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Abstract Pores in the Seroe Domi Formation on Curacao
contain large quantities of clay minerals, organic material,
and protodolomite or very high-magnesium calcite
(VHMC) crystals. Transmission electron microscopy
(TEM) applied to bio-sectioned rock samples showed the
in situ relationship between the organic material, clay
minerals, and VHMC. Dumbbells, consisting of two
globular bodies connected by a narrow waist, ~20 mm in
length and 5-8 mm wide, characterize the organic masses.
The dumbbells are coated by clay minerals. VHMC crys-
tals grew from nucleation points within microbial films and
sheaths that surround the dumbbells. DNA extraction for
16 s rRNA gene analysis revealed the presence of sulfate-
and sulfur-reducing bacteria, a variety of marine cyano-
phytes, bacteridetes, and proteobacteria, plus freshwater
cyanophytes within the rock samples. This study provides
evidence from a new field locality for the microbial
nucleation and growth of VHMC associated with clay
minerals, and the in situ appearance of microbial dumb-
bells associated with dolomite. Additionally, this study is
the first to reveal the internal structure of these dumbbell
features indicating that they are organic in origin with
crystalline material in the surrounding sheath.
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Introduction
Geologic setting

Curacao (located at 12°07'N, 68°56'W), a small island
472 kmz) with about 1/3 carbonate rock cover, is located
in the southern Caribbean approximately 80 km north of
Venezuela (Fig. 1). The island is oblong in shape:
approximately 61 km long by 14 km wide. The carbonate
landscape of northern Curacao is relatively flat with slopes
that are horizontal or slightly dipping (Beets 1972).

The geology of Curacao can be broken into three main
units, from oldest to youngest: (1) Cretaceous and Danian
Sequence, (2) Eocene limestones, marls, sandstones, and
clays, and (3) Carbonates of Neogene and Quaternary age
(Beets 1972; De Buisonje 1974). The Quaternary carbon-
ates are elevated marine terraces broken into four main
units: the Lower Terrace (youngest), Middle Terrace,
Higher Terrace, and Highest Terrace (oldest) located pri-
marily along the island’s north shore. The Neogene Seroe
Domi Formation (Fig. 1) is located primarily along the
south shore (Beets 1972; De Buisonje 1974). The Creta-
ceous and Danian Sequence is composed of basalts of the
Curacao Lava Formation, volcaniclastic sediments of the
Knip Group, and turbidites of the Midden-Curacao For-
mation (Beets 1972).

The Seroe Domi Formation is composed of limestone
and dolomitized limestone and is located mainly on the
leeward side of the island as carbonate capped slopes.
Steep scarps, usually ranging from 10 to 15 m, form on the
landward side of these slopes. The dipping slopes, usually
between 5° and 25°, were interpreted as not being a result
of tectonic tilting, but rather a result of depositional
slumping (De Buisonje 1974) later uplifted. The formation
is detrital in nature, mainly composed of detritus of reef
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Fig. 1 Maps showing the location of Curacao, the outcrops of the
Seroe Domi Formation as reported by Fouke et al. (1996) on Curacao,
and details of the sampled site

deposits (calcareous algae and corals), with minor con-
stituents of eroded non-carbonate clasts. Some units also
contain detrital clasts of the underlying Curacao Lava
Formation. The basaltic diabase inclusions of the Curacao
Lava Formation weather to clay.

Dolomitization of the Seroe Domi Formation

The dolomitization of the Seroe Domi Formation occurred
under mixing zone conditions (Sibley 1980; Fouke et al.
1996). The primary evidence for the mixing zone model
was isotopic and trace element composition data that were
interpreted as being consistent with precipitation of dolo-
mite from mixing seawater and freshwater. While the
geochemical data indicated that the dolomitzation mecha-
nism was mixing of freshwater and seawater, the updip
stratiform distribution of some of the dolomite units (in-
stead of a patchy, lenticular, or pervasive bed cross-cutting
distribution) implies that brine reflux dolomitization also
may have occurred (Fouke et al. 1996). The dolomite was
divided into three units based on the extent of dolomiti-
zation (Fouke et al. 1996). Dating by ®’Sr/*°Sr indicates the
oldest dolomite to be Middle Miocene (~ 12 mya), and the
youngest dolomite to be Pliocene (~4 mya; Fouke et al.
1996).

Microbial carbonates
The metabolic activities of microorganisms have been

shown to significantly alter the chemistry of their sur-
roundings by exchanging ions with a solution, thereby
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producing various by-products that can cause changes in
pH or redox conditions, and may chemically degrade
minerals (Simkiss and Wilbur 1989; Chafetz and Buczinski
1992; Fortin et al. 1997; Sanchez-Navas et al. 1998;
Leveille et al. 2000; Gerasimenko and Mikhodyuk 2009;
Spadafora et al. 2010). Microbial activity can create
localized supersaturation conditions that may lead to pre-
cipitation of carbonate minerals, especially in oxic condi-
tions (Casanova et al. 1999; Sanchez-Roman et al. 2011).
In particular, cyanophyte photosynthesis has been shown to
promote precipitation of CaCO; in both laboratory exper-
iments and natural environments (Dupraz et al. 2009). The
extracellular polymeric substances (EPS) and cellular walls
have been suggested as being effective at binding ionic
species from solutions (Leveille et al. 2000) and are fre-
quently cited as being the sites of carbonate nucleation (e.g.
Rivadeneyra et al. 1996; Dupraz et al. 2004; Krause et al.
2012; Bontognali et al. 2014).

