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Frontispiece: engraving of stromatolites in the Upper Cambrian,
Saratoga Springs, New York, from Steel (1825).
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ABSTRACT

Algal mats form a variety of sediment-stabilizing cryptalgal structures

in the Boca Jewfish area of the Lac, Bonaire. These structures are
related to the blue-green algal communities that comprise the mats,
desiccation during intertidal periods and current action. Variation in

these parameters produces a zonation of external morphologies of cryptalgal
structures. Sediment is agglutinated onto mucilage secreted by fine
filaments of blue-green algae in subtidal and intertidal oncolites.
Sediment is trapped and enmeshed by blue-green algae in the rigid smooth
mat. Subtidal colloform mats hold sediment loosely by entrapment and
agglutination onto mucilagenous algal sheaths. The sediments of the
tufted mat zone are caught and bound by large sticky filaments. Lithi-
fication of oncolites and chunks of smooth mat occurs in the intertidal
by growth of pore-destroying fibrous aragonite cement. Indurated crust
pavements that are found in the study area appear to have been cemented
in the intertidal and supratidal environment. Cementation here is
principally cryptocrystalline aragonite.

In the present regressive stage in the Lac, there has not been sufficient
time for significant vertical accretion in the smooth and tufted mat
zones.
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CHAPTER T

INTRODUCTION

Algae are a large and diverse group of plants, with a geologic range that
begins in the Precambrian (Barghoorn and Tyler, 1965; Barghoorn and
Schopf, 1966; Hofmann, 1975) and extends throughout the Phanerozoic.

The algae can be classified as either eukaryotic or prokaryotic;
eukaryotes have a nucleus and cell organelles; prokaryotes do not have a
distinct nucleus and internal organelles (Schopf et al, 1973). Eukaryotic
algae are divided into ten phyla (Chapman and Chapman, 1973), two of
which are of direct interest in this study: Rhodophyta (red algae) and
Chlorophyta (green algae). Certain members of the Rhodophyta and
Chlorophyta are able to secrete calcium carbonate skeletons; these
organisms are referred to as calcareous algae (Johnson, 1961).

The blue-green algae belong to the Cyanophyta, and, together with the
bacteria, comprise the prokaryotes. The Cyanophyta do not secrete
calcium carbonate skeletons, yet they play important roles in the for-
mation of many sedimentary carbonate rocks. Assemblages of blue-green
algae form mats in shallow sub-tidal, intertidal, and low supratidal
coastal marine areas and also in waters that range from brackish to
fresh. Filamentous and coccoid blue-green algae construct cohesive
algal mats by trapping and binding sedimentary particles. Sediments of
algal mats may be internally laminated or non-laminated; this internal
fabric is termed cryptalgal (Aitken, 1967) and distinguishes algal mats
from structures produced by calcareous algae.

Precambrian cryptalgal structures are the earliest known structures to
have been constructed undoubtedly by organisms. Cryptalgal structures
have been found as far back as the late Archaean (Henderson, 1975;
Schopf et al, 1971) and are evidence for the early existence of pro-
karyotic life. Since the Precambrian, eukaryotic life has dramatically
increased in complexity and diversity, and yet modern cryptalgal carbo-
nate structures analogous to Precambrian forms are found today.

Stromatolites, oncolites and algalaminites are three types of cryptalgal
structures. Algalaminites are planar in morphology (Aitken, 1967); the
blue-green algal origin of fossil forms is inferred from their fossil
content and similarity to the fabrics of modern planar algal mats
(Aitken, 1967). Oncolites are formed by a mat growing around an inter-
mittently mobile nucleus and have in general a spheroidal shape (Hofmann,
1969). Stromatolites are distinct stationary cryptalgal structures that
have positive relief in the form of heads, domes or branching forms
(Aitken, 1967). An additional type, '"thrombolite', was described by
Aitken (1967) as a structure lacking internal lamination. Stromatolites,
oncolites, thrombolites, and algalaminites can be grouped as a whole by
depositional texture as algal boundstones (Dunham, 1962), or petrogra-
phically as algal biolithites (Folk, 1959, 1962). Many classifications
of cryptalgal morphologies have been proposed; these are thoroughly re-
viewed in Hofmann (1969). The most accepted classification is that of
Logan et al (1964), as it can be applied to both ancient and modern



cryptalgal structures. The practice of using generic nomenclature for
cryptalgal structures began during the nineteenth century, although
applying Linnéan names to organosedimentary structures such as these is
of dubious validity (Hofmann, 1969, 1973; Hoffman, 1973).

Increased understanding of fossil forms and comparative work on recent
carbonate sediments has permitted differentiation of cryptalgal structures
from other morphologically similar biogenic structures, such as calcareous
red algal nodules (rhodoliths, rhodolites; these are discussed in
Bosellini and Ginsburg, 1971 and Toomey, 1975), foraminifera (Giirich,
1907), sponges (Seely, 1906), and stromatoporoids (Steinmann, 1911) as
well as laminated structures produced by purely sedimentary or concre-
tionary processes.

HISTORICAL BACKGROUND

The affinities and origin of cryptalgal carbonate structures were a

problem for many years after they were first described by Steel (1825)

from the Upper Cambrian at Saratoga Springs, New York (Frontispiece).

The Saratoga Springs locality was redescribed by Hall (1883) who inter-
preted the stromatolites as produced by protozoa and called them Cryptozoon

proliferum.

The first true Precambrian stromatolite group to be named generically
was Archaeozoon (Eozoon) acadiense Matthew 1890 from the Green Head
Group of New Brunswick (Figure 1). Prior to this, Eozoon canadense
Dawson 1864 was described from several localities of the Precambrian
Grenville Province of eastern Canada by Sir William Logan during the
late 1850's and early 1860's. Dawson (1875) summarized the contemporary
controversy over this "fossil". Hofmann (1971) presents a discussion of
Eozoon in light of later evidence which suggests that Eozoon is of in-
organic origin.

The origin of cryptalgal structures remained obscure, though still con-
sidered fossils, and different forms were named; the genera were collected
under the Spongiostromidae of the Protozoa by Giirich (1907). The word
"Stromatolith" was introduced by Kalkowsky (1908) to refer to a bed or
accumulation of "Stromatoids'". The orders "Oncolithi' and "Stromatolithi"
were introduced by Pia (1927) for mobile and attached cryptalgal structures
respectively. Pia (1927) placed these orders in the newly created

family Spongiostromata of the Class Schizophyceae.

While studies of fossil cryptalgal structures were being carried out
without proof as to their origin, algal-induced precipitation in hotsprings
of minerals such as silica and calcium carbonate was described by Cohn
(1862) at Karlsbad and by Weed (1889) at Yellowstone Park, Wyoming. These
were compared with stromatolitic deposits of Belguim and Germany by Reis
(1908). Calcareous nodules formed by blue-green algae in freshwater

lakes and streams were examined by several early workers such as Clark
(1900) and Roddy (1915). Walcott (1914) first demonstrated convincingly
the algal origin of ancient stromatolites by comparisons with these
freshwater nodules.



Figure 1:

Archaeozoon (Fozoon) acadiense Matthew 1890 from the Precambrian Green
llead Group, St. John, New Brunswick. See Hofmann (1974) for further
discussion of this stromatolite locality.

A. Longitudinal view of stromatolite columns. Lens cap is approximately
6 cm across.

B. Tangential view of stromatolite columns, showing concentric laminations.






The first description of modern marine cryptalgal carbonates and the
environmental factors influencing their growth was given by Black (1933)
from Andros Island in the Bahamas; Ginsburg et al (1954) described a
second occurrence of modern algal mats in the Florida Keys. Since then,
modern marine cryptalgal carbonates have been described from many trop-
ical and subtropical areas, such as the Persian Gulf (Kendall and
Skipwith, 1968), Western Australia (Logan, 1961; Davies, 1970; Logan et
al, 1974), Bahamas (Monty, 1965a,b, 1967, 1972; Neumann et al, 1970) and
Bermuda (Gebelein, 1969). Algal mats are not restricted to warmer
climates and have been found in the temperate zone (Hommeril and Rioult,

1965).

Recent studies of modern and ancient cryptalgal structures have shown
that they are of considerable use in paleoecological, paleosedimentary
and paleogeographical interpretations of ancient rock sequences. The
shape and fabric of cryptalgal carbonate structures is controlled by a
complex interplay of many environmental and sedimentological factors
(Logan et al, 1964). Cryptalgal carbonates may also be considered as a
distinct facies in a sequence of shallow-water carbonate rocks, and have
been used in reconstructions of ancient shorelines by many workers
(e.g.: Roehl, 1967; Laporte, 1967; Walker, 1972; Lucia, 1972; Hoffman,
1974).

