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Abstract

Microbial carbonates are common components of Quaternary tropical coral reefs. Previous studies revealed that sulfate-
reducing bacteria trigger microbial carbonate precipitation in supposedly cryptic reef environments. Here, using petrography,
lipid biomarker analysis, and stable isotope data, we aim to understand the formation mechanism of microbial carbonate
enclosed in deep fore reef limestones from Mayotte and Mohéli, Comoro Islands, which differ from other reefal microbial
carbonates in that they contain less microbial carbonate and are dominated by numerous sponges. To discern sponge-derived
lipids from lipids enclosed in microbial carbonate, lipid biomarker inventories of diverse sponges from the Mayotte and
Mohéli reef systems were examined. Abundant peloidal, laminated, and clotted textures point to a microbial origin of the
authigenic carbonates, which is supported by ample amounts of mono-0-alkyl glycerol monoethers (MAGEs) and terminally
branched fatty acids; both groups of compounds are attributed to sulfate-reducing bacteria. Sponges revealed a greater variety
of alkyl chains in MAGEs, including new, previously unknown, mid-chain monomethyl- and dimethyl-branched MAGEs,
suggesting a diverse community of sulfate reducers different from the sulfate-reducers favoring microbialite formation.
Aside from biomarkers specific for sulfate-reducing bacteria, lipids attributed to demosponges (i.e., demospongic acids) are
also present in some of the sponges and the reefal carbonates. Fatty acids attributed to demosponges show a higher diversity
and a higher proportion in microbial carbonate compared to sponge tissue. Such pattern reflects significant taphonomic bias
associated with the preservation of demospongic acids, with preservation apparently favored by carbonate authigenesis.
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Introduction

The occurrence of microbial carbonates (microbialites) in
deep tropical fore-reef slopes has been reported for sev-
eral decades. First descriptions of microbialites in deep
fore reef slopes by Land and Goreau (1970) and Land and
Moore (1980) reported smooth to knobby, laminated crusts
from small cavities of Discovery Bay, Jamaica (— 100 m
Institut fiir Geologie, Centrum fiir Erdsystemforschung und to— 300 m water depth). These structures consisted chiefly
Iéz:::;ltigkeit, Universitit Hamburg, 20146 Hamburg, of pelleted high-Mg calcite and have been referred to as
s Y ) _ microstromatolites (Land and Goreau 1970; Land and
Now at MARUM-Zentrum fiir Marine Moore 1980). Similar carbonates were found in deep fore
Umweltwissenschaften, Universitidt Bremen, 28359 Bremen, . . .
Germany reef environments of the Belize barrier and atoll reefs (up
to — 300 m; James and Ginsburg 1979) and the Red Sea
(=120 m to—215 m; Brachert and Dullo 1991). Since then,
o . L microbial facies have been described in many other reefal
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and the Huon Gulf (Webster et al. 2009) and cavities within
Holocene tropical reefs (Seard et al. 2011).

Microbialites form by the activity of benthic microbial
communities (e.g., Riding 1991) and are among the first fos-
sil evidence of life on Earth (Grotzinger and Knoll 1999).
The microbial origin of the carbonate was commonly pur-
ported based on morphological evidence only. However,
such evidence was proven problematic since many of the
purported microbial structures can also form abiotically
(e.g., Bosak et al. 2004; Jaramillo-Vogel et al. 2023). A com-
monly robust proxy to verify a microbial origin of carbonate
are molecular fossils (lipid biomarkers). Numerous studies
of the biomarker inventories of post-glacial microbialites
found to include abundant compounds attributed to sulfate-
reducing bacteria (Heindel et al. 2010, 2012; Braga et al.
2019; Gischler et al. 2020). Similarly, cryptic microbialite
formation in large reef cavities or coastal submarine caves
might also be triggered by sulfate-reducing bacteria (Reitner
1993; Guido et al. 2013; Gischler et al. 2017a, b). Among
the most specific lipid biomarkers for sulfate-reducing bac-
teria in reefal environments are terminally branched iso- and
anteiso-C,5 and C; fatty acids, 10-Me-C fatty acid, and,
particularly, mono-O-alkyl glycerol monoethers (MAGEs)
with similar alkyl chains as found for fatty acids (Heindel
et al. 2012). These lipid biomarkers are also known from cul-
tures of sulfate-reducing bacteria (Riitters et al. 2001; Grossi
et al. 2015) and other environmental samples (Hinrichs et al.
2000; Krake et al. 2022). Organoclastic sulfate reduction
(i.e., sulfate reduction using organic compounds as electron
donors) can lead to carbonate precipitation by an increase
in carbonate alkalinity (Zhang 2020) or by the degradation
of extracellular polymeric substances (EPS), which leads to
a strong release of Ca ions (e.g., Dupraz et al. 2009). Aside
from EPS degradation, sponge tissue decay by heterotrophic
bacteria might be an additional agent triggering carbonate
formation in some reefs environments (Reitner 1993; Reitner
et al. 1995; Reitner and Schumann-Kindel 1997; Luo and
Reitner 2014, 2016; Gischler et al. 2021).

Generally, sponges are commonly associated with micro-
bialites in modern and ancient reef systems (e.g., Reitner
1993; Gischler et al. 2017b, 2021; Heindel et al. 2018; Lee
and Riding 2018; Turner 2021). In modern coral reefs, such
as the reef systems associated with the Comoros Archipel-
ago, coralline sponges and demosponges predominate (e.g.,
Reitner 1993; Reitner et al. 1995; Erpenbeck et al. 2017).
The deep fore reefs of Mayotte and Mohéli show deposits
of the Last Glacial Maximum and the following deglacial
(Dullo et al. 1998), including laminated, clotted, and peloi-
dal microfabrics of carbonate, as well as sponge remains.
Demosponges are known for producing the so-called “dem-
ospongic acids”, which have chain lengths of 24-30 carbon
atoms and a typical unsaturation at A>° (Litchfield et al.
1976; Litchfield and Morales 1976; Morales and Litchfield
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1976). The unique double bond position of demospongic
acids is added by other features, such as mid-chain methyl-
branchings, additional unsaturations, and brominations (e.g.,
Litchfield et al. 1980; Bergquist et al. 1984; Wijekoon et al.
1984; Carballeira et al. 1989; Lam et al. 1989; de Kluijver
et al. 2021). Demospongic acids are named as such after
their first discovery in demosponges but were also described
from marine mollusks, terrestrial plants, and cnidarians
(Kornprobst and Barnathan 2010).

Microbialites of deep fore reef sites have only been ana-
lyzed for their molecular fossil inventory once (Braga et al.
2019). Other than in former studies on reefal microbialites
(e.g., Heindel et al. 2010, 2012; Braga et al. 2019; Gischler
et al. 2020), the reefal carbonates of Mayotte and Mohéli
cannot be assigned as pure microbial carbonate; they contain
only moderate amounts of microbial carbonate but abun-
dant sponges instead. The sponges appear to be associated
with microbialite formation. Consequently, the lipid bio-
marker inventories of the Mayotte and Mohéli limestones
with microbial carbonate (in the following referred to as
reefal carbonates) are compared to lipid biomarker inven-
tories of diverse sponges extracted from the Mayotte and
Mohéli reef carbonates. In addition to the characterization
of the lipid biomarker inventory of the various sponges, the
taphonomy and selective preservation of sponge-specific
lipid biomarkers (i.e., demospongic acids; Germer et al.
2013) were examined.

