOVLAY BAY JAMALCA (CONT'D) *

SAMPLE Iﬂ}N SECTION DEPTH (M) DESCRIPTION
J-317 TS-34 ——— P. porites, lst Pleistocene reef
terrace at Discovery Bay
J-318 I§—35 10 Bored and encrusted stick of
A. cervicornis. Cerviconis zone,
’ west Discovery Bay forereef
J-319 TS-38 10 Unidentifiable coral fragment; heavily
’ bored
J-320 TS-40 10 Bored, dead, A. cervicornis, wégt

Discovery Bay foréreef

I A

A



SAMPLE

M-1

M-10

M-12
M-13
- M-14

M-15
M—16\
M-17
M—}B

M-19

THIN SECTION

L3

&

TS-178

T5-179

TS-180

15-181

TS-182

TS-183

TS-184

TS-185,

TS-186
TS-187

TS-189
T5-190
TS-191

TS-277
TS-290
TS-291

TS-292

" TS-293
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SAMPIE DESCRIPTIONS

MICTTE, ALSIKGA

DESCRIPTION

Stromatoporoid vertical section, uppermost
Cairn Fm., Slide Creek N.W.

Fenestral Lmst., Peechee Mbr, Slide Creek
Center

Fenestral Lost., Peechee Mbr, Slide Creek
Center -

"Red bed'", mid. upper Cairn Fm., Slide
Creek S.E. ’

"Red bed', mid. upper Cairn, Slide Creek
S.E.

Mid. .Cairn Slide Creek S.E.
" Cairn Fm. Slide Creek S.E.

Fenestral Lmst., Peechee Mbr., Slide Creek

Center

Stromatoporoid vertical section, middle
Cairn Fm., Slides Creek S.E.

Stromatoporoid vertical section, upper Cairn
Fm., Slide Creek S.E.

Middle Cairn Fm., Slide Creek S.E.
Middle Cairn Fm., Slide Creek S.E.
Middle Peechee 'Mbr., Slide Creek N.W.

Stromatoporoid, Atelodictyon stelliferum,
Cairn Fm.

Pelsparite, lower Cairn Fm., Slide Creek
S.E.

Pelsparite, lower Flume Mbr., Slide Creek
S.E.

Peechee Mbr., fenestral pelsparite Slide
Creek N.W.

Flume Mbr., stromatpporoid T. lecomptei



~

SAMPLE
M-20

M-21

>
~

SAMPLE DESGRIPTIONS

MLE LI, ALBBATA EONT'D)

. 194

THIN SECTION ’ DESCRIPTION
TS-294 Lower Cairn Fm., Slide Creek $IE..
TS~295 Lower Cairn Fm., Slide Creek S.E.

~

o m———



- SAMPLE THIN SECTION
BD-1 TS-207

. BD-2

BD-3

BD-4
BD-5
BD~6
BD-7
BD-8
. BD-9
BD-10 )

BD-11

BD-12

1S=208-
TS-213

TS-215
TS-216
T8-217
TS-218
TS-219

v

TS-220 <
TS-221

TS-222

TS-223

SAMPLI  DESCRIPTINNS

RPCTOR P

195

‘ UESCRIPTIQﬁ

+ ,Stalactite, coated in aragonite; Crystal

Caves

Stalactite, coated in aragonite; Crystal
Cavel . :

.y
.

Caliche crust, south coast Be¥muda,
opposide St. Georges

Stalactite, heavily bored; Crystal Caves
Stalaccite; heavily bored; Crystal Caveé
Stalactite,_heavily bored; Crystal Caves
Stélactite, heavilyibored; Crystal Caves

Stalacfite,/heavily bored; Crystaf Caves

" Stalactite, coated in aragonite; Crystal

Caves :

Stalactite, coated in aragonite; Crystal
Caves

Stalactite, coated in aragonite; Crystal
Caves

Séalactite, coated in aragonite; Crystal
Caves

<



-

SAMPLE

Q-1

"Q_Z

Q-3
Q-4

Q-10

Q-11

Q-12

Q-13

7Q-14

Q-15

Q-16

Q-17

Q-18

Q-19

~

»

- A

SAMPLE DESGRIP1IONS

. SOULHEEN QUEBLC, VELRMOMT AND ONTARIOQ

"THIN SECTION

TS-201
T5-202
TS-203
T5-204
TS-205
TS-206
TS-210
TS-211

. TS-212

TS-278

TS-279

TS-280"
TS-281
TS-282
TS-283
TS-284
TS-285
*TS-286

TS-287

DESCRIPTION

196

Chazy Fm.
Chazy Fm.
Chazy Fm.
Chazy Fm.
Chazy Fm.
Chazy Fm.

Rosemount

Isle Bizard, P.Q.
Isler Bizarxrd, P.Q.

Isle Bizard, P.Q.

Isle Bizaxrd, P.Q.

Isle Bizard, P.Q.
Isle Bizard, P.Q.

Fm. Pierrefonds,

\

Rosemount Fm. Pierrefonds, -P.Q.

St. Michel Fm. Pierredonds, P.Q.