The present study is an examination of modern cryptalgal carbonate
structures from the Boca Jewfish, Bonaire, Netherlands Antilles.



CHAPTIR II

REGIONAL SETTING

Bonaire, Netherlands Antilles, is located in the Caribbean Sea (Figure

2) at Long. 68°25'W., Lat. 12°6'N., about 100 kilometres off the north
coast of Venezuela (Figure 3). It is approximately 265 square kilometres
in area (Figure 4) and has a maximum relief of 243 metres, with some
areas below sea level.

Bonaire has a semi-arid climate; the mean annual temperature is 27°C
with a 6 degree variation (Sibley and Murray, 1972). The annual rain-
fall on the island varies considerably, with an average of about 51
centimetres, over half falling in the rainy season, September to January
(Westermann and Zonneveld, 1956, cited in Deffeyes et al, 1965; Sibley
and Murray, 1972).

Folded Cretaceous igneous rocks comprise the core of the island. These
are overlain unconformably by a thin sequence of Cretaceous clastics and
Eocene carbonates, and primarily by Plio-Pleistocene limestones and
dolomites (de Buisonjé, 1974). These carbonates are terraced, particu-
larly on the eastern side of the island; this terracing is similar to
other Quaternary terraces reported from other Caribbean islands, and is
due to an interplay of depositional and erosional processes associated
with (Quaternary) sea level fluctuations (de Buisonjé, 1974). Inclined
Plio-Pleistocene beds are found on the western side of the island; these
are considered to exhibit a primary dip, and are composed of reef-
derived talus (de Buisonjé, 1974). These beds are partially dolomitized
(Deffeyes et al, 1965). Dipping Pleistocene eolianites are also found
on the western side of the island (de Buisonjé, 1974). The terraced
limestones are composed predominantly of calcareous algae and corals;
they are fossil fringing reef depositis (de Buisonjé, 1974).

The island is fringed by a living coralgal reef. Along the shore of the
southern part of the island, a storm-deposited barrier of coral rubble
has isolated several shallow hypersaline lakes, the largest of which is
the Pekelmeer. The Pekelmeer has been well studied and is the site of
Holocene dolomite and evaporite formation (Deffeyes et al, 1965; Lucia,
1968; Murray, 1969; v.d. Meer Mohr, 1972).

On the southeast coast of Bonaire there is a large shallow lagoon, the
Lac (Figure 5). The Lac is rimmed by mangroves; behind these, on the
landward side, karstified Pleistocene bedrock outcrops. The Lac is
protected from the open ocean to the east by a linear fringing coralgal
reef and beach ridges of coral rubble and reef- and lagoon-derived car-
bonate sands. The lagoon is very shallow with a maximum depth of about
three metres (Figure 6). Ocean currents enter mainly via a natural
channel, Boca di Lac, through the coralgal reef. The water temperature
is approximately 30°C. Salinity throughout most of the Lac is normal
marine (v 357%0), though hypersaline conditions are found in some of the
shallows in the mangrove swamps (Wagenaar Hummelinck and Roos, 1969;
v.d. Meer Mohr, 1972).
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The flora and fauna of the Lac have been studied by Wagenaar Hummelinck

and Roos (1969) and v.d. Hoek et al (1972). The sediments of the main

part of the Lac are dominantly sand-sized carbonate particles and are
extensively bioturbated; conical mounds produced by the burrowing shrimp
Callianassa sp. are abundant. The benthos consists of Thalassia testudinum
(Figure 7), Halimeda opuntia (calcareous Chlorophyta), coralline (calcareous
red) algae (Zaneveld, 1958) (Figure 7), other non-calcareous Chlorophyta,
Porites sp., various echninoderms, and the large gastropod Strombus

gigas. The mangroves around the edges are made up of Rhizophora sp.

and Avicennia sp. The sediments of the mangrove swamps are rich in

organic detritus. Acetabularia crenulata (calcareous Chlorophyta) is

found growing on mangrove roots; Batophora (Chlorophyta) is common in

the swamps. The paucity of molluscs in the Lac is noticeable (Wagenaar
Hummelinck and Roos, 1969; Sibley and Murray, 1972) though Strombus gigas
is found commonly in the subtidal and is a food source for the local
people. Cerithium sp. has been reported living in the salt pans on the
northern spit that protects the Lac from the ocean (v.d. Meer Mohr,

1972).

The Boca Jewfish is a small subsidiary bay of the Lac near the Sorobon
spit (Figure 8); water depth is less than 1 metre deep. Mangroves
(Rizophora sp.) rim the edges of the Boca Jewfish and the shore of
Sorobon. The tidal range is about 32 cm (Wagenaar Hummelinck and Roos,
1969); intertidal flats occur along the shores of the Boca Jewfish to
Sorobon (Figure 9). Cryptalgal carbonate structures have been found in
subtidal, intertidal and supratidal environments of the Boca Jewfish
(v.d. Meer Mohr, 1972; v.d. Hoek et al, 1972), and in other areas along
the south and west shores of the Lac (v.d. Meer Mohr, 1972; Sibley and

Murray, 1972).
METHODS

Field work was carried out in July, 1975. Preliminary examination was
undertaken of the subtidal, intertidal and supratidal environments of

the Lac in the Boca Jewfish area; on the basis of these observations,

sampling sites A, B and C in the intertidal and supratidal areas were

chosen; site A was studied and sampled intensively; sites B and C were
examined in less detail.

Site A is a sand spit 1.8 square km in area on the south shore of the
Lac and separates the Boca Jewfish from the main lagoon. Samples were
taken at 35 m intervals (determined by pacing) along a 250 m transect
erected along the length of the spit (Figure 1n). At sample station B6,
a transect perpendicular to the main transect was made; sampling on this
transect was carried out at irregular intervals.

The procedure at sample stations Bl to B9, T2 to T4, T6, and T7 was as
follows:

- a 30 cm long, 3.5 cm diameter vertical core of algal mat and
underlying sediment was taken with plastic core liners.

- a block of algal mat and underlying sediment, 5 to 10 cm square
and 3 to 5 cm deep was cut out and the vertical face photographed.



Figure 7:
Subtidal algal benthos of the Lac, off Sorobon.

A. Branching calcareous red (coralline) algal clusters in Thalassia
testudinum bed. The red algal clusters range from 5 cm to 10 cm in
diameter; the Thalassia blades are about 1 cm to 2 cm across.

Water depth is approximately 10 cm at low tide.

" B. Thalassia blades and gelatinous oncolite (centre of photograph).
The sandy substrate is held loosely by flocculent algal growth.
Water depth is approximately 30 cm (Photograph courtesy of D.
Kobluk) .
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- small pieces of algal mat were preserved in 3% aqueous glutar-
aldehyde and 5% aqueous CaCO3-buffered formaldehyde solutions.

- algal mat surfaces around the sample station were photographed.

Cores were not taken at stations T5, T8 and T9. At stations T1l, T10 and
T1l, only samples of loose sediment were collected from the top several
cm of substrate. The core samples were frozen while still in the plastic
tubes. Loose sediment and blocks of mat and underlying sediments were
air dried; after desiccation, the blocks were coated in polyester resin
for protection during shipment.

At site B, the cryptalgal structures were photographed; one core was
taken. At site C, cryptalgal structures were photographed and hand
samples were collected.

Subtidal cryptalgal structures and sand samples were collected in the
main lagoon of the Lac near Sorobon.

Thin sections of cryptalgal structures were prepared from specimens that
were vacuum impregnated (see Milliman, 1974) with Ceiba-Geigy epoxy
(resin RP-103, Hardener 956). The thin sections were stained for
aragonite with Feigl's solution as outlined by Friedman (1959) and for
organic material with malachite green (Kahle et al, 1973).

Mat surfaces were examined with the transmission and reflecting light
microscope. Scanning elctron microscopy was carried out on an AMR model
1000 unit and on a Cambridge scanning electron microscope equipped with
an EDAX unit (energy dispersive X-ray analyzer). Algal mat specimens
were dehydrated in stages with ethanol after fixing with osmium tetroxide
and washing with phosphate buffer (following the procedure outlined by
Lukas, 1973); aluminium, gold and carbon coatings were used on various
specimens.

Frozen sediment cores were cut longitudinally in half by making two
parallel cuts along the length of the plastic core liner, lifting off
the top half and skimming off the thawed sediment down to the level of
the cuts. X-ray radiography was carried out on these sectioned cores,
as well as on slices of gelatinous oncolites and indurated nodules,
using a Macrotank K X-ray apparatus.