The observed relationships shown in natural environ-
ments between microbial cells and carbonate minerals
suggest that microbes directly precipitate carbonates by
nucleation (Vasconcelos et al. 1995; Vasconcelos and
McKenzie 1997; van Lith et al. 2003a; Sanchez-Roman
2006; Sanchez-Roman et al. 2008; Gerasimenko and
Mikhodyuk 2009; Spadafora et al. 2010; Sanchez-Roman
et al. 2011; Krause et al. 2012; Bontognali et al. 2014).
Evidence supporting microbial nucleation of carbonates
has been provided by laboratory experiments (Vasconcelos
and McKenzie 1997; Warthmann et al. 2000; Bosak and
Newman 2003; Sanchez-Roman et al. 2007; Bontognali
et al. 2008; Sanchez-Roman et al. 2008; Sanchez-Roman
et al. 2011); however, the nature of these carbonates
remains in question with respect to the crystallographic
nature of the Ca—Mg carbonates identified (Gregg et al.
2015; Machel et al. 2015; Kaczmarek et al. 2017).
Microbial nucleation of carbonate minerals on cell material
has been hypothesized to be the dominant mode of
microbial carbonate formation throughout the geologic
record (Aloisi et al. 2006).

There is ample evidence that microorganisms can be
involved in the precipitation of Mg—Ca carbonate minerals.
Recent laboratory experiments have suggested that
microbes are able to precipitate dolomite (e.g. Vasconcelos
et al. 1995; Warthmann et al. 2000; Roberts et al. 2004;
Wright and Wacey 2005; Sanchez-Roman 2006; Sanchez-
Roman et al. 2008; Sanchez-Roman et al. 2011); however,
more recent reevaluation of the X-ray data presented in
these studies indicates that protodolomite (very high-
magnesium calcite or VHMC), not dolomite, was synthe-
sized (Gregg et al. 2015; Machel et al. 2015; Kaczmarek
et al. 2017). The term ‘protodolomite’ has previously been
used to describe Ca—Mg carbonates (40-50 mol% MgCO3)
that are metastable and deviate from dolomite
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stoichiometry by displaying weak or incomplete ordering
(see Graf and Goldsmith 1956; Gaines 1977; Land 1980;
Zhang et al. 2010; Gregg et al. 2015 for complete review of
the usage of protodolomite). For the purposes of this study,
very high-magnesium calcite (VHMC) will refer to Ca—Mg
carbonates with near-dolomite stoichiometry but lacking
ordering as suggest by Gregg et al. (2015).

Several studies have proposed bacterial mediation for
the formation of dolomite in microbial mats (Vasconcelos
et al. 1995; van Lith et al. 2003a; Visscher and Stolz 2005;
Wright and Wacey 2005). Again, these studies have been
reevaluated and interpreted to have synthesized VHMC
instead of dolomite (Zhang et al. 2012; Gregg et al. 2015;
Machel et al. 2015). Nucleation around bacterial cells
within EPS in modern stromatolites has been attributed to
the mineralization process of sulfate-reducing bacteria (van
Lith et al. 2003b). Nucleation of Mg—Ca carbonates on cell
walls of microorganisms that colonize on basalt has been
previously documented in experiments (Roberts et al.
2004).

There still remains a gap in the understanding of the role
of microorganisms in the precipitation of dolomite. If low-
temperature microbial VHMC is analogous to high-tem-
perature experiments, then microbial mediation may play a
role in dolomitization (Gregg et al. 2015). It is uncertain
that if given enough time whether VHMC will develop
cation ordering through a dissolution—re-precipitation
reaction (Gregg et al. 2015).

This study presents new field evidence of VHMC
formed in association with microbial dumbbells (two
globular bodies connected by a narrow waist, ~20 mm in
length and 5-8 mm wide), which has only previously been
documented in controlled settings (Vasconcelos et al. 1995;
Warthmann et al. 2000; van Lith et al. 2003a; Vasconcelos
et al. 2005; Sanchez-Roman 2006; Sanchez-Roman et al.
2008) and in sediments from Lagoa Vermelha, Brazil
(Vasconcelos and Mckenzie 1997; Warthmann et al. 2000).
Furthermore, this study reports active microbial commu-
nities forming dumbbell structures associated with clay
minerals within pore spaces of carbonate rocks. The
internal structure of the dumbbells is revealed for the first
time, indicating an organic origin of these features.

Materials and methods
Field sites

A total of 18 dolomite rock samples were collected along
the southeastern coast of Curacao at Sites 1 and 2 (Figs. 1,
2; GPS 12°4.260'N, 68°52.396'W and 12°4.703'N,
68°52.105'W, respectively). Site 1 is located along the
southern edge of the western shore of Caracas Baii at a

small erosional inlet (Fig. 2), while Site 2 is located along
the western shore of Caracas Baii along cliffs near the
small jetty (Fig. 2).