Geological setting

The Comoros Archipelago is located between northwestern
Madagascar and east Africa (northern Mozambique) and
consists of four main islands aligned along an NW-SE axis
(Grande Comore, Mohéli, Anjouan, and Mayotte; Fig. 1).
The origin of the Archipelago is designated as a volcanic
chain developed as a zone of right-lateral tear in the litho-
sphere (Famin et al. 2020). The Comoros Archipelago is
interpreted as the northern boundary between the Lwandle
microplate and the Somalia plate (Famin et al. 2020). New
morpho-bathymetric data from Tzevahirtzian et al. (2021)
suggests that Mayotte and Mohéli represent the oldest
islands, while Anjouan and Grande Comore are more recent.
Absolute age data of the volcanic rocks of Mayotte range
from 7.7+ 1.0 to 1.49 +0.04 Ma, while the volcanic rocks
of Mohéli range from 5.0+0.4 to 0.48 +0.15 Ma (Nougier
and Cantagrel 1983).

Fringing reefs surround the volcanic islands of the
Comoros Archipelago to varying extents. A well-devel-
oped barrier reef system (up to 2 km wide) additionally
encloses Mayotte, including sand aprons. The May-
otte barrier reef represents the only isolated or Darwin-
ian barrier reef system in the Indian Ocean (Guilcher
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Fig. 1 Map of the Comoros Archipelago (Mohéli, Anjouan, and May-
otte; Grande Comore not shown) in the eastern Indian Ocean (A).
Sketch showing the general morphology of the Mayotte and Mohéli
foreslopes with depth positions of the samples taken (B). Sample J28
was collected during dive 177, J43 during dive 182, J69 during dive

1965, 1971). The volcanic island of Mayotte covers an
area of 375 km?, while the lagoon inside the barrier reef

191, J71 during dive 192, J92 during dive 200, and J101 during dive
203. Reef locations from UNEP-WCMC (2021); sampling data from
Colonna (1994), Colonna et al. (1996), Dullo et al. (1996), and Dullo
et al. (1998)

covers about 1500 km? with a maximum width of 15 km
(Guilcher 1971). About 15 channels (— 50 to — 80 m deep)
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connect the lagoon with the open ocean (Guilcher 1971).
The several km wide Grande Passe de Ouest is the broad-
est channel, located at the western margin (Masse et al.
1989). The volcanic island of Mohéli covers about 290
km?. A fringing reef runs along the total coastal area, and
reef platforms surround the island. On the southern side
of Mohéli, a partial barrier reef has developed.

The overall morphologies of the foreslopes of Mayotte
and Mohéli show strong similarities (Dullo et al. 1996,
1998). The shallow fore reef down to — 20 m water depth is
characterized by spurs and grooves that merge into a cliff, a
steep detrital talus, and a pre-reef platform at around — 50 m
depth (Camoin et al. 1997). Drowned reef terraces occur
from — 50 to — 100 m water depth (Dullo et al. 1996, 1998).
The drowned reefs form small mounds (up to 3 m) covered
predominantly by the coral Leptoseris and the green alga
Halimeda (Dullo et al. 1998). Three central morphological
and sedimentary units can be differentiated: an almost verti-
cal wall from — 100 to — 150 m water depth, followed by a
cemented slope and a sediment slope below — 150 m depth
(Dullo et al. 1996, 1998). This general morphology in the
Mayotte and Mohéli foreslopes is similar to other deep fore
reefs of barrier and atoll reef systems (e.g., Belize: James
and Ginsburg 1979; the Great Barrier Reef: Harris and
Davies 1989; or the Maldives: Fiirstenau et al. 2010). The
almost vertical wall (75°-90°) sharply decreases in incli-
nation between — 160 and — 190 m water depth and forms
a cemented slope (Dullo et al. 1998). Both, the cemented
slope and wall, consist primarily of well-cemented Hal-
imeda-rich and coral-bearing grainstone and packstone
(Dullo et al. 1998; Camoin et al. 2004). Foraminifera and
coralline algae occur in water depths of —90 to—120 m
(Camoin et al. 2004). Typical ledge rock is present on the
upper slope and the wall, covered by unlithified sediment
and living benthic organisms, especially sponges (Dullo
et al. 1998). The following sediment slope is character-
ized by grain sizes from silt (upslope) to sand and gravel
(at about — 250 m water depth), while skeletal grains are
primarily Halimeda plates, which are derived from living
crops on top of the terraces (Dullo et al. 1998). On top of
the sediment slope, especially along the eastern and south-
western margins, huge blocks of several cubic meters in size
occur (Dullo et al. 1998).

The hydrological regime at the Comoros Archipelago is
dominated by the southward-flowing Mozambique Current
and South Equatorial Current, with a well-established major
swell flowing southeastward (Donguy and Piton 1991).
Tides are semi-diurnal, and tidal ranges exceed 4 m during
spring tides (Masse et al. 1989). The climate of Mayotte
and Mohéli is tropical warm and the sea-surface tempera-
tures are bimodal and vary from 25 to 29 °C (Ateweber-
han and McClanahan 2010). The lagoonal waters of May-
otte can reach temperatures up to 35 °C. Precipitation is
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controlled by the monsoon and peaks from November to
April (Guilcher 1965).