Several gelatinous oncolites were allowed to dry in air to examine
features that might be expected to be preserved during fossilization.

Sediment bound in several gelatinous oncolites was removed from the
organic matrix by soaking for several days in approximately 157 aqueous
CaCO3-buffered hydrogen peroxide solution. This sediment, and sediment
from stations T10 and T1ll were seived after drying at 100°F. The size
fraction less than 62 um was removed by wet—seiving; the larger fractions
were dry-seived on a shaker for 10 minutes.
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CHAPTER TIII

CRYPTALGAL STRUCTURES, BOCA JEWFISH

Subtidal Oncolites

Gelatinous oncolites (algal biscuits) commonly are found in the subtidal
(less than 1 m) areas of the Sorobon spit and the Boca Jewfish beach
(Figure 7B). The substrate is carbonate sand on which grow Thalassia
testudinum, the codiacean (calcareous green) algae Halimeda opuntia, and
patches of the branching coralline red alga Goniolithon sp. (as identi-
. fied by v.d. Hoek et al, 1972 and Sibley and Murray, 1972). Oncolites
are most common near, and in, the patches of Goniolithon sp. Oncolites
were most commonly found growing on fragments of dead Goniolithon sp.
(Figure 11C), and, more rarely, on blades of Thalassia testudinum. The
oncolites have a yellow-brown colour and are rubbery to the touch. They
are roughly hemispherical and normally rest convex upward on the sand
bottom. Specimens were seen which ranged from 2.5 cm to 10.0 cm in
diameter, and up to 4 cm in height (Figures 11,41).

In cross-section, the oncolites show alternating organic-rich and
sediment-rich laminations (Figures 11A,41 ) in which elongate sediment
grains are oriented with their long axes tangential to the laminations.
The organic material is gelatinous and contains numerous algal filaments.
Toward the centres of the oncolites, the sandy laminae are closely
spaced (less than 0.5 mm) and the gelatinous laminae become thinner
(Figure 11A). The gelatinous laminae thicken (up to 1 mm) toward the
outer edges of the oncolites. The laminations are continuous and fairly
regularly spaced. They are disrupted in places by burrowing organisms
(possibly polychaetes).

The algal species found in these structures is dominantly Schizothrix
calcicola.

Intertidal Oncolites, Site B

Numerous gelatinous oncolites are found in a small area in the low
intertidal sand flats behind the Sorobon spit (site B) (Figure 12A).

The sand flats contain tidal ponds that are protected from the Lac by
mangrove thickets. The substrate where the oncolites are found is
permanently wet, is not bound by a cohesive algal mat and is extensively
bioturbated (by polychaetes?). The oncolites are firmly attached to
hard objects, such as cemented intraclasts, that are found in the sand
flat. The oncolites are hemispherical in shape (Figures 12B, C) and are
yellow-brown in color. Several specimens have concave depressions in

their upper convex surface (Figure 12B). The oncolites range in diameter
from 0.9 cm to 6.0 cm. In some cases, large oncolites have formed by
coalescence of smaller ones (Figure 12C). In cross-section, the oncolites

consist of alternating sediment-rich and gelatinous layers. The sediment-
rich layers are evenly spaced at intervals of about 1 mm; the centers
are not sandier as found in the subtidal oncolites.



Figure 11:

Subtidal oncolites, less than 1 m, Sorobon.

A.

X-ray radiograph of a vertical section of a subtidal oncolite
showing denser core where the sand laminae are more closely spaced
than in the outer parts. The tubular clear patch on the right side
is a burrow (polychaete?). (Scale bar is 1 cm).

Upper surface of a subtidal oncolite.

Upper surface of a subtidal oncolite attached to a fragement of
coralline algae. The holes in the oncolite may be burrows
(polychaete?).






Figure 12:

A.

Intertidal flats, tidal ponds, and mangroves, site B. The sediments
are not bound by a cohesive mat, but patches of gelatinous oncolites
are found.

Intertidal gelatinous oncolites, site B. Note concave depression
in surface of oncolite to the left of the lens cap and large
oncolite formed by coalescence of smaller oncolites to the right of
the lens cap. (Lens cap is 5.8 cm in diameter).

Intertidal gelatinous oncolites, site B.
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Intertidal Oncolites, Site A

Gelatinous oncolites are found in the low intertidal area of Boca
Jewfish on a small part of the beach in the vicinity of sample point T9
(Figure 13A). This beach faces east and is exposed to the winds and
waves blowing across the Lac. The small patch of sand on which the
oncolites are found is bounded by the tidal channel on the north and the
mangrove thicket on the south. The oncolites are exposed only for a
short time during low tide. They are loose and mobile on the sand
substrate which is extensively burrowed by polychaetes (?) and the
fiddler crab Uca sp.

The oncolites have a flattened irregular hemispherical shape (Figure
13B); many are overturned (Figure 13C). They are gelatinous in texture
in the lower part of the intertidal and become increasingly indurated
higher in the intertidal, until rock-hard lithified nodules occur. The
oncolites are up to 10 cm in diameter. They are constructed of concen-
tric sandy laminae (Figure 13C, 41 ) in which the sediment grains are
bound together by the gelatinous mucilagenous organic material. The
oncolite nuclei, when present, are fragments of the lithified nodules
(Figure 13C,41l). 1In many cases, coalescence of smaller oncolites has
occurred to form larger lobate oncolites. The sands bound by these
oncolites are better sorted than the sands of the beach and subtidal;
large sand grains are not bound. Schizothrix calcicola appears to be
the principle sediment-binding algae in these structures.

Intertidal Nodules, Site A

The sandy gelatinous oncolites of the lower intertidal of the Boca
Jewfish beach grade in the degree of induration upwards in the intertidal
to indurated nodules or lumps. Hard nodules frequently act as nuclei

for the soft oncolites. The outer surface of the nodules is colonized
by filamentous blue-green algae (Microcoleus sp.?) which impart a
greenish or pinkish colour to the nodules' outer surface.

The nodules are very variable in shape (Figure 18D); they range from
small fragments about 1 cm in diameter to large irregular lumps up to
about 15 cm across. The nodules may possess concentric laminations
(Figure 41 ), horizontal laminations (Figure 14A), or no visible internal

laminations at all (Figure 14B).

The induration is due to aragonite cement, as determined by staining and
crystal habit. This cement occurs as small acicular fibrous crystals
coating grains and lining voids (Figure 14C,D). The constituent grains
are predominantly Halimeda opuntia fragments.

Scanning electron microscopy reveals tangles of algal filaments binding
the sediment grains (Figures 15, 16). The samples were not etched and
thus the cement was not clearly visible. Many of the algal filaments



Figure 13:

A.

Boca Jewfish beach (site A). Subtidal Lac is on the right. The
car is sitting on smooth mat; the dark strip is the zone of indur-
ated nodules. Between the zone of indurated nodules and the sub-
tidal is the zone of gelatinous oncolites; this zone ends at the

mangrove thicket in front of the car.
Gelatinous oncolites, site A. (Coin is 2 cm in diameter.)

Gelatinous oncolites, site A. Many are overturned revealing inter-
nal concentric sediment laminations. Oncolite in upper left is
formed by coalescence of two smaller oncolites. Oncolite in lower
part of the photograph has grown around a nucleus of indurated

nodule fragment.






Figure 14:

A.

X-ray radiograph of indurated cryptalgal nodule, site A, showing
parallel horizontal laminations. The outer dark rim around the

upper surface is due to superficial colonization by filamentous

blue-greens (Scale bar is 1 cm).

X-ray radiographs of indurated cryptalgal nodule, site A, showing
lack of internal lamination (termed '"thrombolite'" by Golubic,
1973). The upper dark rim is the superficial living blue-green
algal layer (Scale bar is 1 cm).

Thin section (crossed polars) of Halimeda grains cemented by fibrous
aragonite. Acicular aragonite also -acts as a pore-filler in the
utricles of Halimeda fragments (Scale bar is 19 um).

This. section (crossed polars) of Halimeda fragments coated by
fibrous aragonite cement (Scale bar is 14 um).






Figure 15:

Ultrastructure of cryptalgal indurated nodules.

A.

Carbonate grains bound by algal filaments on the outer surface
of the nodule (Scale bar is 61 um).

/8
Carbonate grain bound by masses of filaments (Scale bar is\Sl
um) . ‘

Algal filaments (Scale bar is 15 um).

Bundles of algal filaments (Scale bar is 6 um).






Figure 16:

Ultrastructure of cryptalgal indurated nodules.

A.

D.

Blue-green algal filaments on outer surface of nodule. Algal
filaments are a mesh of strands; branching is common (Scale bar

is 3 um).