Valcour Fm. Isle
calcarenite

Valcour Fm. Isle

4

LaMotte, Verthont

LaMotte, Vermont

Goodsell Ridge, Pachystylostroma

gpodsellense‘

Valcour Em. Isle LaMotte, Vermont Goodsell
Ridge, P. vallum

Valcour Fm. Isle LaNotte, Vermont Goodsell
Ridge, Pseudostylostroma goodsellense

‘'Valcour Fm. Isie LaMotte, Vermont Goodsell

Ridge, Labechia eatoni

Valcour Fm. Isle LaMotte, Vermont Goodsell
Ridge, Labechia prima on calcarenite

Valcour Fm.‘isle

Lamotte, Vermont,

Pseudostylodictyon lamottense

’

Valcouf\Fm: Isle
Pachystylostroma

LaMotte, Vermont,

pollicellum

Valcour Fm. Isle
Pachystylostroma

LaMatte, Vermont,
pollicellum

Valcour Fm. Isle
Pachystylostroma

*

LaMotte, Vermont,
pollicellum .

’

”~

t



SAMPLE

Q-2Q

Q-21

SAMPT U PESCRIPTIONS

SOUTUERN QUEBLC, VEANONA AND G IARIO (CONT'D)

THIN SECTION

TS-~288

TS-289

__DESCRIPTION

Valcour Fm. Isle
Pachystylostroma

Latlotte, Vermont,
goodsellense

Valcour Fm. I¢le,

Pachystylos.troma

‘LaMotte, Vermont,
goodsellense

‘v

197



SAPLE DESCRIPTIONS

198

>

N
BIADS
SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
B-1 TS-224 ———— 83,000 terrace, Animal Flower Caves
B-2 TS-225 _— Calcirudite, 83,000 terrace, North
Point
B-3 TS-226 ——— 83,000 6errace, North Point
B-4 TS-227 —_——— 83,000 terrace, Noxth Point
(A. palmata) ) s
B-5 TS-234 —— 83,000 terrace, North Point
B-6 TS-235 ——— 125,000 terracé, Holetown roadcut
B~7 TS-236 to —— 83,000 terrace, Animal Flower Caves
238
B-8 TS~239 ——— 83,000 terrace, Animal Flowe; Caves
(A. palmata)
B-9 TS-240 ——— 83,000 terrace, Animal Flower Caves
¢ ' ' -
B-10 TS-241 —_—— Caliche crust, 83,000 terrace, North
Point '
B-11 TS~242 ———— 83,000 terrace, Animal Flower Caves
y B-12 TS~243 ——— 83,000 terrace, Animal Flower Caves
B-13 TS=244 ——— Calcarenite, 83,000 terrace, Animal
_ Flower Caves
. B-14 TS-245 ——— 83,000 terrace, Animal Flower Caves
B-15 TS-246 —— 83,000 terrace, Animal Flower Caves
B-16 TS-247 ——— 83,000 terrace, Animal Flower Caves
B~-17 TS-248 ——— 83,000 terrace, Animal Flower Caves
- (A. palmata)
A .
B-18 TS-249 ——— 83,000 terrace,sAnimal Flower Caves
(A. palmata)
B~19 TS~250 —— 83,000 terrace, Animal Flower Caves
(A. palmata)
B-20 TS~-251 ———

Calcarenite, 83,000 terrace, North

Point



SAMPLE

B-21

" B-24

B-25
B-26

B-27

.

SAMPLE DESCRYPTIONS
BARBADGS (0. 0TD)

THIN SECTION  DEPTH (M)

DESCRIPTION

TS-255 ———
TS-256 ——=—=

TS-257 =—=-

TS-258 - -——-

TS-268 to -——-
271

TS-41 —

TS-59 —

/
83,000 terrace, Animal ¥Flower Caves

.
83,000 terrace, Animal Flower Caves

83,000 terrace, Animal  Flower Caves
(A. palmata) p

‘Caliche, 83,000 terrace, North Point

83,000 terrace, River Bay
P. porites, collected live; Bellairs
reef

Beach sand; swash zone, Morgan Lewls
Beach
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.o SUPIE DESCREDTIONG
N , FLORLIDA - e
- 1
SAMPLE ~ THIN SECTION  DEPTH (M) ___DESCRIPTION ___ _
F-1 TS-173 -—— Altefed zone about soil infill, Key ';:\Q
) . Largo Fm., Key Largo
F-2 . TS-172 — Recrystallized M. Eﬂﬂﬁl?rii’ Key
. ' - Largo Fm., Key Largo
. R .
F-3 . TS-174 ——— Mottled Key Largo Lmst., Key Largo
F-4 TS-175 ——— Mottled Key Largo. Lmst., Key Largo
F-5 TS-176 — Key Largo Lmst., Key Largo
F-6 e ——— Mottled Key Lérgo Lmst., Mangrove
root facies, Key Largo
F-7 TS-177 - Mottled Key Largo Lmst., Key Largo .
. F-8 N\ T ———— Mangrove root faclies, Key Largo Fm., .
) Koa Campground
F-9 D —-—— Algal boundstone,- Key Largo Fm.,
Quarry at Key Largo
F-10 = —=eeee . ——— Key Largo Fm. algal boundstone, Key
Largo at Koa Campground
F-11 = e 5 D. stokesii, Pickles reef, collected
live 1 -
f
F-12 ————— 5 D. stokesii, Pickles reef, collected
. live
F-13 —————— —-——— Caliche crust, Key Largo Fm., Key
’ Largo
F-14 . — e —_—— Mangrove root facies, Kay Largo’ Fm.,
. Key Largo
F-15 —————— 5 D. stokesii, Pickles reef, collected
liv——-——-—-e /_—/\\
F-16/ = —=eee- —-——= Recrystallized M. annularis, Key
- Largo Fm., Key Largo
F-17 = == et Cross-bedded Miami Oolite, Big Pine
Key
F-18 = ~———e—- 5 D. stokesii, Pickles reef, collected
. . live