Materials and methods

The samples analyzed here were collected during several
dives in the western Indian Ocean with the research sub-
mersible JAGO operated from the surface vessel DEEP SAL-
VAGE Iin 1991 (Colonna 1994; Colonna et al. 1996; Dullo
et al. 1998; Camoin et al. 2004; Fig. 1A). Samples weighing
up to 5 kg were broken off with a large chisel and retrieved
from the deep fore reef in water depths ranging from — 60
to—345 m (Dullo et al. 1998). The examined samples are
from individual locations around Mayotte and Mohéli
from water depths of —95 to—200 m (Fig. 1B). The reefal
limestones J69 (— 110 m) and J71 (— 95 m) stem from the
western coast of Mayotte, and were sampled approximately
30 km apart from each other. Reefal carbonate samples J69
(87 g) and J71 (69 g) were chosen for biomarker analysis,
because they contained microbial carbonate. Dating of the
samples was done on collected in situ corals using U/Th-
alpha counting and thermo-ionization mass spectrometry
(Colonna 1994; Dullo et al. 1998), which resulted in ages
of 17.0+1.0 ka (J71) and 33.6 +1.0 ka (J69). The carbon-
ate rocks, from which encrusting sponges were sampled,
resulted in ages of approximately 12.4+0.5 to 19.0+0.5 ka
(Colonna 1994). However, the provided ages could deviate
from the real ages due to the incorporation of cement or
other artifacts during dating of the corals (Colonna 1994).
Therefore, the ages must be taken cautiously and repre-
sent only a rough estimate for a timeframe of the MIS3 to
deglacial times. The sponges encrusting the carbonate hand
samples, mostly still alive at the time of sampling, likely
only developed during a much later period. All carbonates
and sponges were air-dried immediately after sampling and
were stored at room temperature at the University of Got-
tingen until further analyses. Two thin sections (10X 15 cm)
were prepared from reefal carbonate samples J69 and J71a
(Fig. 2) and were analyzed with a ZEISS Axio Scope Al
petrographic microscope. Photomicrographs were taken with
a CANON DS126621 digital camera. Scans of the thin sec-
tions were made with the CanoScan 9000F Mark II. Sub-
samples for X-ray diffractometry were taken with a hollow
drill from the initial hand samples (J71 and J28; samples
were named: J71aM1, J71aM2, J28aM1, and J28aM2). The
reefal carbonate samples for lipid biomarker analysis (J69
and J71a) represent subsamples taken with a hollow drill of
the larger rock samples; encrusting sponges were avoided
during sampling. Sponges analyzed for comparison were
removed from the rock samples using appropriate metal
instruments that were cleaned with organic solvent before-
hand (sponge samples: J28AS1b, J43S1b, J43S2b, J71AS1b,
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Fig.2 Thin section scans (top: sample J69; bottom: sample J71a). A: Ascidiacea, bo: boring, B: bivalve, C: coral, CA: coralline algae, F:
foraminifera, G: gastropod, H: Halimeda, S: sponge. Positions of photomicrographs of Figs. 3 and 4 are indicated
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J71AS2b, J71AS3b, J92S1b, J101S1b). All sponges belong
to the Subphylum Cellularia, Class Demospongiae (Table 1).

Carbon and oxygen stable isotopic compositions of the
reefal carbonates were analyzed in the Isotope Geology
Department at the Geoscience Center of the Georg-August-
Universitdt Gottingen (Germany). Forty samples were taken
from slabs of the initial hand samples using a hand-held
microdrill. Individual microbial carbonate subsamples
and inclusions (e.g., Halimeda platelets, corals) were col-
lected from samples J27, J28a, J43, J69, J71a, J71b, and
J92. Isotope measurements were performed at 70 °C using
a Thermo Scientific Kiel IV carbonate device coupled to a
Finnigan DeltaPlus gas isotope mass spectrometer. Isotope
values are reported as delta values relative to Vienna Pee
Dee Belemnite (VPDB) reference standard. X-ray diffrac-
tometry measurements were performed using a StoeStadiMP
powder X-ray diffractometer with Bragg Bretano geometry
and Cu-Ka, radiation at the Universitdt Hamburg (Ger-
many, Institute for Mineralogy). The scan range was 15
to 60 2theta, step size 0.01° 2theta with a scan speed of
0.75° min~!. The magnesium content of calcite was calcu-
lated following Goldsmith et al. (1955).

Lipid biomarker analysis of reefal limestones with
microbial carbonate and air-dried sponges was conducted
at the Institute for Geology at the Universitit Hamburg
(Germany). Preparation and extraction followed previ-
ously published methods (e.g., Birgel et al. 2006; Birgel
and Peckmann 2008). All fractions were measured using
coupled gas chromatography—mass spectrometry (Thermo
Scientific Trace GC Ultra coupled to a Thermo Scientific
DSQ II mass spectrometer). The carrier gas was helium
with a flow rate of 2.0 ml min~!. The GC-MS was equipped

with a 30 m long Agilent HP — 5SMS UI or with a Thermo
Fisher TG — 5MS-fused silica column (for both columns:
inner diameter 0.25 mm, 0.25 um film thickness). The GC
temperature program used for the sponge samples was as
follows: injection at 50 °C, 3 min isothermal; from 50 °C
to 325 °C at a ramp of 6 °C min~'; 25 min isothermal. For
reefal carbonates, the following temperature program was
used: injection at 50 °C, 3 min isothermal; from 50 °C to
230 °C at a ramp of 25 °C min™'; from 230 to 325 °C at a
ramp of 6 °C min~'; 25 min isothermal. Prior to measure-
ment on the GC-MS, all samples were first measured using
a GC-FID (Trace 1310 by Thermo Scientific; H, as carrier
gas; all other parameters are identical to the measurement
with the GC-MS) for quantification. The contents of the
biomarkers are given in ug/g (ug/g=pug lipids per g rock
or dried sponge). For better comparability of the different
samples, wt.% of specified biomarkers as rel.% for alcohols
and fatty acids (excluding the contents of the internal stand-
ards added) was calculated using the equation from Heindel
et al. (2012). To study the structure of branched MAGEs and
their compound-specific carbon isotopic compositions, ether
cleavage of the monoethers was performed (cf. Hoefs et al.
1997) of an aliquot of the nonderivatized alcohol fraction of
samples J71AS1b, J71AS2b, J71AS3b, and J92S1b.
Compound-specific carbon stable isotopes were measured
of the ether-cleaved alcohol fractions (J71AS1b, J71AS3b,
J92S1b), alcohols (J71a, J69), and fatty acids (J71AS1b,
J71AS3b, J92S1b, J71a, J69). Alcohols and fatty acids from
the reefal carbonate samples (J69, J71a) were measured at
the Universitit Hamburg using a gas chromatograph (Agi-
lent 6890) coupled with a Thermo Finnigan Combustion
IIT interface to a Finnigan Delta Plus XL isotope ratio mass

Table 1 Taxonomy of

. Sample Order Family Genus Species
sponge samples used for lipid
biomarker analysis J128AS1b Poecilosclerida?

Lithistida Desmanthidae Desmanthus Desmanthus
incrus-
tans?

J43S1b ?
J43S2b Poecilosclerida Microcionina Cyamon
J71AS1b Haplosclerida Chalinidae Haliclona?
J71AS2b Poecilosclerida Microcionina Rhabderemiidae?
Clionaida Spirastrellidae Spirastrella
Clionaida Clionaidae Cliona
J71AS3b Tetractinellida Thoosidae Thoosa (Clionidae)
Haplosclerida Chalinidae Haliclona?
Agelasida Agelasidae Agelas Agelas sp.
J92S1b Halichondrida?

Haplosclerida Phloeodictyidae Aka Aka sp.

Poecilosclerida Myxillidae?

J101S1b Hadromerida Tethyidae Tethya Tethya sp.
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spectrometer (GC-IRMS). GC conditions were identical to
the conditions using the GC-MS. Compound-specific iso-
topes of the ether-cleaved alcohols and the remaining fatty
acid fractions (J71AS1b, J71AS3b, J92S1b) were measured
at MARUM (Universitidt Bremen) using an Agilent 6890 GC
coupled via a Thermo Finnigan Combustion III to a Thermo
Finnigan MAT 253 isotope mass spectrometer (GC-IRMS).
The following temperature program was used: injection at
50 °C, 2 min isothermal; from 50 to 320 °C at a ramp of
12 °C min~'; 35 min isothermal. Compound-specific carbon
isotope values are reported as delta values relative to Vienna
Pee Dee Belemnite (VPDB) reference standard. All §'3C
values of fatty acids and alcohols were corrected for the
addition of carbon during derivatization.