Blue-green algal filaments on outer surface of nodule. Adhering

to the filaments in patches is micrite-sized carbonate. The origin
of these carbonate grains is obscure; they may be physically trapped
on the outer surfaces of the filaments, or they may have precipitated

there (Scale bar is 3 um).

Algal strands on the outer surface of a carbonate grain that has
been extensively bored by endolithic microphytes. The algal strands
have. wrapped themselves around and bound a small carbonate grain
(Scale bar is 15 uym).

Close-up of C, showing the carbonate grain bound by blue-green
algal strands. These strands may be mucous strands rather than
actual algal thalli (Scale bar is 6 um).






are coated with crusts or rinds of micrite-sized calcium carbonate
(Figures 16B, 17B,C). EDAX of these filaments could not provide positive
identification of this carbonate due to background noise.

Intertidal Smooth Mat, Site A

A smooth pink-coloured algal mat occurs in the upper intertidal zone
around the tide channel at sample point T7. The smooth mat is nearly
completely flat with few surface irregularities (Figure 19A,B). The
seaward edge of this mat can either grade into unbound sands or can be a
small eroded 'cliff' several cm high. Pieces eroded off the edge of

the mat are scattered about the 'cliff' on the unbound sands seaward of
the mat. The mat changes landward in the high intertidal to a small
ridge of stpratidal salt-encrusted sand. The sediments of this ridge
are unlaminated internally and no algal mat is presently growing on it.

The internal cross-section of the smooth mat shows characteristic
laminoid fenestral fabric that can be termed fenestral grain-framework
(Logan et al., 1974) (Figure 18C). The laminations are relatively
distinct and horizontal in the upper 2 cm, and sediments below this are
not laminated. There is also a pronounced internal colour banding of
pink and green algal layers. The sediments bound by the mat are mostly
Halimeda opuntia fragments which are oriented parallel to the lamination.

These grains are bound dominantly by Schizothrix sp.(?) which secretes
copious amounts of mucilagenous material. This material is stained
green by malachite green and is seen in thin section as a network of
strands that enmeshes and binds sediment grains (Figure 18C,D). This
binding is very strong; the mat is rigid enough to support a vehicle
driving on it. Electron microscope study shows this binding to be
caused by.masses of and smooth-walled tubular strands of organic
mucilagenous material (Figures 18, 19, 20, 22). This material is seen
to grow through utricles of Halimeda grains (Figure 23). The algal
strands can be coated by a rind of micritic calcium carbonate (Figure

22D) .

Higher in the intertidal, the upper surface of the mat is colonized by
tufts of Microcoleus sp. filaments.

Tufted Mats

Intertidal tufted mats have the greatest areal extent of all the
cryptalgal structures of the Lac. They cover most of the intertidal
and lowermost supratidal flats behind the beach barrier at site A
(Figure 24) as well as sites B (Figure 27) and C (Figure 28). The
mat is a thin cohesive sheet (up to 0.5 cm thick). The mat has a
leathery feel when damp, and is hard and brittle when dried out. It
is easily detached from the underlying sediment. The mat's upper
surface is green-black in colour and the underside is pinkish.
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Figure 17:

Ultrastructure of cryptalgal indurated nodules.

A.

Pore within cryptalgal nodule. Grains around the pore are cemented
but the character of the cement is not clear as the specimen has
not been etched. At the bottom of the photograph is a diatom
skeleton (Scale bar is 15 um).

Algal filament coated by a rind of micrite-sized calcium carbonate
(Scale bar is 9 um).

Close up of B. The fine-grained carbonate which coats the filament
may be precipitated or passively bound (Scale bar is 4 um).






Figure 18:

A.

Edge of the smooth mat. Unbound sands are to the left of the
trowel. The edge is undercut by waves, causing pieces of smooth
mat to be eroded off.

Eroded edge of smooth mat. (Coin is 2 cm in diameter).

Internal laminoid fenestral fabric of smooth mat. (Coin is
2 cm in diameter)

Indurated nodules. Dark colouration is due to surficial
colonization by blue-green algae.






Figure 19:

A.

Thin section (plane light) of tufted mat. Halimeda grains are bound
by filaments of Microcoleus chthonoplastes (black horizontal stands
in photographs) (Scale bar is 83 um).

Close-up of A. Algal filaments are horizontal strands that have

. trapped and bound carbonate grains (Scale bar is 33 um).

Thin section (plane light) of smooth mat. Halimeda opuntia grains
are enmeshed and bound by a network of mucilagenous algal strands
(Scale bar is 21 uym).

Thin section (plane light) of smooth mat (Scale bar is 20 um).






Figure 20:

Ultrastructure of smooth mat.

A.

Sediment grains bound together by strands and masses of mucilagenous
material. Halimeda grain upper left (Scale bar is 152 um).

17s
Grains bound by mucilagenous masses and strands. The strands may
be algal thalli (Scale bar is 70 um).

Grains bound by mucilagenous masses (Scale bar is 35 um).

Grains bound and enclosed by mucilagenous masses (Scale bar is
35 uym).






Figure 21:

Ultrastructure of smooth mat.

A.

Grain bound by mucilage. Convoluted spherical organic structure
in upper right may be part of the algal thallus (See Figure 21)
(Scale bar is 35 pm).

Grains, mucilagenous strands and masses (Scale bar is 18 um).

Grain enmeshed by mucilagenous strands (algal thallus?) (Scale
bar is 18 pm).

Grains enmeshed in a network of mucilagenous strands (Scale bar
is 35 um).






Figure 22:

Ultrastructure of smooth mat.

A.

Mucilagenous strand, partly cut away revealing hollow internal
structure. The branching strand appears to be the algal thallus
and its mucilagenous outer sheath (Scale bar is 18 um).

Mucilagenous strand binding carbonate grain‘(Scale bar is
18 pm).

Mucilagenous strand (Scale bar is 7 um).

Mucilagenous strand partly coated by micrite-sized calcium car-
bonate. This carbonate may be precipitated in situ or has been
trapped on the mucilagenous algal sheath (Scale bar is 18 um).






Figure 23:
Ultrastructure of smooth mat.

A. Halimeda grain with mucilagenous algal structures in the utricles.
The surface of the grain is heavily bored by boring microphytes
(algae?) (Scale bar is 70 um).

B. Surface of Halimeda grain coated by a crinkly-textured mucilagenous
organic mass (Scale bar is 18 um).

C. Utricles of Halimeda grain (surface heavily bored). The utricle
is lower part of photograph is occuped by a convoluted spherical
mucilagenous algal structure (See Figure 19) (Scale bar is 18 um).

D. Mucilagenous algal strands and convoluted spherical structures in
Halimeda utricles (Scale bar is 18 um). '






Figure 24:
Tufted mats of site A.
A. Looking NW along longitudinal transect from station B5.

B. Looking SE along longitudinal transect from station Té&.
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The tufted mat exhibits a wide variety of surface morphologies:

shrunk, ripped, crinkled, blistered, curled, folded over, fragmented,
cracked polygonally or a continuous sheet (Figures 25, 26, 27, 28). The
continuous sheets can also have variously shaped pustules on the surface
(Figure 25), in some cases connected to form small ridges several mm
high. Sand collects in low spots of the mat between pustules or

blisters.

The sediment grains, principally Halimeda opuntia fragments, are

bound by tangles of algal filaments (Figures 19A,B, 29, 30). The
dominant flora of this mat is Microcoleus chthonoplasts and Microcoleus
tenerrimus (v.d. Hoek et al, 1972). Grains adhere to the mucilagenous
sheaths of the filaments as well as having been physically trapped by
the filaments. There is some evidence that suggests that calcium
carbonate may precipitate in situ on algal sheaths and mucilage

(Figures 30D, 31).

Intertidal Colloform Mats

Around the edges of tide ponds and the mangrove swamps of the Boca
Jewfish area is found a pink coloured gelatinous mat which has an
irregular surface. This colloform mat is not cohesive and is easily
broken apart in the fingers. It is found in the lowermost intertidal
and shallow subtidal areas that are well-protected from waves. The
mat grades with the blackish green-coloured tufted mat of the higher
intertidal (Figure 32A,B). The sediments under the mat do not show
distinctive laminations; they are highly bioturbated (by polychaetes?)
and the mat surface is breached by many burrow holes (Figure 31C).

The following species of blue-green algae have been reported by V. D.
Hoek et al (1972) from this mat: Entophysalis deusta (a coccoid form),
Microcoleus chthonoplastes, M. tenerrimus and Lyngha aestuarii (Figure
32D). ’




Figure 25:

Tufted mat surface morphologies, site A.

