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ABSTRACT

Reef-formingstromatolites have been discovered dong the windward shoreline d Che-
tumal Bay, Bdlize, just south o the mouth of the Rio Hondo. The reefs and surrounding
sediment are formed by the precipitationd submicrocrystalline calcite upon the sheaths d
filamentouscyanobacteria, principally Scytonema, under a seesondly fluctuating, generdly
brackish sdinity regime (0%0-10%c). \Well-cemented, waveresstant buttresses d codesoad
stromatoliteheadsform arcuateor club-shaped reefsup to 42 m longand 1.5 min rdief that
are partially emergent during low tide. Oncalitic rubble filds are present between well-
developed reefs dong the 1.5 km trend, which parallels the mangrove coastline 40-100 m
offshore. The mode o reef growth, asillustrated by surface relief and internal structure,
changeswith increasing water depthand energy, proximity to bottomsediments, and dominant
cyanobacteriataxa, Sediment trappingand bindingby cyanobacteriaared limitedimportance
toreef growth, and occur only wherestromatoliteheadsor oncolitesarein direct contact with
the sandy seafloor. Radiocarbon-dated mangrove peat at the base d the reef suggeststhat it
begen to form about 2300 yr B.P, &s shoreline encrustations that were stranded offshore
following storm-induced retreat o the mangrove coast.

INTRODUCTION

Although strict definitionsvary, stromat-
olites can generaly be described as lami-
nated organosedimentary structures pro-
duced by the sediment trapping, binding,
and/or precipitation activities of photosyn-
thetic microbid communities, principaly
cyanobacteria(Kalkowsky, 1908; Awramik,
1984; Ginsburg, 1991). Riding (1977) subclas-
dfied stromatolitesformed primarily by the
cacification(encrustation) of cyanobacteria
as "'skeletal™ stromatolites, a term that we
employ here.

Fossilized stromatolitesfrom the Archean
of Western Austrdiaand South Africarep-
resent theol dest evidence(—3500 M@) of life
on Earth (Schopf, 1983). Stromatolites|ater
expanded in abundanceand diversity during
theMesoproterozoic,formingtruereefsthat
were among the largest in Earth history
{Awramik, 1984; Grotzinger, 1989). How-
ever, during the Neoproterozoic, and again
in the early Paleozoic, marine stromatolites
declined markedly. This decline has been
attributed to various factors, including the
appearanceof marine meiofaund and mac-
rofauna grazers and burrowers (Garrett,
1970; Wadter and Hays, 1985), competition
with macrophytes (Monty, 1973; Fanner,
1989), and theonset of coarse, skeletal sed-
imentation (Pratt, 1982). The post-Creta
ceousrestrictionof skeletal stromatolitesto
only lacustrinesettings has led some work-
erstosuggest sgnificant changesin seawater
chemistry (Riding, 1982; Pentecost and
Riding, 1986).
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Unlikemany of their Precambrianthrough
Cretaceous predecessors, modem-day, cal-
cite-precipitating stromatolites are most
likely found in low-energy, hypersdinebays
and ponds(Logan, 1961; Dakoski and Bain,
1984; Mann and Nelson, 1989; Neumann et
al., 1989), or freshwater lakes (Cohen and
Thouin, 1987, Osbome et d., 1932
Casanova, 1986; Thompson et d., 1990).
Though modern Bahamian stromatolites
discovered by Dravis (1983), Dill et al.
(1986), and Reid and Browne (1991) are lo-
cated in unrestricted, high-energy marine
settings, they form mostly through sediment
trappingand binding, and thereisonly minor
cementation between alochthonousgrains.
Modem stromatolites that formed through
cyanobacterial cdcification in open-marine,
reefal settings remain unreported, resulting
in a paucity of analoguesappropriateto the
interpretationof fossi| counterpartshavinga
"keletd" framework.