A cluster analysis using the Bray—Curtis similarity matrix
was applied to identify differences between the biomarker
inventories of the sponges and the reefal carbonates. Prior to
statistical analysis, a percent transformation and a log trans-
formation were performed to standardize the data and reduce
the influence of the most abundant biomarkers. The similar-
ity profile test (SIMPROF) was applied to identify signifi-
cant differences between the clusters (Clarke et al. 2008).
For the SIMPROF test, 999 permutations were applied and
the chosen significance level was 0.05. The two different
sample types were then analyzed through a similarity per-
centages routine (SIMPER). The sample types and not the
identified clusters were used to better discern the charac-
teristic biomarkers of sponges and reefal carbonates. The
analyses were performed in PRIMER version 7 (PRIMER-e,
2017) and the results of the SIMPER test were plotted using
OriginPro 2019b (OriginLab Corporation, Northampton,
MA, USA).

Results
Microfacies

Sample J69 (Figs. 2, 3) is chiefly composed of corals,
which were commonly penetrated by boring sponges or
bivalves. Among the corals, Porites and cf. Leptoseris
are most abundant. Coralline algae, Peyssonnelia sp., and
acervulinid foraminifera encrust the coral fragments and
accumulations of detritus (Fig. 3E). Other skeletal compo-
nents are subordinate and contain foraminiferal tests, gas-
tropod and bivalve shell fragments, bryozoan fragments,
echinoderm fragments, sponge spicules, and Halimeda
platelets. Foraminifera genera include Nummulites and
Cycloclypeus, as well as the order Miliolida, which only
occur in low quantity. Generally, the matrix is composed
of detrital micrite and peloidal micrite with well-defined
peloids (Fig. 3A, B). The zones of peloidal micrite are
irregular and unevenly laminated (Fig. 2). Occasionally,

aragonite cement was found as fans of fibrous crystals and
individual acicular, needle-like crystals (Fig. 3C, D). Due
to coralline algal layers and peyssonneliacean algae layers
showing continuous growth into the other facies (Fig. 3F,
G), sample J69 has a bindstone texture.

Sample J71a (Figs. 2, 4) contains various body fossils.
Among the highly diverse taxa preserved, foraminifera
are most abundant and include in increasing abundance
planktonic foraminifera, miliolids, and nummulitids. Cor-
als (Leptoseris fragilis; Dullo et al. 1998) and coralline
algae account for the highest quantity of skeletal carbonate
(Fig. 4E, F). Cavities filled with sponge spicules are abun-
dant (Fig. 4G, H). Laminae of ascidian spicules are present
on top of the cavities filled with sponge spicules (Fig. 41).
Since no structure of the ascidian spicules is evident, they
cannot be assigned to specific taxa. This is likely due
to the dissolution and recrystallization of the originally
aragonitic spicules (cf. Matthews 1966). Generally, sam-
ple J71a is grain-supported with a micritic matrix. The
matrix is either detrital or peloidal and occasionally clot-
ted (Fig. 4A-D). Some parts of the matrix show peloids in
a detrital matrix (Fig. 4B). The high percentage of large-
sized components (corals with lengths of up to 1.9 cm;
coralline algae with lengths of up to 0.9 cm) allows the
classification of sample J71a as rudstone.

Isotope patterns and mineralogy of reefal
carbonates

Carbon and oxygen stable isotopes of reefal carbon-
ates show a relatively large spread (Fig. 5). Reefal
carbonate 8'%0 values range from —2 to + 1%o (aver-
age — 0.3 +0.8%0), and 8'°C values range from 0.2 to
4.5%o (average + 2.6 +0.7%o0) and fall in the field of marine
carbonates (cf. Andres et al. 2006). A change in 813C and
8180 values of the microbialites with increasing water
depth is apparent. The samples taken at—95 and — 110 m
below water level (J69 and J71) show a mean 8'3C value
of +2.4+0.7%¢ and a mean §'%0 value of — 0.7 +0.4%o
(n=26). Other samples taken at greater depths (— 150
to— 200 m water depth) yielded higher 8'3C values
of + 3.2 +0.4%o and higher 6'30 values of + 0.7 +0.2%o
(n=12). The slight increase is probably a result of rising
water temperatures from the deeper to the shallower sites.

Powder X-ray diffractometry of the reefal carbonates
revealed MgCO; mol% contents ranging from 3.6 to 19
(average 15 +6.5 MgCO; mol%; Table 2). Compared to
other reefal microbialites, the MgCO; content of high-
Mg calcite of the Mayotte and Mohéli reefal carbonates
is similar or slightly lower (Reitner 1993; Gischler et al.
2017b, 2020).
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«Fig. 3 Photomicrographs of microfabrics (A-D) and components
(E-H) in sample J69; all plane-polarized light except (D). A Matrix
of detrital micrite. B Peloids (arrows) in ubiquitous microsparitic
matrix. C Acicular cement. Arrows highlight flat crystal terminations,
which indicate aragonite mineralogy. D Cement under cross-polar-
ized light. E Bored coral. F Coralline algal encrustation on coral. G
Overview of peyssonneliacean algae layers overlaying detrital matrix.
H Detail of (G). Scale bars: 500 um

Lipid biomarker inventory and compound-specific
carbon stable isotopes of reefal carbonates
and sponges

The biomarker inventory is composed of various fatty acids,
sterols, and non-isoprenoidal sn — 1-mono-0O-alkyl glycerol
monoethers (MAGEs). Due to the absence of source-diag-
nostic biomarkers and generally low contents of biomark-
ers in the hydrocarbon and ketone fractions, these fractions
are not further discussed. The most abundant compounds
in sponges are fatty acids (72-737 pg/g dry weight), fol-
lowed by sterols (2.8—116 pg/g dry weight), and MAGEs
(0.52-106 pg/g dry weight). Fatty acids predominate in the
extracts of the reefal carbonates (2.5-10 pg/g rock), while
alcohols only show minor contents (0.30 and 2.3 pg/g rock)
with sterols being the major compound in the alcohol frac-
tions (0.17 and 1.7 pg/g rock). MAGEs only contribute to a
minor portion of the alcohols in the reefal carbonate samples
(0.03 and 0.23 ug/g rock).

Fatty acids comprise chain lengths from C,, to Cs. In all
samples, C,¢., and C 4., show the highest abundance. Short-
chain n-fatty acids comprise 22-210 pg/g dry weight in the
sponge samples and 0.85-2.4 pg/g rock in the reefal car-
bonate samples (14-50 wt.% and 19-30 wt.%, respectively),
while long-chain n-fatty acids comprise 4.3—-125 ug/g dry
weight in the sponge samples and 0.65-1.1 pg/g rock in
the reefal carbonate samples (2-24 wt.% and 9-23 wt.%,
respectively).