A. Tufted mat skrunken and cracked into desiccation polygons.

B. Desiccation polygons ripped up by waves and cast about as intraclasts.

C. Tufted mat shrunken and curled by desiccation. Underlying sediments
are exposed.

D. Desiccated and curled tufted mat.






Figure 26:
Tufted mat surface morphologies:

A Continuous tufted mat surface. (Coin is 2 cm across)

B. Continuous mat surface with tufts aligned parallel to wave direction.
(Coin is 2 cm-across).

G Continuous mat with a blistered surface. (Coin is 2 cm across)

D. Continuous mat with a wrinkled alignment of tufts. (Coin is
2 cm across). '






Figure 27:

Tufted mats of site B.

A.

Site B showing gradation of dark-coloured tufted mat to light-
coloured colloform mat. Indurated crust is in lower right.
Mangrove thickets protect the area from winds and waves off the
Lac.

Thick continuous carpet of tufted mat, extensively burrowed by the
fiddle crab Uca sp.

Tufted mat shrunk by desiccation.
Tufted mat blistered by desiccation.

Tufted mat shrunk and blistered by desiccation.






Figure 28:

Tufted mats of site C.

A.

Site C showing indurated pavement in foreground, tufted mat
in middleground and mangrove thickets and waters of the Boca

Jewfish in background.

Tufted mat with a crinkled convoluted surface. (Coin is 2 cm
across).

Tufted mat in the form of desiccation polygons.






Figure 29:

Microcoleus spp. filaments binding sediment grains in the tufted mat.

A. (Scale bar is .5 mm).
B. (Scale bar is .7 mm).
G (Scale bar is .6 mm).
D. (Scale bar is .6 mm).






Figure 30:

Ultrastructure of tufted mat.

A.

Sediment grains bound in the mat (Scale bar is 61 um).
Algal filaments in the mat (Scale bar is 48 um).
Filament and mucilagenous masses (Scale bar is 14 um).

Branching filament. Part of the filament seems to have calcified
by calcium carbonate precipitation within the algal thallus and
growth of calcium carbonate crystals around the filament, similar
to the manner of calcification of endolithic algae as reported by
Schroeder (1972) and Kobluk (1976) (Scale bar is 5 um).

Algal filament covered by a ragged organic material (Scale bar is
5 um).






Figure 31:

Ultrastructure of tufted mat.

A. Sediment grains bound by filaments and mucilage (Scale bar is 30 um).

B. Algal filament projecting from mucilagenous mass. The filament
is partly coated by micrite-sized calcium carbonate (Scale bar

is 15 pym).

Cis Mucilagenous mass with very small grains (of calcium carbonate?)
adhering to the surface (Scale bar is 6 um).

D. Close-up of C. The material, if calcium carbonate, is either
precipitated in situ or has been trapped onto the sticky mucilagenous

mass (Scale bar is 3 um).
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Figure 32:
Aspects of colloform mat.

A. Edge of tufted mat zone, site A, showing gradation to colloform
mat (colonized here by mangrove shoots) and mangrove thicket behind.

B. Tufted mat grading to colloform mat and to mangroves, site A.
Mangrove rhizomes have taken root in the colloform mat zone.

C. Surface of colloform mat, showing damage by burrowing organisms.
The black-coloured areas on the surface are tufts of Microcoleus

sp. algae.

D. Lyngbya sp. filaments with carbonate grains adhering to them (Scale
bar is .4 mm).

PR
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Indurated Crust

A discontinuous layer of lithified carbonate (cemented grainstone) is
present at the surface and at shallow depths within the sediments of

the Boca Jewfish area. Sediments above and below the crust are
unlithified (Figure 34C). The crust varies from 2 to 6 cm in thickness.
The crust is exposed at the surface in several spots in the intertidal
and supratidal of the three sampling sites (Figure 33). The intertidal
crust outcrop was sampled at station T5 of site A. The crust was reached
at a depth of about 25 cm at station Bl of site A. In the intertidal
zones, the surface of the crust is pitted (Figure 33) and is black in
colour because of endolithic algal infestation. 1In the supratidal of
site C, the grust occurs as an extensive pavement; the indurated crust
has fractured and buckled into a 'teepee' type of structure (Figures
34A, 35). TFragments of crust and algal mat litter the crust surface
(Figure 34A). These plates of crust have planar upper surfaces which
are grey in colour; the lower surface is white to cream coloured, and is
irregular. The upper surface may be pitted or lumpy; the lumpy surface
can very similar to the irregular surface of nearby living tufted mats
(Figure 34B). In cross section, the crust has a laminoid fenestral
fabric. The indurated crust consists mostly of skeletal fragments and
peloids cemented by cryptocrystalline aragonite (Figure 34D). It appears
to be the same crust reported by Sibley and Murray (1972) from the Cas
di Meeuchi in the southeast part of the Lac.

Zonation of Cryptalgal Structures, Site A

From the subtidal Lac across the beach and intertidal flat to the
mangroves of the Boca Jewfish, there is a zonation of cryptalgal
structures (Figures 36, 37). Subtidal Lac sands are stabilized by
Thalassia testudinum, other grasses, and flocculent algal growth.
Subtidal gelatinous oncolites are found in the shallows. The substrate
of the lowermost intertidal of the beach, just higher than the Thalassia
patches, is unbound bioturbated calcarenite. Higher in the intertidal,
gelatinous calcarenitic oncolites rest on the sand. These become
progressively more indurated shoreward, to cryptalgal nodules. At the
highest part of the intertidal of the beach is the smooth mat zone, the
seaward edge of which is eroded in places. The smooth mat zone grades

7<= ;algal mat

. unconsolidated sand

’ m indurated crust

_____ vl R gy o W A RN P

unconsolidated sand

BP-?’G‘ ARG E SR E R E

Fig. 35: Sketch of brecciated crust that has buckled into a teepee structure.
Sediments over and under the crust are unlithified; tufted mat is
present on sediments above the crust.



Figure 33:
Indurated crust, Boca Jewfish.

A. Exposed indurated crust, intertidal, site B. Tufted mat surrounds
the pitted crust surface. (Lens cap is 5.8 cm across).

B Irregular upper surface of indurated crust, intertidal, site B.
Desiccated pieces of tufted mat have curled up and are
scattered about.

G Indurated crust pavement, low supratidal, site C.

D. Indurated crust pavement of site C, chipped by hammer blows.
Tufted mat grows in patches where unlithified sediment has
accumulated.
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Figure 34:
Indurated crust, Boca Jewfish

A. Indurated crust pavement, site C. The crust has been broken and has
buckled into a teepee structure. Intraclasts of crust and tufted

mat litter the surface.

B. Lumpy surface of crust pavement that resembles tufted mat surface.

C. Section through indurated crust and underlying unconsolidated
sediment (Knife handle is about 10 cm long).

D. Thin section (crossed polars) of indurated crust. Mollusc fragment
(lamellar structure) and peloids (dark cryptocrystalline aragonite)
are cemented by cryptocrystalline aragonite (light grey in colour)
(Scale bgf is 32 pm).
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into a ridge of supratidal unbound salt-encrusted sand. On the protected
side of the ridge, a zone of tufted mats extends from the low supratidal
to the subtidal mangroves. These tufted mates are highly desiccated in
the supratidal and high intertidal areas. The tufted mat is a

continuous sheet in the lower, damper areas near the mangroves. At

the lowest point in the intertidal, the tufted mat zone grades into

the gelatinous colloform mat which continues into the subtidal of the
mangroves and tide ponds. The colloform mat ranges from a loose

fragile covering to a fairly cohesive layer that can be removed from

the water.

The indurated crust underlies some of the area and outcrops as a

weathered pavement in the tufted mat zone.
L W

The smooth mat zone is not present at sites B and C. The zonation
of cryptalgal structures is less pronounced than at site A. The various
types of cryptalgal structures can be zoned according to tidal height

(Figure 38).
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Fig. 38: Zonation of cryptalgal structures in relation to tidal
heights.
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Coring of the algal mats (smooth, tufted, colloform) across site A
indicates that cryptalgal fabric is present only in the upper 1 or 2
cm or less of the sediment underlying the mats (Figure 39).
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CHAPTER IV

DISCUSSION

"Environmental Controls On Mat Type

A number of environmental factors are known to play important roles in
determining the fabrics and morpholoies of cryptalgal structures, and

the algal species present within the mat. Mats may be accreting or

being eroded; erosion is by both physical destructive processes, such as
waves, and biological destructive processes, such as grazing by herbivorous
organisms.