F-21"

P22
F-23
F-24
F-25
F-26
F-27
F-28
F-29
F-30
F-31
F-32
F-33

F-34

————— -~

——

—————

o

———— .

-

—— o —

——— -

— it

SWPLE D

SR IPT 0N
t

§ l,b‘l{ii.'.‘\ (_~,'r.i Y,

- —

————

- DESCRIPTION

Highly porous pelecypod coguina and
oolite, Big Pine Key; Miami Oolite

D. stokesii, Pickles reef, collected
live

D. stokesii, Pickles reef, collected
live

D. stokesil, Pickles reef, collected
live

D. stokesii, Pickles reef, collected
live

D. stokesii, Pickles reef, collected

- m—— — -

D. stokesii, Pickles reef, collected
live

D. stokesil, Pickles reef, collected
live

D. stokesii, $Ickles reef, collected
live

Bored and encrusted A. palmata, Key
Largo Fm., Key Largo

D. stokesil, Pickles reef, collected
live

D. stokesii, Pickles reef, collected
live

D. stokesii, Pickles reef, collected
live

Mangrove root facies, Key Largo Fum.,
Key Largo

Caliche crust, Kay Largo Fm., Key
Largo

D. stokesil, Pickles reef, collected
live

201



SAMPLE

F-135
F-36
F-37
F~38
F-39
F-40
F-41
F-42
F-43
F-44
F-45
F-46

F-47

F-48
F-49
F-50

F-51

THIN SECTION

- .

——— e ——

e A

QAP L

DEPTH_()

202

DU LCNTRTIONS

OB (LoNU'D)

__. DESCRIPTION

————

——

Mangrove roat facies, Koa Campground,
Key Largo

Manicina sp. in algal boundstone,
Key Largo Fm., Key Largo )

D. stokesii, Pickles reef, collected

live

D. stokesil, Pickles reef, gollected
live

D. stokesii, Pickles reef, collected
live

Micrite, highly porous (algal?) Key
Largo Fm., Key Largo

: el
Caliche crust, Key Largo Fm., Key
Largo

M. annularis, Key lLargo Fm., Key
Largo

uﬂllﬂﬂﬂﬂ) collected live off Lower
Matecumbe Key

Udotea, Penicillus, collected live
of f Lower Matecumbe Key

Intertidal gelatinous oncolite, Turkey
Key, Florida Bay

i

;ZZ?MTEEhk of reef .crest)
L S

Sponges, assorted soft, Pickles reef

Bored and encrusted gastropods Pickles,
sand channel

" Coralgal nodules Pickles reef, sand

channel

Dead, bored A. palmata, Pickles reef,
sand channel

A. cervicornis, collected dead; bored;
Pickles reef, sand channel




-

SAVPLE SR Ie IO
FlLoRToN ((ou "0y

ARy An il o .

3

SAMPLE  THIN SECTION  DEPTH.(M) o __DESCRIPTION __ __ _._ .
F-52 = —e—ee- 5 "Coralgal nodule, Pickles reef, sand
channel ’
F-53 = === 5 Dead, bored Manicina sp., Pickles
reef, sand channel .
F-54 = —e-e—- 5 Dead, bored Manicina sp., Pickles
. rcef, sand channel \\\h
~
-
F-55 = -=-=—- A Dead, 'but bored and intact echinoderm

test; Pickles reef

F-56 - S5 Immature Queen Conch, dead, bored,
! Pickles reef, sand channel

[N

F-57 ————— ——— Key Largo Fm., Key Windley Quarry

F-58 = 5 Heavlly bored and encrusted gastropod,
Pickles reef, sand channel

F-59 = —————- 4 Coralgal nodule, Pickles reef, sand
channel .