Terminally branched and mid-chain branched fatty acids
are abundant in all samples and comprise 25 to 425 pg/g dry
weight in the sponge samples and up to 4.4 pg/g rock in the
reefal carbonate samples (up to 54 wt.% and up to 36 wt.%,
respectively). Mono- and di-unsaturations are common in
most of the samples, with the di-unsaturations at the AP
position of the long-chain fatty acids. Total contents of di-
unsaturated long-chain fatty acids range from O to 4.4 pg/g
dry weight (0 to 1.9 wt.%, respectively) in the sponge sam-
ples and up to 1.2 pg/g rock (9.5 wt.%, respectively) in the
reefal carbonate samples.

Whereas short-chain n-fatty acids (< C,) in the reefal
carbonates yielded uniform 8'°C values of — 23 +0.9%o
(J71a) and — 24 +1.0%0 (J69), long-chain n-fatty acids
(> C,y) vary between — 23 +1.9%0 (J71a) and — 25 +1.2%0
(J69). Generally, the terminally branched fatty acids have
slightly higher 8!C values than short-chain n-fatty acids.

In detail, iso-fatty acids have average values of — 22 %o,
while anteiso-fatty acids are slightly heavier (— 20%o).
In the sponge samples, short-chain n-fatty acids yielded
813C values of —21 +1.1%0 (J71AS1b), — 22 +0.9%o0
(J71AS3b), and — 22 + 1.5%0 (J92S1b). Long-chain n-fatty
acids show similar 8'°C values as short-chain fatty acids
(—21+0.2%0 in sample J71AS3b; — 18 + 1.3%o in sample
J92S51b). In contrast to the reefal carbonates, terminally
branched iso- and anteiso-fatty acids in sponge samples
show almost no §'3C offset (av. values: —22 + 1.6%o0). §'°C
values of fatty acids specific for sulfate-reducing bacteria
range from — 25 to — 19%o (average: —22%o) in sponge
samples and from — 22 to — 20%o (average: —21%o) in ree-
fal carbonate samples. Other, mid-chain methyl-branched
fatty acids range from — 29 to — 16%o¢ in sponges (aver-
age: —21%o) and from — 23 to — 18%o in reefal carbon-
ates (average: — 20%o). 8'°C values of demospongic acids
vary from — 22 to — 18%o (average: — 20 + 1.2%o) in reefal
carbonate sample J71a. Carbon isotopes of demospongic
acids were only measured in one sponge sample (J71AS3b,
Cys5.0n5.0-acid), which shows a 8'3C value of — 18%o. Due
to contamination, only the biomarkers in the fatty acid
fraction from sponge sample J43S1b could be identified.

The majority of MAGEs detected in the sponge and
reefal carbonate samples of Mayotte and Mohéli were
previously detected in other reefal carbonates (Heindel
et al. 2010, 2012; Braga et al. 2019). Among them are
terminally branched, short-chain iso- and anteiso-MAGEs,
and 10-Me-C,; MAGE. The previously known MAGEs
are complemented by novel, not yet described MAGEs
in some sponge samples (J28AS1b, J71AS1b, J71AS2b,
J71AS3b, and J92S1b). The latter compounds include
dimethyl-branched C,, and C,;; MAGEs, as well as mon-
omethyl-branched C,s, C,;, C,g, and C,, MAGEs at vari-
ous positions (see Table 3 for details). Di-O-alkyl glycerol
diethers (DAGEs), which are commonly found together
with MAGEs (e.g., Grossi et al. 2015), are not present
in any of the sponge or reefal carbonate samples, which
agrees with their scarcity in other reefal carbonates (cf.
Heindel et al. 2012).

8!3C values of MAGEs for reefal carbonate J71a range
from — 21 to — 20%o, while §'3C values of n-MAGEs and
terminally branched MAGEs in sponge samples range
from — 23 to — 21%o (Table 3). The novel-described MAGEs
in the sponge samples show higher variability, ranging
from —25%o (sample J71AS1b) to— 17%o (sample J92S1b;
see also Table 3 for details). Since the various MAGEs in
the sponge samples were co-eluting and their mass spectra
equivocal, isotope values were measured for their ether-
cleaved alkanes only. The n-alkanes yielded after ether
cleavage may have been derived from n-MAGEs and n-alco-
hols, however, saturated n-alcohols and terminally branched
alcohols contribute only to a minor part of the biomarker
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«Fig. 4 Photomicrographs of microfabrics (A-D) and components (E—
I) in sample J71a; all plane-polarized light. A Peloidal texture within
a matrix of detrital micrite. Arrows point to peloids. B Close-up of
an internal filling of a boring structure. Arrows indicate peloids. C
Clotted matrix (arrow) on coralline algae. D Peloidal (arrow) texture
with foraminifera test (right). E Coral fragments (1) encrusted by cor-
alline algae (2) and peyssonneliaceans (3). F Coralline algae embed-
ded in fragments of skeletal carbonate and detrital quartz. G Cavity
filled with sponge spicules (arrows point to spicules). H Close-up of
sponge spicules (arrows). I Crusts of ascidian spicules on top of the
cavity. Scale bars: 500 um

inventory and mid-branched alcohols are not present (except
for 10-Me-C4-0l).

Apart from aliphatic compounds, cyclic terpenoids are
present in the samples. Sterols were detected in all sponge
and reefal carbonate samples and yielded very high con-
tents of 2.9 to 116 ug/g dry weight (3.6 to 33 wt.% of all
compounds measured, respectively) in the sponge samples
and up to 1.7 pg/g rock (up to 14 wt.%, respectively) in the
reefal carbonate samples. Among the sterols, cholestanol
and stigmastanol are most abundant in most samples.
Compound-specific 8'3C values of sterols vary from — 27
to —20%o in the reefal carbonate samples. Hopanols are only
minor compounds in sponge samples with up to 9.5 pg/g dry
weight (2.3 wt.%, respectively) and are absent in the reefal
carbonates.

To discern molecular signatures of the sponge micro-
biome and the reefal carbonates, cluster analysis is used
(Fig. 6). Cluster analysis revealed that the samples can be
subdivided into three groups, dominated by specific bio-
markers. The highest similarities are between the two ree-
fal carbonate samples J71a and J69, representing the first
group. The second group contains sponge samples J71AS1b
and J71AS2b, and the third group contains sponge samples
J71AS3b, J92S1b, and J28AS1b. The SIMPER test shows
that reefal carbonates and sponges are both dominated by
n-C,¢-acid and n-C,g-acid (Fig. 7). The next most abundant
biomarkers for reefal carbonates are iso- and anteiso-Cs-
acid, while sponges show higher contents of n-C,,-acid and
iso-C,4-acid (Fig. 7).