Of basic importance in the algal composition of the mat, blue-green

algae generally have wide environmental tolerances, and mats are often
composed of several co-existing species (Ginsburg et al, 1954). Usually
only a few spe&cries of algae are dominant mat-formers and other species,
though present, do not play a significant role in the sediment - accreting
capabilities of the mat (Sorensen and Conover, 1962). Different blue-
greens are better suited than others for trapping and binding sedimentary
particles in different environments (Monty, 1971). Robust erect filaments
(such as Microcoleus spp.) are able to physically trap sediment grains
which also adhere to the mucilagenous sheaths covering the trichomes.

Fine filaments such as Schizothrix secrete copious amounts of mucilagenous
material and sedimentary particles are agglutinated by this material
(Monty, 1965a, 1967).

Desiccation

The length of time that an algal mat is exposed to air is a measure of
possible desiccation. Blue-green algae have several mechanisms of
defence against fatal dehydration, as outlined by Monty (1965a). Blue-
green algae can produce a thick mucilagenous sheath around individual
cells or around the whole colony. Not only does this decrease water
loss but also can protect against light intensity if the sheath is
stained. Blue-greens can also resist drought by the production of
resting spores or hormocysts which are enlarged cells full of food
reserves; these can remain dormant for long periods and are able to
germinate at a later more favourable time. The mode of growth of the
algal colonies also affords protection against dehydration. In some
cases a species will grow in a lower part of the mat beneath another
species for protection. A tufted mode where filaments are erect and
project into the air allows absorption of atmospheric moisture and also
moisture from the ground by capillary action. An adhesive mode, where a
gelatinous film is produced, such as oncolites, allows preservation of
internal moisture.

Besides the ecological tolerance of blue-green algae to desiccation, one
must also consider the effect of desiccation on the physical nature of
mats. Mats are continuous sheets when permanently damp; when significant
dehydration occurs, algal sheaths lose water and contract. Desiccated
mats will separate polygonally and shrink, sometimes detaching themselves



from the underlying sediment. These features are potentially preservable
by lithification.

Salinity

Blue-green algae are able to tolerate wide variations in salinity from
brackish to hypersaline levels. Cryptalgal structures from fresh water
environments have been described by Monty (1965a, 1967). Algal mats in
hypersaline conditions have been described from Hamelin Pool, Western
Australia, where salinites reach 90 (Logan et al, 1974), Gulf of Aqaba,
Red Sea which reach 146 (Friedman et al, 1973) and Mauritania, West
Africa, which reach 125 (Schwarz et al, 1975). Naturally during low
tide, evaporation of seawater will give rise to high salinites within
the upper part~of the mat.

The water of the Lac and Boca Jewfish have approximately normal oceanic
salinity (Wagenaar Hummelinck and Roos, 1968), though evaporation of
pore waters and tidal ponds will produce locally slightly hypersaline
conditions. Salinites of this range are probably not important factors
in cryptalgal structure type.

Currents

Wave and tidal currents are important erosive agents of cryptalagal
structures. Topographic relief in the form of heads, domes, and pustules
can be a response to eroding currents. Currents can also tear up hori-
zontal mats, especially after they have been cracked by desiccation.

The resistance of these structures depends on several factors such as
degree of lithification and cohesiveness of the algal mat itself. The
cohesiveness of algal mats depnds basically on its specific composition
(Golubic, 1973).

Gebelein (1969), Neumann et al (1970), and Scoffin (1970), have studied

the effect of bottom currents on subtidal cryptalgal structures from

Bermuda and the Bahamas. Current measurements in the field and experimental
flume studies indicate that mats of different compositions and morphologies
have differing resistance to currents. Where the algal mat is disrupted

by burrowing organisms, it becomes less stable (Neumann et al, 1970;
Scoffin, 1970). Bathurst (1967) showed that loose flocculent mats can
stabilize the sediments and prevent the formation of ripples.

Subtidal mats therefore are more continuous in areas that are most
protected from currents; subtidal oncolites on the other hand require
agitation. The floors of tide ponds and mangrove - protected areas of
the Lac are colonized by subtidal colloform mats which are less cohesive
than the tufted and smooth mats. Colloform mats cannot grow in the
lagoon because of relatively strong wave action there.

Tidal currents are also important in determining the type of intertidal
mat in the Boca Jewfish area. Tufted mats of site A are protected from



strong wave action by the supratidal barrier; those at sites B and C are
protected by mangroves. Even so, shrunken areas of the tufted mats are
further damaged by currents which fold pieces over and carry fragments
off. The smooth mat on the windward side of the sand barrier is exposed
to stronger wave action. The seaward edge of this mat is eroded.

Oncolites of the subtidal and intertidal areas are exposed to wave and
tidal currents which aid in their accretion by stirring up sediment and

overturning the structures.

Internal Fabric

Episodic sediment influx alternating with periods of algal growth gives
rise to lamid&tions in cryptalgal structures (Black, 1933; Ginsburg

et al, 1954). Algal mats may also be laminated because of alternation

of two species or groups of species (Black, 1933; Sorensen and Conover,
1962); laminated cryptalgal carbonates formed by precipitation of high-
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Mg calcite and aragonite laminae have been reported by Friedman et al (1973).

Laminations of alternating sediment-rich layers capped by algal-rich
layers have been shown in some cases to be diurnal (Monty, 1965a,b,

1967; Gebelein, 1969). The sediment-rich layer forms mainly during the
day when grains are trapped by erect filaments and an algal rich layer

is formed by horizontal growth at night (Gebelein, 1969). Monty (1965a,b,
1967) showed that laminations are formed by algal growth during the day
and slow growth with sedimentation later in the day and at night.
Lamination may also be due to tidal cycles (Gebelein and Hoffman, 1968)

or periodic storm influx (Ginsburg et al, 1954; Walter et al, 1973).

An irregular lamination or alignment of fenestrae (unsupported voids) is
typical of many cryptalgal structures, both modern and ancient. Fenestral
fabric results from interaction of desiccation, oxidation of organic
matter, grain size and cementation (Logan, 1974). The sediments bound

by the smooth mat and tufted mat of the Boca Jewfish area possess an
irregular fenestral grain framework fabric, where fenestrae occur at
intergranular voids and link other intergranular spaces.

Grazing and Burrowing

Burrowing organisms physically damage algal mats. Deposit feeding worms
and crustaceans create burrows in bound sediments, destroying internal
fabric and disrupting the mat surface. Burrowing worms have been re-
ported to markedly influence the morphology of cryptalagal structures of
the Persian Gulf (Shinn, 1972). Burrowing organisms bring surface
oxidizing conditions into the reducing zone underneath (Davies, 1970).
Burrowing worms cause extensive bioturbation of the unbound sands of the
Boca Jewfish beach. They also disrupt and bioturbate the loose gelati-
nous colloform mat of the protected low intertidal and subtidal areas.
Subtidal oncolites have been bored by worms (?) which have cross-cut the
laminations. Burrowing fiddler crabs (Uca sp.) create burrows in the
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lower intertidal and distribute fecal pellets and burrowed sand over the
mat surface.

Algae play a basic vital role in the tropic structure of marine environ-
ments (Turpaeva, 1957). Subtidal benthic blue~green algae are the main
food source for herbivorous browsing molluscs, echinoderms, crustaceans,
fish and polychaetes (Bathurst, 1967). Strong currents in areas of
oncolite growth probably prevent significant grazing and settling of
burrowing organisms (Garrett, 1970). Because of the harsher environment
of the intertidal zone, grazing is limited to mobile organisms that move
with the tides, or to organisms that can resist desiccation during in-
tertidal exposure. Schwarz et al (1975) have shown that grazing fish

can have significant effect on the morphology of intertidal stromatolites.
Cerithid gastfopods grazing on intertidal mat surfaces have been reported
from many areas such as the Bahamas (Garrett, 1970), Ceylon (Gunatilaka,
1975) and the Coorong of South Australia (Walter et al, 1973). These
gastropods can prevent the formation of intertidal mats if uninterrupted
grazing occurs (Garrett, 1970). Grazing gastropods are not found in
Hamelin Pool, Western Australia because of its hypersalinity (Logan,
1961; Logan et al, 1974). This is one factor that accounts for the
prolific stromatolitic growth there (Garrett, 1970).

Biogenic destruction of algally bound sediments in the supratidal is
limited to burrowing by insects and worms (Garrett, 1970).

There is evidence that suggests that antipathetic relationships between
algal mats and mat-destroying organisms has existed in ancient environ-
ments. Cussey and Friedman (1976) describe possible algal mat growth
affected by burrowers. and browsers which are restricted by high salinites,
from the Jurassic of Paris. Kepper (1974) has described similar relation-
ships between Cambrian trilobites, mats and salinity.