F-60 = === 3 Gastropods, slightly bored, “Pickles ',

- reef, sand channel

F-61 = e ——— Key Largo Fm., K05 Campground, Key S~
Largo '

F-62 = —————- ———— Key Largd Fm., M. annularls, bored;
Key Largo

F-63 e —— Key Largo Fm., Mangrove root facles,

Koa Campground

F-64 —————— ——— M. annularis, Key Largo Fm., Windley
Key Quarry ' ’
F-65 =  ~==—=- 5 Heavily bored and enc¢rusted P. Eorite§,
3 Pickles reef, sand channel
R .
F-66 e 4 Coralgal nodule, Pickles reef, sand
channel .
F-67 e 5 A. cervicornis, cememted, bored and

encrusted, Pickles reef, sand channel

F-68 ————— 4 Pelecypod valve, heavily bored and
. v encrusted, Pickles reéef, sand channel

-
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SAMPLE DISCRIPTION

FLORIDA {CONE'D)

. SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
F-69 = —eew—- 5 @  Coralgal nodule, Pickles reef, sand
. ‘ channel
F~-70 = eeeme- 4 Heavily bored A. cervicornis, Pickles
reef .
F-71 = e . 3 Heavily bored and encrusted Manicina,
N Pickles reef
F-72 TS-20 4 Heavily bored and encrusted P. porites?
Pickles reef, sand channel
F~73 = seme—- S 1 Pelecypods, collected live; Turkey Key,
Florida Bay .
F-74 —=———= - 3 Queen Conch, im&ature, collected live;
Pickles reef
F~-75 ——— 4 Heavily bored echinoderm test;
. Pickles reef - )
F-76 +  ————— 5 Fragment, heavily bored, Queen Conch,
Pickles reef, sand channel
‘ EANG
F-77 = - 5 Echinodexrm test; heavily bored,
lightly encrusted, Pickles reef, sand
channel
-F-78 = meeee- ——— Recrystdllized M. annularis, Key Largo
Fm., Koa Campground
F-79 - = = ———— Key Largo Lmst., Key Largo .
F-80 = e 5 King Conch, collected dead, lightly
bored, Pickles reef, sand channel
F-81 —————— ——— Assorted pelecypods, collected live;
' Lower Matecumbe Key, intertidal
F-82 ————— 5 D. stokesii, Pickles reef, collected
live '
F-83 = === —— M. annularis, Key Largo Fm., Big Pine
' Key
F-84 ———— —— Miami Oolite, Big Rine Key
"F-85  mmemme —_—— Peiecypod coquina, Big Pine Key,

Miami Oolite

e

ey

f e 0w

‘,\";‘u
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- SAMPLE DESCRIPTICH
FLORIDA (LoNT'D)
, »
! SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
F-86 B —_— Caliche crust and paleosol, Big Pine

Key, Key Largo Fm.

F-87 TS-259 5 Calcarenite, Pickles reef, sand
channel
F-88 TS-260 S Calcarenite, Pickles reef, sand
channel
F-89 TS-261 5 Calcarenite, Pickles reef, sand
g channel
F-90 TS-262 - 5 Calcarenite, Pickles reef, sand
¢ . channel
F
F-91 TS-263 5 Calcarenite, Pickles reef, sand
chanrel
¥-92 . TS-264 5 Calcarenite, Pickles reef, sand
' ' channel
F-93 TS-265 . 5 Calcarenite, Pickles reef, sand
. channel
F-94 TS~200 ——— J,// Recrystallized M. annularis, Key
Largo Fm., Fisher Island
F-95 TS-17 5 Heavily bored, encrusted coral
'(D. stokesii?) Pickles reef
" F-96 TS-18 4 Heavily bored, unidentifiable coral
"lqu", sand channel, Pickles reef
F-97 TS-22 5 Calcarenite, sand channel, Pickles
i : ree >
F-98 TS-23 ’ 5 Calcarenite, sand channel, Pickles
reef
F-99 TS-24 5 Calcarenite, sand channel, Pickles
reef )
F-100 TS-25 . 5 Calcarenite, sand channel, Pickles
. _reef ’
o e N
F-101 TS=45 - . M. annularis, Key Largo Fm., Key C
. Largo ’
f\i w
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S\ DESTRIPPION
JUSRYTIA] (CVW YD)

~

SAMPLE THIN SECTION DEPTH (M) DESCRIPTION
~-

F-102 TS-46 ——— M. annularis, Key Largo Fm., Key
Largo

F-103 TS-47 = e M. annularis,'Key Largo Fm., Kéy
Largo ’

F-104 TS-50 —— M. annularis, Key Largo Fm., Key

: Largo

F-105 TS=-52 4 " Degraded and encrusted pelecypod

valve, Pickles reef

F-106 TS-58 4 Heavily bored gastropod, Pickles reef
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.