Interpretation and discussion

Microbial signatures in reefal limestones
and sponges of Mayotte and Mohéli

Aside from the predominating fine-grained matrix and detri-
tal particles, peloidal and more rarely irregularly laminated
and/or clotted textures are present in the reefal carbonate.
These textures are typically of microbial origin, commonly
observed in other reefal microbialites (e.g. Braga et al. 2019)
or stromatolites (Folk and Chafetz 2000; Riding and Tomas

2005). Peloidal and clotted textures are obviously no ulti-
mate proof of a microbial origin, but with respect to reefal
microbialites such microtextures have commonly been found
to co-occur with abundant microbial lipid biomarkers. Some
unspecific lipids, which may be produced by phyto- and zoo-
plankton or bacteria, are common in the Mayotte samples
(most sterols; Fig. 8; e.g., Volkman 1986, Volkman et al.
1989; average 31 wt.%). However, other biomarkers are of
intermediate to high specificity and can be assigned to sul-
fate-reducing bacteria. These include iso- and anteiso-C 5
and C,; and 10-Me-C  fatty acids (e.g., Taylor and Parkes
1983; Elvert et al. 2003) and various MAGE:s (e.g., Grossi
et al. 2015). MAGEs are known to be produced by various
thermophilic bacteria, including sulfate-reducing bacteria
(Riitters et al. 2001; Grossi et al. 2015; Vingon-Laugier
et al. 2016, 2017). MAGE:s are not exclusively produced by
sulfate-reducing bacteria, but could also be synthesized by
aerobic bacteria (Hernandez-Sanchez et al. 2014). However,
the MAGE:s found in the reefal carbonates of Mayotte mir-
ror the distribution of MAGEs in previously studied ree-
fal microbialites (cf. Heindel et al. 2010, 2012). The novel
MAGEs observed in the Mayotte and Mohéli sponges, how-
ever, have not been described from any cultured bacteria
to date and could be synthesized by other microorganisms
as well. Lipid biomarkers of sulfate-reducing bacteria are
accompanied by branched fatty acids at positions A> and A°,
thought to be associated with sponge-specific microorgan-
isms (Thiel et al. 1999), and unsaturated long-chain fatty
acids associated with demosponges (“demospongic acids”,
e.g., Litchfield et al. 1976).

Deep fore reef deposits—metazoan and microbial
engineers of complex carbonate lithologies

Complex carbonate lithologies along the deep fore reefs of
Mayotte and Mohéli formed at a few tens of meters of water
depth during the Last Glacial Maximum and early deglacia-
tion. The carbonate facies of the two studied reefal carbon-
ates agrees with a paleo-water depth of some tens of meters
since corals adapted to greater water depths (Leptoseris)
are abundant (cf. Wells 1954; Schlichter and Fricke 1991;
Kahng et al. 2010). The reefal limestones of the Mayotte
barrier reef are characterized by a framework of zooxanthel-
late corals and sponge remains, encrusted by coralline red
algae, and overlain by structureless and partially irregular
laminated crusts of microbial carbonate. The close associa-
tion of reefal microbialites and sponge remains in the deep
fore reef of Mayotte suggests that bacterial activity asso-
ciated with sponge tissue decay may have contributed to
carbonate precipitation, since degradation of sponges has
been shown to favor the precipitation of micrite (Reitner
1993; Reitner et al. 1995; Reitner and Schumann-Kindel
1997; Luo and Reitner 2014, 2016; Gischler et al. 2021).
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Fig.5 Cross plot of 8'%0 and §'3C values vs. VPDB of the reefal
carbonate, including previously published values by Andres et al.
(2006), Cabioch et al. (2006), Heindel et al. (2010), Gischler et al.

Table 2 X-ray diffractometry results

J71aM1  J71aM2  J28aM1  J28aM2
d [A] (highest Peak) ~ 2.9820 2.9859 2.9830 3.0275
mol% MgCO, 19 18 19 3.6
Table 3 Unusual non-isoprenoidal sn— 1-mono-O-alkyl glycerol

monoethers (MAGEs) in samples J71a (reefal carbonate), J71AS1b
(sponge), J71AS3b (sponge); contents in pg/g rock or ug/g dw (dry

(2017b), Braga et al. (2019), and Gischler et al. (2020). Published iso-
tope data are indicated by average values and respective variabilities
are indicated by bars

Due to their close association with corals and sponges, lipid
biomarker analyses of the reefal carbonates are potentially
problematic. The complex mixtures of carbonate facies and
invertebrate remains could not be separated for analyses,
therefore, the biomarker inventories of the reefal limestones

weight); relative percentage referred to the total amount of lipids
detected, compound-specific carbon stable isotopes

Compound J7la J71ASIb J71AS3b
ug/g rock (wt.%) 8'3C (%0) pglg dw (wt.%) 8'3C (%0) pg/g dw (Wt.%) 8'3C (%o)

MAGE (n/isolanteiso) C,, to Cy, 0.13 (1.1%) —21+0.2 38 (4.8%) —2240.6 10 (2.1%) -22+0.8
MAGE-7,11-dime-C,, and MAGE-6,12-dime-C,, 2.3 (0.29%) 0.32 (0.07%)
MAGE-7-Me-C,5 or MAGE-9-Me-C, s and MAGE- 0.46 (0.06%) 0.22 (0.05%)

6-Me-C,5 or MAGE-10-Me-C 5
MAGE-?-Me-C,4, 3.2 (0.40%) 0.30 (0.06%)
MAGE-10-Me-C/¢ 0.07 (0.60%) -21 56 (7.0%) -21 9.1 (1.9%) -21
MAGE-8,13-dime-C,4 or MAGE-4,9-dime-C¢ 1.9 (0.24%) -22 0.47 (0.10%)
MAGE-8,14-dime-C,4 or MAGE-3,9-dime-C¢ 1.0 (0.13%) -22 0.14 (0.03%)
MAGE-8, 7-Me-C,; or MAGE-9, 10-Me-C,, 0.6 (0.08%) 0.19 (0.04%) -23
MAGE-9-, 8-, 7-Me-C 4 or MAGE-10-, 11-, 12- 1.5 (0.18%) -25 0.62 (0.13%)  —-22

Me-C g
MAGE-8-, 7-, 6-Me-C,, or MAGE-17-, 16-, 15-Me- 0.96 (0.20%)  —20

CZZ

Compound-specific stable isotopes for sponge samples from the ether-cleaved fractions were accounted to n- and terminally branched alcohols or

MAGE:s according to the individual abundance of the biomarkers
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Fig.6 Result of a cluster analysis of sponge and reefal carbonate
samples. The dendrogram together with the SIMPROF test identified
three clusters that are statistically different. Prior to cluster analysis,

with microbial carbonate should be interpreted with cau-
tion. Particularly, the close association of sponges with ree-
fal carbonates is problematic for biomarker analysis since
microorganisms comprise up to 40% of the sponge volume
(Taylor et al. 2007). Due to the high abundance and diversity
of microbes associated with sponges, the total lipid con-
tents are on average 60 times higher in the sponge samples
than in reefal carbonates; such comparison is necessarily
problematic since it puts extracts from rocks with extracts
of dry biomass into perspective. Overall, to assess the con-
tribution of sponges to the lipid inventory of the Mayotte
and Mohéli reefal carbonates, a more elaborated approach
became necessary.