Herein we report modem-day cyanobac-
terial communities in a turbulent, schizo-
haliie, coastal setting which are forming
massive, laterdly and verticaly zoned stro-
matolite reefs through the direct precipita
tion of calcite. Their intertidal to shallow
subtidal depth, coastal windward location,
and control on local sedimentation pro-
vide a new modem analogue for fossl
predecessors.

ENVIRONMENTAL SETTING
Shallow-water carbonate depositiona en-
vironments of the Bedize shef were de-

scribed by Pusey (1975). Our study was
located in Chetuma Bay, along the north-
ernmost coast of Belize, immediately south
of themouth of theRio Hondo (Fig. 1). Stro-
matolitereefsarelocated parallel totheman-
grovecoast in <1.5 mof water, between 40
and 100 m offshore. Location aong the
northeast coast places the reefsin a turbu-
lent, high-energy environment dominatedby
the prevaling northeast trade winds (typi-
caly 12-20 knots), Stoddart (1963) reported
that during 1931-1961, hurricanes hit this
areaevery Sx years, on average. Ongoing,
storm-induced retreat of the shorelineisev-
ident in recently killed coastal mangroves
with mangled proprootsand inrelict coastal
headlandsnow stranded just offshoreasiso-
lated mangrove idands. Turbidity is high,
and cloudy, milky-whitewatersgenerdly &f-
ford <10 e¢m vishility. The climateis trop-
ical, and water temperaturesrangefrom 25
to30°C. Annud rainfal is—124 cm, and the
areais characterized by a short dry season
(February-April) and a long wet season
(May-January). The Rio Hondo drains a
karstic terrain of Tertiary through Ples
tocenecarbonates, creating brackish waters
in Chetuma Bay which are Ca rich (800
ppm) and saturated to supersaturated with
cacite (Pusey, 1975). Strong seasondity in
rainfall and proximity toriver outflow create
a generaly brackish, fluctuating sdinity
(schizohaline) regimein the study area. Our
dry-season  measurements  (April  1991)
among the stromatolites indicate brackish
sdlinities ranging from 4%, to 8%.; those of
the wet season (July-August 1961) reported
by ‘Pusey (1975) indicate that sdlinity is a-
ways <10%s, and that thewater can become
essentially fresh. The maximum lunar tidal
rangeisabout 0.5 m, athough winter storms
(*'northers™) frequently create an enhanced
tidal range of 0.8 m (Pusey, 1975). Inhab-
itantsof Corazol observethat windscan shift
thestrandlineup to 20-30 moffshoreduring
storms. Metzgen (1925) noted particularly
dramatic storm effects during a 1920 hum-
cane, during which coastal waters receded
several miles from the battered mangrove
coast.

STROMATOLITE REEFS
Massve, wel-devdoped stromatolite
reefs alternate with oncolite rubble fields -
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Figure 1. Location map of stromatoiitesdiscoveredin Belize, Central America. Primary study area
Is coastal reef complex In schlzohaiine setting immediately south of mouth of Rio Hondo in

Chetumal Bay.

dong the discontinuous, 1.5-km-long reef
trend in Chetumal Bay. Individud stromat-
olitic heads have grown upward and coa-
lesced, forming well-cemented, wave-resis-
tant buttresses1-4 minlengthand widthand
with multiple basal **roots."" Groupsadf sub-
tiddl to intertidal buttressesform arcuate or
club-shapedreefsupto42mlongand 1.5m
inrelief. Many reef crestsemerge 10-15 cm
abovewater during low tide (Figs. 2and 3).