SAMPLE DUECRIPUI VS e 4

-

ﬁ{tﬂ:m A0

SAMPLE THIN SECTION DEPTH (M)] DESCRIPTION
|
C-1 e 14 J Westpunt Baai, forereef, sand pocket,
{ calcarenite
c-2 e 16 Westpunt Baai, forercef, sand
chanmel, calcarenite
C~3 = m—e——— 20 Westpunt Baai, forerecef, sand
channel, calcarenite
‘LC—& —————— —— Westpunt Baai, intertidal beach sand
C-5 ————— —— Coxal, Pliocené, head of Piscadera
x Baai '
C-6 @ emm——- . ———— Calcarenite;'Pliocene, Piscadera Baai
c-7 e———— ——— Mottled calic&ir Pliocene, Piscadera
Baai
c-8 24 Déad, bored Manicina, Westpunt Baai,
forereef ’
c-9 e 23 Dead, dored A. cet"vicornis and
P. porites, Westpunt Baai, forereef
c-10 = - 22.5 " Dead, bored P. porites, and
A. cervicornis, Westpunt Baai,
forereef
c- . —_———— 23 Dead, bored Manicina, Westpunt Baai,
forereef
c-12 —e——- 23 Agaricea sp., dead, boged; forereef,
- . Westpunt Baai i
c-13 ) —————— 23 Dead, bored Agaricea sp., forereef,
Westpunt Baai
C-14 = —e——— ——— Oyster, Pliocene, head of Piscadera
" Baai :
b—lS ————— b o] Bored‘oyster, Pleistocene, head of
Piscadera Baai
c-l6 @ —————- ———— ‘Oysters, gastropods; Pleiétocene,
head of Piscadera Baai
L£-17 e — Oysters, Pleistocene, head of

Piscadera Baai



208

§yPLE DTSCRIDTIONS
CURACAY (CONT'D)

SAMPLE THIN SECTION DEPTH (M) DESCRIPTION

c-18 = e —_—— Pelecypods, Pleistocene, head of
Piscadera Baai

c-19 - -~ Bored oysters, Pleistocene, head of
. Piscadera Baai

c-20 = e —— Coral, Pliocene, above Piscadera Baai
c-21 B _—— - Assorted pelecypods, Pleistocene,
Piscadera Baai
c-22 = e N Assorted pelecypods, Pleistocene,
) ’ Piscadera Baal
c-23 P — Oysters, Pleistocene, head of

Piscadera Baai

c-24, @ = —-—— Paleosol and caliche, Pliocene, above
Pisc%dega Baai
£

c-25 - —_—— Queen Conch with calcarenite, 1lst reef
terrace, San Pedro

c-26 @ —————- —_——— Caliche, Pliocene, above Piscadera
Baai
c-27 = e —— Caliche, Pliocene, above Piscadera
' Baai
C-28 = mmeen- - Caliche, Pliocene, above Piscadera
Baai
c-29 ——e—— —_—— Heavily bored coral, Pleistocene,

head of Piscadera Baai

c-30 = ——— Recrystallized coral, Pleistocene,
head of Piscadera Baai

c-31 e ———— Calcarenite, Pleistocene, head of
Piscadera Baai

Cc-32 T e ———— Calcarenite, lst reef terrace,
San Pedro

C-33 ——— —_——— Coral, head of Piscadera Baail,
Pleistocene ’
c-34 ————- —— C&rél, head of Piscadera Béai, -

Pleistocene



&y
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SN DUS/o vt
LURMAY (0N 'D)
SAMPLE ~ THIN SECTION DEPTH (M) DESCRIPTION
C-35 = eemee- - " s. radians, Pleistocene, head of
Piscadera Baai
C-36 = —emm—e 14.5 Bored and encrusted P. porites,
4 . Westpunt Baai, forereef
C-37 = e————— ———— Calcarenite, 1I reef terrace, San
. > Pedro
&
Plaa
Mot
/ : 3
w
“
i rd

[9%g »

t.



SAMPLE

THIN SECTION

210

AR DESORIPTIONS

BN LRE ' .

DEPTH (M)

BN-2

BN-3

BN-4

BN-10

BN-11

BN-12

BN-13

BN-14

BN-15

- ——

————— ——

3.5

6.5

10

14

P

—— e

——— i

DESCRIPTION

I

Calcarenite, reef at Lands Radio;
forereef )

Calcarenite, reef at Lands Radio;
forereef .

Calcarenite, reef at Lands Radio;
forereef

Calcarenite, reef at Lands Raddio;
forercef

Calcarennte, Lac, off Sorobon point

Beach, Boca“Jewfish, intertidal;
calcarenite

Cemented crust; intertidal, Sorobon

Cemented algal beach nodules, beach
at Boca Jewfish; intertidal

Cemented algal beach nodules, beach
at Boca Jewfish; intertidal

Calcarenite, lst reef terrace, Malmok
Crust, N.E. Pekelmeer, intertida}\
Crust, N.E. Pekelmeer, intercidaid

Calcarenite, II reef terrace, Rincon

Calcarenite, I reef terrace, Malmok

Algal crust, cemented; Holocene,
Sorobon Point, intertidal



SAMPLE

it p———

X-1

X-2

X-10

X-11

X-12

THIN SECTION

—— ey

—— s —

——— n

[ N

-

SANPLY DUSCRIPTIONS

Mis .