How to discern signatures of sponge microbiome
and microbial carbonate

Results from the cluster analysis (Fig. 6) indicate that ree-
fal carbonate samples J71a and J69 are similar with regard
to their biomarker inventories. In contrast, the similarities
between the reefal carbonate sample J71a and their associ-
ated sponges from the same hand sample are only minor.
Due to their similar biomarker inventories, the reefal carbon-
ate samples seem to have formed under the same conditions,
even though both samples were located approximately 30 km

J28AS1b @

J43S2b @
J101S1b @
J71AS1b @
J71AS2b @

all biomarker data were standardized and log-transformed. The clus-
ters formed identically when removing all biomarkers under 0.2 per-
cent contribution

apart from each other, stem from different water depths, and
have different ages (cf. Colonna 1994; Dullo et al. 1998).
The lack of a stronger similarity between the reefal carbon-
ate samples and the sponge samples indicates that any poten-
tial bias in the biomarker inventory of the reefal carbonates
induced by associated sponges is apparently small despite
the high lipid content of the latter.

Like microfacies, the biomarker inventories of the reefal
carbonates suggest a strong impact of bacterial activity on
carbonate formation. The reefal carbonate samples yielded
on average a higher proportion of biomarkers assigned to
sulfate-reducing bacteria than sponges (Fig. 8). Still, lipids
derived from sulfate-reducing bacteria are present as well
in all sponge samples in varying proportions. Therefore,
contents of specific fatty acids of sulfate-reducing bacteria
(iso- and anteiso-C,5s and C,; and 10-Me-C, fatty acids) are
compared to contents of MAGEs from sulfate-reducing bac-
teria to further discern lipids of sulfate-reducing bacteria in
reefal carbonates from those in sponges. Reefal carbonates
show 9- to 13-times higher contents of sulfate-reducing bac-
teria-derived fatty acids compared to MAGE:s. In contrast,
fatty acid contents in sponge samples are, with one exception
(J101S1b), only up to 5-times higher than MAGEs. Since
MAGEs and fatty acids are both rapidly degraded, the off-
set in the observed biomarker contents in reefal carbonates
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and sponges is unlikely to indicate a preservation bias (cf.
Vingon-Laugier et al. 2018). Taking this into account, the
observation of different predominant specific biomarkers in
reefal carbonates and sponges, both produced by sulfate-
reducing bacteria, reaffirms that most likely different groups
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of sulfate-reducing bacteria dominate in sponges and the
biofilms forming reefal microbialites. Additionally, alkyl
chains in MAGESs from sponges are more diverse, including
the novel and previously unknown mid-chain monomethyl-
and dimethyl-branched MAGE:s. The high diversity of alkyl
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Fig. 8 Biomarker inventory of reefal carbonate samples J69 and J71a and the sponge samples, ordered according to increasing water depth from
top to bottom. Demosponges are assigned only by demospongic acids. MBFA: mid-chain branched fatty acid

chains in MAGEs restricted to sponges further suggests a
diverse community of sulfate-reducing bacteria in sponges
compared to those involved in reefal carbonate formation.
Other potential producers of bacterial lipids in reefal
environments are oxygenic phototrophic cyanobacteria.
However, cyanobacteria are not known to produce branched
fatty acids and MAGE:s, and characteristic cyanobacterial
biomarkers like heptadecane and heptadecenes (e.g., Wie-
land et al. 2008) were not detected. Degradation of organic
matter in reef cavities by heterotrophic bacteria could have
led to the removal of biomarkers of cyanobacteria and could
be a reason why such biomarkers are not present in the reefal
carbonates (cf. Wieland et al. 2008; Heindel et al. 2010,
2012). It is unlikely that the biomarker inventories of the
reefal carbonates reflect the entire benthic microbial com-
munities, but the lack of evidence of the former presence
of cyanobacteria in all the biomarker studies conducted to
date suggests that cyanobacteria are not abundant in the
reef framework where microbialites form (Heindel et al.
2010, 2012; Braga et al. 2019; Gischler et al. 2020). Such
lack certainly suggests that cyanobacterial activity has not
driven microbialite formation, which would have necessarily
resulted in the preservation of the lipids of cyanobacteria.
Additional evidence for sulfate-reducing bacteria as criti-
cal agents in microbialite formation comes from the mineral-
ogy of the reefal carbonates. Reefal carbonates of Mayotte
and Mohéli are chiefly composed of high-Mg calcite simi-
lar to other reefal microbialites. Precipitation of high-Mg
calcite is common when high concentrations of dissolved
sulfide are present and, as a consequence, a kinetic barrier

for the incorporation of magnesium into the calcitic crystal
lattice is overcome (e.g., Vasconcelos et al. 1995; Warth-
mann et al. 2000; Zhang et al. 2012, 2013; Lu et al. 2018).
A strongly sulfidic environment can result from a high extent
of sulfate reduction in the reef cavities where the carbonates
formed. Lower average MgCO; mol% contents of the reefal
carbonates of Mayotte and Mohéli compared to other reefal
microbialites probably reflect a greater proportion of detrital
material derived from the shallower-water reef system. The
8'3C values observed for the Mayotte and Mohéli reefal car-
bonates like those of other microbialites are less conclusive
though. The average 8'°C value of 2.6 +0.7%o and the aver-
age 8'%0 value of — 0.3 +0.8%o of the microbialites phases
indicate that carbonate precipitation is not driven by an alka-
linity increase caused by the metabolism of sulfate-reducing
bacteria (cf. Reitner et al. 2000; Heindel et al. 2010, 2012).
Compared to other reefal microbialites, those of Mayotte
and Mohéli show slightly lower §'0 but similar §'°C val-
ues (Andres et al. 2006; Cabioch et al. 2006; Heindel et al.
2010; Gischler et al. 2017b, 2020; Braga et al. 2019; Fig. 5).
An explanation for the variations in oxygen and carbon sta-
ble isotopes might be the rising water temperatures from
the deeper to the shallower sites and incorporation of detri-
tus into the reefal carbonates. Pure microbial carbonate is
probably isotopically heavier since the incorporated detrital
grains (corals, coralline algae, Halimeda platelets, mollusks,
bivalves) are more '*C depleted than reefal microbialites
(Wefer and Berger 1991; Braga et al. 2019).

Microbialite formation in the fore reef of Mayotte and
Mohéli probably took place in small cavities of the reef
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system, where marine and terrestrial organic and inorganic
detritus accumulated. This caused a locally increased nutri-
ent concentration and developed favorable conditions for
sponges. Consequently, both bacterial-derived and sponge-
derived lipids in reefal carbonates testify former bacterial
activity and the abundance of demosponges. In such cryptic
environments, local anoxic conditions in the lower layers
of microbial mats or within smaller biofilms developed,
favoring conditions for sulfate reduction. Sulfate-reducing
bacteria degraded the coral-derived and terrestrial organic
matter (including EPS), causing high concentrations of dis-
solved hydrogen sulfide and Ca ions after EPS decay. Sponge
tissue decay might have been an additional agent causing
carbonate precipitation. Consequently, microbialites with
high-Mg content precipitated. Similar conditions have been
put forward to have caused microbialite formation in other
reefal environments (cf. Heindel et al. 2010, 2012; Braga
et al. 2019; Gischler et al. 2020), however, without the influ-
ence of sponges.