A consistent lateral zonation was ob-
servedacrossthereef (Fig. 2). Zonesinclude
aforereef of submerged headsand talusin
rippled sand, anintertidal reef crestof asym-

metrica buttresses doping <10° shoreward
(Fig. 3), and a subtidal back-reef flat of in-
dividud heads and oncolites in sand and
gravel. Many closdly packed oncolitesinthe
ref flat havegrownlaterdly, codescinginto
immobile, compound oncolite dabs. Sedi-
ment in dl zonesis dominated by unconsol-
idated, well-sortedto moderately wel sorted
mediumsand. Moldsd relict mangroveprop
roots are common at the base o the reef
crest, whichistypicaly underlain by athin
horizon of stromatolitic sand and gravel
abovecacitic mud and mangrove pesat. Cy-
anobacterial mats were not found on the
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Figure 2. Schematic cross section of prograding, windward reef buttress lllustrating lateral reef
zones and vertical changes in surfacerelief. Note mangrove peat base. Coalescenceof individual
oncolitesin back-reef flat provides alternative foundation for future stromatolite growth. HT Is high

tide; LT Is low tide.

Figure 3. Massive windward reef crest offshore
of mangrove coastline. Reef crest dips gently
shoreward. Fleshy, smooth, and laminar mat of
Schlzothrlxonuppermost surface Is exposed at
low tide. Windward, lower intertidal part of but-
tress, on left, shows knobby surface relief com-
posed of prominent Scytonema "buttons:'

sandy sea floor surrounding the reefs, nor
were hardgrounds created by inorganic, in-
terparticlecementation.

In stark contrast to the diverse, coral-
dominated buildupsd theouter barrier reef
system, the stromatolite reefs nearshore
maintain only a few secondary, nonstruc-
tural biota tolerant of schizohaline condi-
tions. The most common of these are the
green dgaBatophoraoerstedi and assorted
pennate diatoms; both are ubiquitouson up-
per reef surfaces. ThebivalveMytilopsissal-
lei, a relative of the zebra mussd, is com-
monly attached to and entombed within the
stromatolites.Serpulid wormtubesare com-
mon in cryptic crevices, such as reef-crest
overhangsand the undersides of oncolites,
The sdt-tolerant plant Sporobolus virgini-
cus, a tropical and warm-temperate grass
more commonly found above the high-tide
mark, occursin patches on some emergent
crests. Living macrograzers were not ob-
served during the brackish conditionsof our
April (dry season) visit, dthough some os-
tracodeand microgastropodfragmentswere
seen in reefal sediments.

RESULTS AND DISCUSSION

The wave-resistant, laterally and verti-
cdly zoned stromatoliteresf complexfound
dong the windward coast of Bdize is re-
stricted to a 1.5-km-long stretch adjacent to
the Rio Hondo outflow. Sdlinity in thisarea
aternatesseasondly fromfreshto brackish.
Althoughotherfactorsmay play arole, prox-
imity to the RioHondo certainly fosterscy-
anobacterial ma and stromatolite reef de-
velopment throughtheexclusionaf common
macrograzers, many of which areintolerant
o schizohdine dinity regimes (Garrett,
1970). In addition, cacite oversaturation
created by the mixing of seawater with
freshwater runoff should encourage calcite
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Figure 4. Scanning electron micrograph of des-
iccated sheath of cyanobacterlum Scytonema,
showing anhedral calcite encrustation.

precipitation in coastal Chetumal Bay. Al-
though conditions that typically foster inor-
ganic hardground formation were present
(i.e., calcite oversaturation; winnowed,
sandy sea floor; high-energy setting), no in-
organic hardgrounds were found here. Ce-
mentationisconfinedto areas withinthereef
framework, and particularly those sites in
close proximity to Scytonema filaments, the
primary structural element (Fig. 4). Calcifi-
cation appears to a be amicrobially induced
phenomenon, perhaps a consequence of pH
elevation during photosynthesis and CO,
withdrawal by filamentous cyanobacteria
(Merz, 1992).