DEPTH_()

AN N

——

———

Iceland spar,
35 days

Iceland spar,
60 days,

Iceland spar,
74 days

Iceland spar,

84 days

Iceland spar,
105 days

‘Iceland spar,

126 days

Iceland spar,
255 days

Iceland spar,
441 days

Iceland spar,
563 days -

DESCRIPTION

salt water
salt water
salt water
salt water
¢
salt water
salt water
salt water

salt water

salt water

.tanks,

tanks,
tanks,
tanks,
tanks,
tanks, \\~
tanks,
tanks,

tanks,

Calcarenite, 200 m offshore, Vigie

Bay, St. Lucia

Beach sand, Vigie Bay, St. Lucia

40 m offshore, calcarenite, Vigie

Bay, St. Lucia

211
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APPENDIX TII

TABLES
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TARLE T

ALGAE IN ICELAND $PAR CALCITE

INSTALLATION NO. 1, DISCOVERY BAY, JAMAICA

"TOTAL NO. DAYS  ALGAL ~BORINGS  ~ CALCITE N
___IN SEAVATER COUNTS % AREA _ COUNTS % AREA _ TOTAL COUNTS
1 0 0.00 1000 100.00 1000
3 0 0.00 1000 100.00 1000
4 0 0.00 1000 100.00 1000
5 0 0.00 1000  100.00 1000
7 0 0.00 1000  100.00 1000
8 6 0.57 1022 99.43 1028
9 8 0.79 1000 99.21 1008
xl 14 1.38 1004 ' 98.62 1018
2 12 15 1.48 998  98.52 1013
13 18 1.79 984  98.21 .- 1002
14 20 1.96 998  98.04 1018
15 26 2.57 986 ~ 97.43 1012
17 75 7.24 966  92.76 1041
18 90 8.83 939 91.17 FAOL
20 102 9.96 922 90.04 1024
21 120 11.20 951  88.80 . 1071
24 200 16.67 1000 83.30 1200
25 . 220 16.00 1155  84.00 1375
26 234 17.33 . 1116  82.67 1350
29 305 . 24.59 910 75.41 1240
30 280 21.79 1005 78.21 1265
32 258 22,67 880  77.33 13§
33 400 31.74 " 860 66.15 1260
34 312 26.26 788 73.74 1188
36 413 29.94 Y04 70.06 1379
39 341 33.72. 670  66.28 1011 «
40 350 38.86 645  61.14 .995
42 371 36.98 632 63.02 1003
43 450 41.32 639  50.68 1089

44 396 37.50 660 62.50 1056



TABLF 1 CONT'D

’

"~ TOTAL NO. DAYS ~~ ALGAL ~ BORINGS
o IN SEAWATER _ COUNTS % AREA
46 422 40.66
47 420 41.62
53 501 46.38
54 479 47.80
55 518 49,09
56 546 48.70
57 504 50.24
58 582 51.80
59 591 53.15
60 517 51.28
62 537 53,86
63 653 57.48
65 574 56.88
66 650 58.71
67 ,569 57.01
68 598 59.50
70 696 60.73
95 852 76.76
129 772 80. 42
213 1006 100.00
253 998 100.00°
255 1002 100. 00
257 1116 100.00
372 1000 100.00
373 1002 100.00
375 998 99.80
376 1001 100.00
379 1000 100.00
380 1003 100.00
381 1000 100.00

616
589
579
523

537 -

575
499
541
521
491
460
483
435
457
429
407
450
258
188

St o 0O N OO P O O O

59.
58.
53.
52.
50.
51.
49.
. 1’8
46.
48.
46.
45.
43,
41,

42

39

o O O o O O ©C o o o

CALCITE
_COUNTS__Z AREA  TOTAL COUNTS

34
38
62
20
91
30
76

.20

85
72
14
52
12
29

.99
40.

50

.27
23.
19.
.00
.00
.00
.00
.00
.00
.20
.00
.00
.00
.00

24
58

N
1038
1009
1080
1002
1055
1121
1003
1123
1112
1008

997
1136

<1009

1107

998
1005
1146
1110

960
1006

998
1002
1116
1000
1002
1000
1001
1000
1003
1000
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- TABLE 2

ALGAL [N LCELAND SPAR (\LCIHIE

INSTALLATIONS NOS., 2, 3, 4, 5, DISCOVERY BAY, JAMAICA

T TOfAL NO. DAYS  ALGAL  BORINGS CALCITE N

v
-

__ IN SEAWATER  COUNTS % AREA ~ COUNTS % AREA ~_ TOTAL COUNTS

- LNSTALLATION #2

121 470 47.00 530 53.00 . 1000
126 510 51.00 490 49.00 1000
127 590 59.00 410 41.00 1000
129 600 60.00 400 40.00 1000
133 558 55.80 442 44.20 1000

INSTALLATION #3

1 .13 1.30 987 98.70 1000
2 20 2.00 980 98.00 1000 |
3 . 15 1.50 985 98.50 1000
6 25 2.50 975 97.50 1000
7 37 3.70 963 96 .30 1000
INSTALLATION #4
1 0 0.00 1000  100.00 1000
2 1s 1.50 ?35 98.50 1000
3 20 2.00 980 98.00 1000
4 20 2.00 980 98.00 1000
6 36 3.60 964 96. 40 1000 —
INSTALLATION 5 )
- 2 0 0.00 1000  100.00 1000
3 9 0.90 991 99.10 1000
5 15 *1.50 985 98.50 1000
6 10 1. 00 990 99.00 1000
7 17 1.70 983 98.30 1000
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oo 3