Conspicuous is the lack of grazing gastropods such as cerithids in the
Lac intertidal. This fact was also pointed out by Sibley and Murray
(1972). Cerithids are present in the salt pans near the Cai of the
northern part of the Lac (Wagenaar Hummelinck and Roos, 1968). Several
empty shells of the subtidal species Melongena melongena, Cittarium

pica and Voluta musica were found at site A and had probably been carried
in with the tide. Lack of grazing gastropods in the intertidal may be

in part due to inability to withstand dehydration during intertidal
periods.
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Lithification

Penecontemporaneous cementation of living marine cryptalgal structures
has been reported from Shark Bay, Western Austrailia (Logan, 1961; Logan
et al, 1974). 1In this locality, stromatolites are lithified in the sub-
tidal and intertidal zone by growth of aragonite cement from hypersaline
waters (Logan, 1974). Lithification of stromatolites preserves their
cryptalgal fabric and increases their resistance to erosion by waves and
.currents. Stromatolitic columns may in fact be inclined towards the
erosive currents and waves (Hoffman, 1967; Hoffman, 1973, Logan et al,

1974).

Evamy (1973) describes calcarenitic cryptalgal structures from the
Persian Gulf preserved by aragonite cementation. Surface ridges, wrinkles
and polygons are preserved, but the algae of the mat are dead and decayed.
The cement is believed to have been precipitated in response to the

direct evaporation of marine water in the intertidal zone, and llthlfled
cryptalgal sffuctures are observed to grade with unlithified living

algal mats.

Precipitation of aragonite by the evaporation of seawater has been shown
to produce spheroidal "algal lapilli' (Rothe, 1970). These structures
are pieces of desiccated mat that have been curled up and detached from
the underlying sediment; they are filled with aragonite that had orig-
inally precipitated on top of the mat (Rothe, 1970).

Friedman et al (1973) and Dalrymple (1965) have demonstrated that blue-
green algae are able to precipitate calcium carbonate within algal mats
when, during photosynthesis in hypersaline waters, CO, is removed from
solution. Carbonate algalaminites of the Gulf of Agaba, Red Sea are
composed of alternating laminae of cryptocrystalline and fibrous aragonite
(Friedman et al, 1973). Later cementation of this internal structure
could produce the finely laminated carbonates observed in many fossil
cryptalgal structures (Friedman et al, 1973). Monty (1965a, 1967)
showed that calcium carbonate is precipitated within the algal mats of
the freshwater environment of Bahamas, but lithification does not occur.
Other freshwater cryptalgal structures are lithified (e.g., Clark, 1900;
Roddy, 1915; Mawson, 1929). 1In an experimental study, Gebelein and
Hoffman (1973) have shown that high-magnesium calcite is precipitated
onto blue-green algal (Schizothrix calcicola) mucilagenous sheaths.

. Magnesium is concentrated by the algae and it is suggested that alter-
nating sediment-rich and algal-rich layers can give rise, after later
diagenetic alteration, to alternating limestone and dolomite laminations
often observed in fossil cryptalgal structures.

The indurated nodules of site A, Boca Jewfish are lithified cryptalgal
structures. Their internal fabric is preserved by cementation. However,
lithification is not observed in other cryptalgal structures of the Boca
Jewfish, though there is some evidence from scanning electron micro-
scopic observations that does suggest in situ precipitation of calcium
carbonate on organic algal material.



83

During the processes of fossilization, organic layers will decay. Decay
of algal layers may leave fenestrae, which, along with other primary
pore spaces in the sediment, may become filled by secondary calcite
cementation. Sparry calcite-filled vugs such as fenestrae are birdseye
structures, and are common in fossil cryptalgal structures (Shinn,
1968). Hubbard (1972) has outlined other petrographic characteristics
of cryptalgal fabrics. Hand specimens of algalaminites (Figure 40) may
look deceptively similar to laminated rocks not algal in origin.

Fossil and recent oncolites (Figure 41) have been compared by Ginsburg
(1960).

A subtidal oncolite from the Lac was dehydrated in an oven to examine
the resulting structure which might be what one would expect to see
preserved. The organic laminations disappeared from loss of water, and
the mucilagenous material glued the sediment grains firmly together.
The sediment laminations are preserved without significant crinkling,
though the oncolite decreased in volume by about one half. The morpho-
logical chang®s during the dehydration process are identical to the
inferred changes in gross morphology associated with burial and
diagenesis as figured by Hofmann (1973: Figure 11).



Figure 40:

Fossil cryptalgal carbonate structures (algalaminites).

A.

Algalaminite composed of alternating limestone-and dolomite lamin-
ations, partly replaced by chert (in upper right corner). LLH type
stromtolites (lower part of the photograph) gradually change to
horizontal laminations (algalaminite). Lower Ordovician, Shakopee
Formation, Utica, Illinois. Specimen courtesy of F. Hein. (Coin
is 1.9 cm in diameter).

Algalaminite composed of dolomite, showing fenestral porosity; the
pore spaces are filled with oil which is concentrated in bands of
highest porosity. Upper Silurian (Cayugan), Maumee, Ohio.

Algalaminite composed of dolomite showing hydrocarbon-rich wavy
laminations (hydrocarbons also concentrated along stylolites).
Upper Siturian (Cayugan), Maumee, Ohio.

Algalaminite composed of dolomite. The laminations are outlined by
dark-colored organics, and show a structure which may have been a
folded over flap of algal mat. Lower Devonian Detroit River
Formation, Wabash, Indiana.






Figure 4'| 5

Oncolites, both modern and ancient.

A.

Gelatinous subtidal oncolite, Lac, Bonaire (Coin is 1.9 cm in
diameter.

Intertidal oncolite with a fragment of indurated nodule as a nucleus,
site A, Boca Jewfish, Bonaire (Diameter of the specimen is approx-
imately 7 cm).

Indurated oncolite nodule, intertidal, site A, Boca Jewfish, Bonaire.

Fossil oncolites, Mississippian Ste. Genevieve Limestone, Illinois.
Specimens courtesy of F. Hein.
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[NDIVIDUAL CRYPTALGAL STRUCTURES

Oncolites

The subtidal oncolites of the Lac, the intertidal oncolites of site B
and the sandy oncolites of site A are very similar to structures des-—
cribed by Ginsburg (1960) and Frost (1974) from Florida, Monty (1965a,
b) from Bahamas and Gebelein (1969) from Bermuda. These structures are
the stacked hemispheroids (SH) and spheroidal structures (SS) of Logan
et al (1964) and have been called algal biscuits (Ginsburg 1960;
Gebelein, 1969).

These forms appear to be formed by agglutination of particles onto the
mucilagenous mass secreted by Schizothrix calcicola filaments. Further
algal growth during periods of less sedimentation causes alternating
sediment-rich and mucilage-rich laminations. The laminae of the
stationary intertidal oncolites of site B are evenly spaced from the
nucleus outwards, suggesting that the periods of sedimentation have been
at regular intervals. It is not clear what episodic conditions can
account for this; if they were diurnal, then the structures would be
less than a month old.

The subtidal oncolites have more closely spaced laminae in their
centres. The intertidal calcarenitic oncolites are found only on the
small stretch of beach of site A. It is possible that, in the subtidal,
small oncolites are more mobile and accretion is by means of rolling on
the bottom. When they grow larger, it is more difficult to overturn
them, and sediment agglutination may occur less frequently. Small
subtidal oncolites may be cast onto the beach at site A by strong waves,
and accretion continues by periodic rolling and sediment movement by
waves. Many of the calcarenitic oncolites have cores of pieces of
cryptalgal nodules, which suggests that oncolites may be forming in
situ.

Cryptalgal Nodules

The progressively indurated nodules of site A appear to be lithified
oncolites and chunks of smooth mat. Cementation by aragonite is
probably analogous to intertidal cementation of cryptalgal structures
from Shark Bay (Logan, 1974), where precipitation of aragonite is due to
evaporation of seawater.

The outer surface of these nodules is colonized by filamentous blue-
green algae and thus the nodules can be considered as living, one-layer
thick stromatoids (H. J. Hoffmann, pers. comm., 1975). Small pieces
form the nuclei of many of the gelatinous calcarenitic oncolites lower
in the intertidal.

The nodules appear to be somewhat similar to detached cryptalgal lumps
that have broken off the smooth mat of Shark Bay (Logan et al, 1974).