Thestromatolites are composed primarily
of submicrocrystalline (1-2 wm) anhedral
calcite(<2 mol% MgCO,; determined using
methods of Goldsmith and Graf, 1958) pre-
cipitated upon the sheaths of filamentouscy-
anobacteria, principally Scytonema (Fig. 4).
Surface relief and dominant cyanobacterial
taxa change with water depth and energy,
and with proximity to the mobile, sandy sed-
iment floor (Fig. 2). Very dightly calcified,
smooth laminar mats of Schizothrix and
Phormidiumdominate the uppermost, emer-
gent surfaces of thereef. Thisfleshy, poorly
indurated surface gives way to a well-ce-
mented, knobby zone of Scytonema and
Phormidium " buttons' (0.5-2-cm-diameter
growths) within the lower intertidal zone
(Pigs. 2 and 3). Irregular, knobby relief is
most conspicuously devel oped on the higher
energy, windward sides of each buttress
(Fig. 3). Smaler surface irregularities
(growths <0.5 cm in diameter) created by
Scytonema and Phormidiumin the deeper
subtidal zone (>>20 cm depth) forms a sub-
dued, ‘‘granular’ surface relief. A lower-
most smooth and abraded surface exists at
the stromatolite-sediment interface. The
smooth and abraded zone is composed pre-
dominantly of calcified Scytonema and
Phormidium filaments; however, here they
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Figure 5. A: Typical internal columnar structure formed by stacked, tanlike arrays of calcified
Scytonema filaments. Conspicuous large-scale bands are created by white microlamlinae of dense
micrltic cement. Several small-scalebands (detail in B) are visible along left-center margin. Grains
have percolated down into spaces between digltate columns and are not bound by filaments. B:
Closeup of small-scale bands illustrates erect, radiating filaments, and prostrate, collapsed fila-
ments. Repetitive, perhaps seasonal pattern of alternating filament orientation may be related to

changes In ambient salinity.

are commonly blunted and convoluted, and
they alternate with closely spaced micritic
cement layers. This lowermost zone is the
only site where true interfilament trapping
and binding of loose sediment was observed.
Thin sections of trapped sediment and sur-
rounding reefal sediment reveal remnant cy-
anobacterial filaments, indicating a stroma-
tolitic origin for >95% of all reef-associated
grains.

With the exception of the uppermost
smooth and laminar zone, which is domi-
nated by dightly encrusted Schizothrix, in-
ternal structure is typically columnar and
dominated by Scytonema (Fig. SA). Within
each column a consistent repetitive micro-
fabricis noted: well-calcified,fanlikearrays
of 20-30-pm-diameter Scytonema filaments
(Fig.5B). Vertical stacking of theseradiating
fans produces the digitate pattern of growth
columns, generally =1 cm in width, which
terminate at the stromatolite surface as sub-
dued granular relief or enlarged (0.5-2 cm
diameter) buttons (Figs. 3 and 5A). The
spaces between columns typicaly contain
sand cemented by a minuteamount of point-
contact submicrocrystalline calcite.

Peat beneath two sites was radiocarbon
dated by BetaAnalytic; agesare reported as
uncorrected radiocarbon years before
present (A.D. 1950). A sample just behind
thereef crest and overlainby an oncoliteslab
yielded a date of 2340 80 yr B.P. Another
samplelocated at the reef crest directly be-
neath a60 cm section of stromatolite growth
produced a similar date, 2240 +190 yr B.P.
This date suggests an average accretion rate
o 27 cm/ka for the overlying stromatolite
head. This simple growth-rate calculation

neglects the latral accretion (seaward pro-
gradation) inferred from the asymmetrical
profileof the reef crest (Fig. 2); therefore, it
isconsidered aconservative,aswell astime-
averaged, estimate. Several nearby but-
tresses have grown up to about 1.5 mabove
the seafloor. If we assume that these build-
ups began contemporaneously, afaster ac-
cretion rate of 65 co/ka is possible.

Two types of banding within the digitate
growth columns are apparent in cross sec-
tion: large-scale bands (—2 mm wide) of
dense micritic cement forming distinctive,
white microlaminae (Fig. SA) and, between
the larger bands, six to eight smal-scae
bands (—0.3 mmwide) created by paired ho-
rizonsof erect and prostrate Scytonema fil-
aments (Fig. SB). Close inspection of these
smaller bands indicates no change in the
structural element Scytonema, but simply a
change in its orientation, between filaments
inlife position and filamentslying prostrate.