SALT WATER TANKS, McMASTER UNIVERSITY

TOTAL NO. DAYS  ALCAL  BORINGS c¢aLcIite 77 N
IN SEAWATER _ COUNTS % AREA _ COUNTS % AREA _ TOTAL COUNTS
35 101 10.07 901 89.03 1002
60 177 17.40 ~ 843 82.60 1020
74 254 24.60 717 75.40 1031
84 240 23.40 787 76.60 1027
105 292 28.40 715 71.60 1027
126 318 30. 80 716 62.20 1034
255 325 32.10 686 67.90 1011 v
441 347 34.60 656 65.40 1003
563 373 36.10 659 63.90 1032

(v

2

0



J-3

J=4

J=5

J-6

J-8

J-10
J-11
J-12
J-13
J=14
J-15
J-16
J-17
J-18
J-19
J-20
J-21
J-22
J-23
J-24
J-25
J-33
J-34
J-35
J-37
J-43
J-44

J-46

J=-47
J-48

>

TATE

’
)

SUMMARY OF GRAIN SIZE STATISTICS

s,’

TUMWINMAN'T
SAMPLE NO: MEDIAN

2.
1.
2.
.80
.42
.18
.46
.00
.29
.64
.70
11
.90
.57
.64
.54
.25
.29
.63
.80
.90
.37
.79
43
.68
.16
.56
.03
44
.11

= N NN NN e NN RN NN = RN R L NN e e e e

03
81
20

" DISCOVERY BAY SANDS

MEAN © STANODARD T
SIZE DEVIATION SKEWNESS KURTOSIS _ CO-EFFICILNT

1.84
1.78
2.01
1.55
1.15
1.20
1.34
1.69
2.07
2.44
1.68
2.89
2.59
2.42
2.38
1.57
2.18
2.24
2.39

"2.65

2.74
1.55
2.25
1t§9L
1.50
1.84é
2.04
1.76

2.13
1.08

1.41
1.27
1.21
1.45
1.29
1.11 @
1.36
1.17
1.22
1.06
1.61
0.78
1.09
1.13
1.15
1.35
1.01
0.93
1.08
0.92
0.87
1.87
1.47
1.25
1.46 ~
1.34
1.52\
1.33
1.23
1.58

-0.77
~0.08
-0.47
-0.4Q
-0.21

0.05
-0.36
-0.54
-0.58
-1.18

0.01
~0.92
-0.93
-0.69
-0.86
-0.08
-0.58
-0.36
-0.70
-0.99
-1.34
-0.57
-0.90
-0.17
-0.32
~0.68
-0.81
-0.82
-0.84

0.00

3.139
2.20
2.6
2,18
2709
2.3
2.28
2.81
2.68
4.26
1.48
3.57
3. 14
3.03
3.06
2.19
3.00
2.84
2.63
3.47
6.32
1.98
3.04
2.47
2.02
2.48
2.56

3.10

2.87
1.80

[N

OOOO;DOOOOOOOO»OOOOOOOOOOOOO'OOOO

T TRASKY SORTING

.25

.28

.30
.20
.23
.31
.26
.36
.30
AA

.11

.48
.38
.o
.36
.24

.40
.41

.36
.51
.47
12

.20
.28
.19
.24

.21
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TABLE 4 CONT'D

TINMANY MEAN + STANDARD

"TRASK" SORTING

SAMPLE NO: MEDIAN SIZE DEVIATION SKEWNESS KURTOSIS CO-EFFICIENT
J-53 2.21 1.94 1.33 « ~0.76 3.09 0.26
J-58 0.66  0.84 1,24 0.24 2.59 " 0433
J-59 0.50 1.27  1.82 0.23 1.42 0.08
J-61 1.58  1.51.  1.20 -0.11 2.24 0.28

 J-62 2.35  1.97  1.31 -0.62 233" 0.28
J-63 2,44 2.42  0.65 ~0.39 3.20 0.58
J-64 2.41  2.14  1.02 ~0.83 3.11 0.45 g
J-65 0.70  0.90 1.20 0.37 2.39 0.27
J-66 1.48  1.39°  0.94 -0.61 3.23 0.49
J-67 1,40 1.641  1.39 -0.26 1.82 0.19
J-69 0.53  0.59  -1.03 0.04 3.10 0.44
J-70 2.31  2.31  0.67 -0.62 4.27 0.57
J-71 2.29  2.08  1.02 ~0.60 2,97 0.40
J-72 2.23  1.76  1.40 -0.70 2.46 0.26
J-73 2.27 2.12 1.25 ~0.86 3,49 0.28
J-74 2.11 1.70 1.26 -0.58 2.50 0.24 ®
J-75 0.19  0.25  0.92 0.58 3.49 0. 44
J-76 0.27  0.39  0.86 0.60 4.11 0.54
J-77 0.62 0.76  0.88 0.45 2.43 0.42
J-78 N.A. 1.59 1.77 0.00 g 1.44 0.08
J-79 0.33  0.42 0.93 0.53 " 3.28 Q. 44
J-80 1.26  1.31  1.20 ~0.17 3.67 0.41
J-81 1.38  1.27  1.31 -0.57 3.44 0.36 -
J-82 . 1.96  -1.84  1.32 -0.15 1.98 0.24
J-83 1.96 1.86  1.30 -0.24 2.22 0.28
J-84 1.28  1:35  1.32 0.03 2.02 0.21
393 §-0.57 -0.30  1.21 1.56 5. 44 0.43
J-95 2.69 .2.52  1.00 -0.79 3.04 0.43