Smooth Mat

The smooth mat consists of about 1 cm to 2 cm of sand with a laminoid
fenestral fabric. Below this, the sands are not algally bound. Accre-
tion is by tight binding of sedimentary particles by a mesh of fine
filaments (Schizothrix sp. ?). Binding is such that the mat is rigid, -
though no cement is observed. This mat may be too well drained when the
tide is out for cement to precipitate. The seaward edge of the mat is
eroded in places; broken pieces become indurated nodules. The mat is
not found elsewhere in the Boca Jewfish Area.

A smooth mat formed by a species of Schizothrix is also described from
Shark Bay (Logan et al, 1974). This mat is also characterized by lamin-
ation and laminoid fenestral fabric. Penecontemporaneous cementation
occurs in Shark Bay smooth mat structures but not in the Boca Jewfish.
In both areas the deposition of sediment layers is irregular in time;
particles are trapped onto mucilage and binding is accomplished by
growth of a fftament mesh through the grain framework.

Tufted Mat

The erect tangles and mucilagenous sheaths of Microcoleus filaments of
the tufted mat trap and bind sediment grains. In protected areas of
little sedimentation, such as behind mangrove thickets of Sorobon (site
B), the mat is a thick felt of erect filaments. Elsewhere, the mat is
thin and leathery or brittle. Only the upper 1 to 2 cm of the sediment
under the mat is cryptalgal; probably the growth of this mat has been a
fairly recent phenomenon. Marine regression is occurring, and the Lac
is gradually being filled in (Wagenaar Hummelinck and Roos, 1969). The
mangrove thickets are expanding and colonizing the ground as it becomes
suitable. Formation of tufted mats occurred on emergence of intertidal
flats. Accretion is irregular and laminations are not very clear because
sediment influx is patchy. Tufted mats are also found in the Cas di
Meeuchi Area of the southeast part of the Lac (Sibley and Murray, 1972).

Similar Microcoleus mats have been reported by Davies (1970) and Logan
et al (1974) from Shark Bay where they have a scalloped internal fabric,
from France by Hommeril and Rioult (1965), from West Africa by Schwarz
et al (1975), from Ceylon by Gunatilaka (1975), from South Australia by
Walter et al (1973), from Florida and Laguna Madre, Texas by Ginsburg et

al (1954).

Colloform Mat

This mat is similar to quiet subtidal mats of Shark Bay (Logan et al,
1974), Bermuda (Gebelein, 1969), Bahamas (Neumann et al, 1970; Scoffin,
1970) and Florida. The mat is loose, friable and the internal sediments
do not show distinctive cryptalgal fabric. It grades with the tufted
mat by a gradual increase in the amount of Microcoleus filaments higher
in the intertidal. This mat is a sediment stabilizer in protected areas
of tide ponds and mangrove thickets. Accretion is limited by low sedi-
ment influx and periodic destruction of the mat by storms.
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Indurated Crust

An indurated aragonitic crust has been reported as occurring 35 cm below
the sediment surface of Cas di Meeuchi by Sibley and Murray (1972).

This crust does not have any internal laminoid fabric and seems similar
to the two cemented intraclasts found in the core at sample station T7
(site A). Sibley and Murray (1972) did not record the presence of
indurated crust pavements from the Boca Jewfish Area.

At site C, the supratidal crust is broken and thrust upwards into teepee
structures. Similar structures in supratidal crust pavements have been
reported from the Persian Gulf (Evamy, 1973), Shark Bay (Davies, 1970;
Logan, 1974) and in subtidal crust of the Persian Gulf by Shinn (1969).
Suggested mechanisms for the fracturing and thrusting are brecciation
due to thermal expansion and thrusting due to volume increases caused by
precipitation of cement, or gravitational instability caused by denser
indurated slabs on top of underlying unconsolidated sediment. Smith
(1974) described Permian teepee structures and attributed them to
expansion due to growth of interstitial cement.

Supratidal crusts of the Persian Gulf (Evamy, 1973), Shark Bay (Davies,
1970; Logan, 1974) and Bahamas (Shinn et al, 1965) are considered to
have been formed in the intertidal and supratidal zones by evaporation
of marine pore waters, causing precipitation of aragonite cement. The
cement in the site C crust is cryptocrystalline aragonite. Logan (1974)
considered a cryptocrystalline aragonite cement as a diagenetic feature
of hypersaline conditions, commonly of intertidal and supratidal settings.
The planar upper surface of some parts of the pavement, lumpy irregular
surface (resembling tufted mat blisters) of other parts and the internal
fenestral fabric of the site C crust suggest an intertidal or low supra-
tidal origin, rather than a submarine origin. It is not clear whether
these criteria are adequate proof of the suggested origin of the Boca
Jewfish crust, and further study would be necessary.

Algal Mat Zonations

Zonations of algal mat types are pronounced in areas of extensive inter-
tidal flats, such as Cape Sable, Florida (Gebelein and Hoffman, 1968),
Abu Dhabi, Persian Gulf (Kendall and Shipwith, 1968), Shark Bay, Western
Australia (Davies, 1970; Logan et al, 1974), Ceylon (Gunatilaka, 1975);
Mauritania, West Africa (Schwarz et al, 1975), and Bahamas (Monty,
1965a, 1967). Zonations from subtidal to supratidal conditions are
caused by differing algal tolerances of environmental changes, such as
degree of desiccation. Zonations are also caused by changes from the
subtidal to supratidal environment in the effect of destructive and
constructive aspects, such as gastropod grazing of subtidal mats and
wave action. The zonation of cryptalgal structures at site A is a
function of environmental factors such as drainage, degree of desic-
cation and wave and current action.



Although cryptalgal morphology is controlled by environmental variables,
care must be exercised in interpreting fossil structures. Zonations of
various morphologies have been reported from Proterozoic and Paleozoic
carbonates (e.g., Laporte, 1963; Ahr, 1971; Hoffman, 1974). Hoffman
(1974) shows a platform to basin lithofacies change coupled with a
change in stromatolite morphologies from the Proterozoic Pethei Group.
Ahr (1971) illustrated gradual shallowing which caused changes in
Cambrian cryptalgal morphologies. Differing cryptalgal morphologies of
the Devonian Manlius Formation have been interpreted as indicating
changes in environment (Laporte, 1963) though this conclusion has been
disputed by Monty (1965a).
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CHAPTER VI
CONCLUSIONS

Several different types of cryptalgal carbonate structures are found in

the Boca Jewfish area. These are oncolites, indurated nodules, tufted

mat, smooth mat and colloform mat. An indurated crust, possibly cryptalgal,
is also present.

Blue-green algae colonize sediment surfaces in the subtidal to low
supratidal areas of the Boca Jewfish. Growth is inhibited by several
environmental factors, such as desiccation, grazing by herbivores, and
wave and tidal currents. In the intertidal of the Boca Jewfish, grazing
molluscs do not seem to be present, and thus grazing is not a limiting
factor here.

Environmental parameters influence the composition of the blue-green

algal communities. Microcoleus has the greatest tolerance of desiccation.
Lyngbya of the colloform mats requires damp or wet conditions. Schizothrix
also thrives best in damp or wet areas.

The morphology and internal fabric of cryptalgal structures is controlled
by environmental conditions as well as the algal composition of the

mats. Hemispherical oncolitic structures are found in the subtidal and
low intertidal; they cannot form in areas of long periods of desiccation.
These cryptalgal structures have internal concentric laminations of
sediment - rich and mucilage - rich layers caused by episodic sediment
incorporation. The internal laminations of subtidal oncolites can be
disrupted by burrowing organisms. Intertidal calcarenitic oncolites of
site A can be fragmented by strong wave action. Cryptalgal nodules
retain the morphology and internal fabric of the smooth mat or calcarentic
oncolites from which they are derived. Aragonite cementation is due to
evaporation of marine pore waters at low tide. The smooth mat is found
only on the well-drained intertidal Boca Jewfish beach. The internal
laminated fabric is due to episodic sediment trapping and the mode of
binding by the algal community. Tufted mats grow from lo% intertidal to
low supratidal of areas protected from strong wave and current action.
The mat owes its surface features to degree of desiccation, sediment
influx and tidal current direction. Internal lamination is not found
because the sediments are too coarse and sediment influx is not episodic.
The colloform mat of permanently damp, protected areas of tidal ponds and
mangroves is a sediment stabilizer but is disrupted by burrowing or-
ganisms and physical erosion.

Because the environmental factors vary from subtidal to supratidal,
there is a zonation of different types of algal mats and cryptalgal
structures of the Boca Jewfish.

By understanding the environmental and sedimentological factors that

are responsible for the morphologies and fabrics of cryptalgal structures,
and their distribution, in the modern, ancient examples can be interpreted
and the paleoenvironments of deposition better understood.
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