On the basis of our limited radiocarbon
data and resultant growth rate calculations,
thelarger bands appear to form about every
seven to eight years. Stoddart (1963) noted
that major stormsoccurred with comparable
frequency between 1931 and 1962, on aver-
age every six years. Such storms create pe-
riods of widespread exposure and desicca
tion; in the calcite-saturated setting of the
stromatolitic heads, these periods should
foster inorganic cementation of outer sur-
faces and may account for the large-scale,
inorganic bands. Growth-rate data suggest
that the six to eight interveningsmaller scale
bands may correspond roughly to an annual
growth period. Furthermore, prostrate fila-
ments suggest a conspicuous, perhaps an-
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nual period of interrupted growth contrast-
ing with erect filaments in preserved life
orientation (Fig. 5B). Seasona changesin
local salinity may thus account for the ob-
served disruptionsof filament growthwhich
create these small-scaleorganic bands.
Interpreting the mode of accretionfor an-

cient fossilized stromatolites is problematic coastline retreat, heginning at ~2300 vr R P

and typicaly involves choosing between
graintrappingand binding, on theone hand,
and in situ precipitation mechanisms (Fair-
child. 1991). on the other. In the Belizean
stromatolite reefs, the accretion mechanism
changes during thegrowth history of thein-
dividual head. The smooth and abraded sur-
facesof headsin direct contact with the sed-
iment floor show true grain trapping and
binding between filaments, and therefore
this mechanism accounts for some net ac-
cretion early in their growth history. How-
ever, upon sufficient growth upward and
away from the sea-floor source of sediment,
calcite precipitation dominates accretion,
and the stromatolites become truly skeletal
(seeRiding, 1977). These observationsdem-
onstrate that the alternative growth mecha
nisms described in the formation of fossil
stromatolitesarenot mutuallyexclusive,and
can simply reflect sediment availability and
synoptic relief.

The origin and growth history of the stro-
matolite reef complex is suggested by sev-
eral observations. Calcified mats encrusting
mangroveprop rootsal ong themodem erod-
ing coastline, moldsof relict mangroveroots
at the baseof the stromatolite heads, and the
position and age of the peat underlyingthe
reef complex al suggest that it began as a
mangrove shoreline encrustation at least
2300 yr B.P. These encrustations were |eft
stranded offshorefollowing episodic, storm-
induced retreat of the mangrove coast, and
thereby provided thefoundation for thefur-
ther growthof amodemfringing reef. Partial
emergence and the prograding, asymmetri-
cal formof the present-day reef crest further
indicate that such growth has not only kept
pace with therise of Holocene seas, but has
begun to exceed it.

SUMMARY AND CONCLUSIONS
Wave-resistant, lateraly and verticaly
zoned stromatolite reefs are forming along
the modem schizohaline coastlined north-
ernmost Belize. The massive buildups are
truly skeletal stromatolites, in that they are
formed almost entirely by calcite precipita-
tion around the sheaths of the filamentous
cyanobacterium Scytonema. Vertica pat-
ternsin surfacerelief are directly related to
water depth and energy, proximity to the
sedimentfloor, and dominantcyanobacteria
taxa. The stromatolite reef is the primary
source of surrounding carbonate sediment.
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Graintrappingand bindingareof limited sjg-
nificanceto overal reef growth, and are ob-
served only at basal Sites in direct contact

with the mobile, sandy seafloor. The stro-
matolite reef complex has evolved from

mangroveshorelineencmstations that were
stranded offshore during storm-induced

Ongoing processes of stromatolite reef
growth and sedimentation observed in Bel-
ize may improve our understanding of an-
cient stromatolite reefs in similar high-en-
ergy coastal settings.
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