Lipids derived from sulfate-reducing bacteria show
similar 8'3C values as the biomarkers attributed to demos-
ponges (demospongic acids) and sponge-dwelling bacteria
(mid-chain methylated fatty acids; Fig. 9). Such similarity of
8'3C values of lipids of sulfate-reducing bacteria and demos-
ponges was only found for reefal carbonate sample J71a, but
not in the sponge samples. Unfortunately, only a single 8'°C
value for one demospongic acid could be measured in the
sponge samples, which displays a higher 8'3C value com-
pared to lipids derived by sulfate-reducing bacteria (Fig. 9).
The MAGE:s present in most of the sponge samples are of

high diversity, including the previously undescribed MAGEs
(Table 3). Typically, a higher diversity of branched MAGEs
is synthesized when short-chain fatty acids (octanoate, pyru-
vate; Vingon-Laugier et al. 2016) or alkanes (C;s.;, Cj4.15
Grossi et al. 2015) are consumed, which contradicts the
assumption that sulfate-reducing bacteria could have used
long-chain substrates like demospongic acids. Considering
the results of Grossi et al. (2015) and Vingon-Laugier et al.
(2016), as well as the compound-specific carbon isotopic
composition (Fig. 9), sulfate-reducing bacteria probably
assimilated organic compounds like short methyl-branched
fatty acids. Obviously, other source organisms of the newly
described MAGE:s than sulfate-reducing bacteria cannot be
excluded, since these compounds have not been described
in any of the cultured MAGE-producing bacteria (cf. Grossi
et al. 2015).

The demospongic acids extracted from the Mayotte and
Mohéli fore reef samples show significant taphonomic bias.
In the reefal carbonate sample J71a, demospongic acids
make up 12 rel.% of all fatty acids, but are absent or sum up
to only 0.24 rel.% of all fatty acids in the sponges from the
same hand sample (J71AS1b, J71AS2b, J71AS3b; Fig. 10).
Generally, out of the eight examined demosponges, only
three yielded demospongic acids. In addition to their higher
relative abundance, also the variety of demospongic acids
is greater in the reefal carbonate sample J71a with nine dif-
ferent demospongic acids present, while sponge sample
J71AS3b from the same carbonate rock only yielded one
demospongic acid (Fig. 10). Other sponge samples yielded
one (J101S1b) or four (J43S1b) demospongic acids. Dating
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Fig.9 Compound-specific carbon isotopic compositions of defined
groups with their tentative source organisms. All values are depicted
without standard deviation. MBFA: methyl-branched fatty acid.
Compound-specific stable isotopes for sponge samples from the
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alcohols or MAGESs according to the individual abundance of the bio-
markers
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Fig. 10 Contents (rel.% of all fatty acids) of demospongic acids present in sponges (J43S1b, J71AS3b, J101S1b) and reefal carbonates (J71a,

J69). Reefal carbonates are displayed with a cross pattern

was carried out on in situ corals; the two sampled reefal
carbonates are probably of similar age as the corals, while
the encrusting sponges are apparently much younger. The
greater variety and abundance of demospongic acids in the
reefal carbonate samples suggests better preservation over a
longer period of time in the microbial carbonate compared to
sponge tissue. Generally, the precipitation of minerals dur-
ing early diagenesis is expected to promote the preservation
of lipids of the microorganisms associated with authigenesis
(cf. Peckmann and Thiel 2004). Further, the close associa-
tion between sponges and carbonates and the higher con-
tents of some of the sponge biomarkers in reefal carbonates
indicates a close association of sponges with carbonate pre-
cipitation. Similarly, microbialite formation will cause fast
incorporation of organic compounds of sponges, impeding
their degradation by various heterotrophic bacteria. Our new
results confirm that demospongic acids are easily degradable
and will vanish in the course of sponge tissue decay within
only a few thousand years or less. In reefal carbonates and
especially in microbialites, however, demospongic acids can
be preserved on geological time scales.

Interestingly, also signatures of endosymbiotic, sponge-
dwelling sulfate-reducing bacteria are recorded in the reefal
carbonates. The elongation of bacterial fatty acids can be
traced in the biomarker inventory of reefal carbonate sam-
ple J71a (cf. Rubin-Blum et al. 2019). Isotopic signatures

indicate an elongation of anteiso-C s fatty acid (—20%o)
over anteiso-C,; fatty acid (—20%o), anteiso-C , fatty acid
(= 19%o0), and anteiso-C,, fatty acid (—21%o) to me-Cyys9
fatty acid (—19%0) and me-Cys,5 o fatty acid (—21%o).
Such uptake of the anteiso-C,5 and anteiso-C,,-fatty acids,
together with the high amount of biomarkers of sulfate-
reducing bacteria in the examined subrecent sponges, indi-
cate that sulfate-reducing bacteria were major symbionts and
played a role in sponge nutrition. Sulfate-reducing bacteria
as key symbionts in sponges have been described before
(e.g., Hoffmann et al. 2005, 2008; Zhang et al. 2015). In
contrast, in the Mayotte and Mohéli sponge samples, no
incorporation of short-chain fatty acids into the biomass
of demosponges was traced. This finding is analog to the
stronger degradation processes in sponge tissue deduced
from the distribution of demospongic acids, compared to
better preservation of lipids in reefal carbonates.

Conclusions

Microbialite formation in the deep fore reef of Mayotte and
Mohéli during the MIS3 to deglacial times was favored by
sulfate-reducing bacteria. Microbial activity is evidenced by
microfabrics but especially by lipid biomarkers and miner-
alogy. Precipitation of carbonate was probably induced by
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the degradation of microbial extracellular polymeric sub-
stances and other types of organic matter (sponge tissue,
coral mucus), although carbonate species produced from
the remineralization of organic matter did not apparently
contribute to increased alkalinity. Signatures derived from
cyanobacterial activity were not found in the samples ana-
lyzed, which is either caused by the absence of cyanobac-
teria in the depositional environment or the degradation of
cyanobacterial biomarkers by heterotrophic bacteria.

The Mayotte and Mohéli reefal carbonates reflect unu-
sual environmental conditions with a high abundance and
diversity of sponges associated with the microbial carbonate.
Distinguishing between the biomarker inventories of reefal
carbonates and sponges is crucial to discern sponge-derived
lipids from lipids enclosed in microbial carbonate. Here,
statistical analyses and the comparison of biomarker inven-
tories revealed that different groups of sulfate-reducing bac-
teria were abundant in the sponges and the biofilms or mats
forming the microbialites. Demospongic acids show better
preservation and higher diversity in reefal carbonates than
in sponges. Formation of microbialites apparently resulted
in the entombment of lipids and, therefore, favored preserva-
tion. However, in degrading sponge tissue and without such
entombment, demospongic acids are easily degraded and
will vanish from the rock record within a few thousand years.
To date, most research on sponge taphonomy has focused on
sterols attributed to sponges (cf. Love et al. 2009; Zumberge
et al. 2018), whereas only little is known about the taphon-
omy of demospongic acids. Our study provides first insight
into the preservation potential of demospongic acids. Future
studies of the taphonomy of demospongic acids, especially
in microbialites, will show which variables may affect the
preservation potential of these sponge biomarkers.
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