(0-5 cm) ,
J-95 N.A. 2.89  0.89 -1.45 5.63 0.48 ¢

(5-10 cm)
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TABLE 4 CONT'D
s VINMAN" MEAN STANDARD "TRASK" SORTING
SAMPLE NO: MEDIAN  SIZE DEVIATION SKEWNESS KURTOSIS  CO-EFFICIENT
5 .

J-95 2.80 2.67 0.83 -0.91 3.63 0.49
(10-15 ¢m) - .

J-95 2.72 2.60 1.02 -0.81 3.35 - 0.36
(15-20 cm)

J-95 2.83 2.6~ 0.91 -0.84 3.36 0.44
(20~25 cm) .

J-95 2.94 2.72 1.01 ~1.42 5.06 0.49
(25-30 cm) ;

J=-95 2.73 2.56 1.02 ~1.56 6.20 0.50
(30-35 cm) .

J-95 2.72 2.60 0.93 -0.70  2.96 Q.42
(35~-40 cm)

J-95 3.00 2.82 0.84 -1.29 4.80 0.53
(40~45 cm)

J-95 N.A. 2.87 0.89 -1.12 4.06 0.45
(45~50 cm)

J-95 2.52 2.39 0.95 -0.97 4.31 0.46
50-55
( cm) "~

J-95 2.35 2.26 0.98 -0.44 2.71 0.34
(55—60 cm) .

J-98 0.97 1.00 1.06 0.00 2.60 0.37

J-100 0.57 0.64 1.03 0.41 2.63 0.37

J-102 1.17 1.19 0.90 0.12 2.61 0.39

J-104 0.32 0.53 0.98 0.87 3.81 0.45

J-106 -0.73 -0.60 0.66 0.28 2.50 0.48

NOTE: J~95 is a core. The numbers in brackets refer to distance in

cm below water-sediment interface. o

1. The grain size analyses presented herein are not discussed in the
body of the thesis, but are included as peripheral data of some

possible use to other investigators,
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APPENDIX IV .

1
ENDOLITHIC ALGAE IN A SILURIAN - DEVONIAN SEACOAST

\

1. This appendix summarizes work which though not central to
the thesis, is of value in attempting to understand the overall
significance of boring algae in ancient environments, and is
included here for peripheral interest. )

~

oy,
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-

ENDOLITHIC ALGAE IN A SILURIAN ~ DEVONIAN SEACOAST

.
\'k

Endolithic algac are commonly found boring into limestone outcrop
and sea cliff exposures, particularly in tropical latitudes. "They are a

significant biological-erosive agent (Ginsburg, 1956) and contribute to
coastal erosion. Though ubiquitous today, the geologic record of boring
algae in ancient seacoast exposures is virtually unknown. There is no
reason to doubt that algae did not bore into ancient limester seacliffs -
as they do today. .

The Silurian-Devonian disconformity in‘southern Ontario provides a
fine example of endolithic algal infestation of ancient seacliff exposures
in carbonate sequences. The disconformity, developed on the upper Silurian
Bertie Formation, is a paleo-subaerial exposure surface; during the sub-
sequent lower Devonian transgression, the subaerial surface underwent a
migrating shoreline phase during which algae bored (in low densities)
into the limestone surface (along with other macroborers; Appendix O
Fig. 11). Theidisconformity surfaces, assoclated Karst features, and
penetrating bigga, are described in detail in Kobluk et al,(1976).

The silica-infilled algal borings (10 to 50 um diameter) are
found penetrating the disc?nformity surface (to a depth &f up to 250 um),
and also penetrating the walls of the macroborings of Trypanites Magdefrau
(Appendix Fig. 12). The borings do not show any signs of associated
micritiiation.l The reason for the low algal population densities 1s
unknown, but could involve such factors as rapidity of burial of the
substrate {(leaving only a short period of time in which boring could take

place), low rates of algal recruitement, abrasive action of the mobile

»



ekt treate (preventing settlerment, aad rtostering removal of algas that

may have succeeded in penetrating the substrate),etc.
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APPENDIX FIGURE 11

]

The shoreline at the final phase of the lower
Devonian marine transgression in southern
Ontario. The karstified disconformity
exposed in quarries at Hagersville, Humberstone,
and Port Colborne, Ontario was bored by the
intertidal to shallow subtidal Trypanites
(represented in the partially filled solution-
widened joint at C). Algal borings are found

&

over the disconformity surface and even

penetrating the walls of the macroborings.
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APPENDIX FIGURE 12

Silica-infilled hlgal. boring dissolved
from the wall of a Trypanites macroboring
in the Silurian disconformity surface at

the Law Quarry in Port Colborne,
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