Sample preparation and analyses

Bulk rock samples (0.5-2 kg) were collected for analysis.
Samples were examined at a variety of scales ranging from
standard petrographic thin sections through scanning elec-
tron (SEM) to transmission electron (TEM) microscopy,
which produces high magnification and high-resolution
imagery of individual microbial structures. For TEM anal-
ysis, three rock samples (~75 to 100 g) from Site 1 were
osmicated, rinsed with distilled water, incrementally dehy-
drated with acetone, embedded with incremental mixtures of
acetone and Spurr’s Resin, and finally added to resin block
molds to cure at 70 °C overnight (Bozzola and Russell
1998). Thick sections (2 pum) and ultra-thin sec-
tions (85 nm) were then cut using an ultra-microtome
(model Reichert Jung Ultracut E) equipped with a diamond
knife. Ultra-thin sections were collected on a copper grid,
allowed to dry, and then stained with uranyl acetate for
20 min and with lead citrate for 5 min. A few unstained
sections were used as a control to determine if staining had
resulted in precipitate formation on the section and grid. This
method is commonly used in biological science (Bozzola and
Russell 1998); however, it is rarely used on geological
materials. The TEM sections were analyzed using a JEOL
JEM-100CXII and JEOL JEM-2100F instrunments.

Scanning electron microscope (SEM) observations of 16
fresh rock surfaces from four samples at Site 1 and two fresh
rock surfaces from one sample at Site 2 were made using a
Zeiss EVO-40XVP Environmental SEM equipped with an
energy dispersive spectrometer (EDS). Samples were care-
fully fractured to expose fresh, broken surfaces, which were
mounted on aluminum stubs using either hot glue or carbon
tape, and Pt-coated. SEM observations focused on the fea-
tures occupying pores in the host dolomite rocks as well as
imaging the replacive dolomite rhombs.

Ten samples (eight from Site 1 and two from Site 2;
Fig. 2) were made into standard petrographic thin sec-
tions (27 mm x 46 mm). The original rocks were trimmed,
then vacuum embedded with blue-dyed epoxy, mounted on
glass slides, and polished by Spectrum Petrographics, Inc.
(Vancouver, WA, USA). The sections were stained with
Alizarin Red-S to distinguish calcite and dolomite.

A single sample (~250 g in size) was sent to Research
and Testing Laboratory (Lubbock, TX, USA) for bacterial
DNA extraction and 16S rRNA gene analysis. The sample
was fractured and swabbed on fresh broken surfaces and
within pore spaces. Samples were amplified for pyrose-
quencing using a forward and reverse fusion primer.
Amplifications were performed in 25 pl reactions with
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Fig. 2 Outcrop photographs of
Sites 1 and 2 and their location
in Caracas Baii. Top photograph
is showing western shore of
Caracas Baii with the two sites
denoted by arrows. The stars
indicate sample locations at
each site

Qiagen HotStar Taq master mix (Qiagen Inc, Valencia,
California, USA), 1 ul of each 5 uM primer, and 1 pl of
template. Reactions were performed on ABI Veriti ther-
mocyclers (Applied Biosytems, Carlsbad, California, USA)
under the following thermal profile: 95 °C for 5 min, then
35 cycles of 94 °C for 30 s; 54 °C for 40 s, 72 °C for
1 min, followed by one cycle of 72 °C for 10 min and 4 °C
hold. Amplification products were visualized with eGels
(Life Technologies, Grand Island, New York, USA).
Products were then pooled equimolar and each pool was
cleaned with Diffinity RapidTip (Diffinity Genomics, West
Henrietta, New York, USA), and size selected using
Agencourt AMPure XP (BeckmanCoulter, Indianapolis,
Indiana, USA) following Roche 454 protocols (454 Life
Sciences, Branford, Connecticut). Size selected pools were
then quantified and 150 ng of DNA was hybridized to
Dynabeads M-270 (Life Technologies) to create single-
stranded DNA following Roche 454 protocols (454 Life
Sciences). Single-stranded DNA was diluted and used in
emPCR reactions, which were performed and subsequently
enriched. Sequencing followed established manufacturer
protocols (454 Life Sciences).

Results
SEM and TEM micrographs reveal large (20 um) and

small (400 nm) rhombohedra crystals associated with clay
minerals (Figs. 3, 4). EDS of these thombs indicate mol%
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MgCOj; values of ~40 to 48% for the small crystals. In
addition, microbes surrounded by clay minerals were
identified within pore spaces (Fig. 4). EDS analysis of
these clay minerals revealed Mg, Fe, Al, and Si, indicating
that these clays are Mg—Fe aluminum silicates.

The TEM investigation also revealed dumbbells
~20 pm in length and 5-8 pm wide that had a “fuzzy”
external texture (Figs. 4, 5b). Dumbbell morphologies have
been seen in many other carbonate sediments (Folk et al.
1985; Buczynski and Chafetz 1991; Vasconcelos and
McKenzie 1997 and references therein); however, these
dumbbells are identical in shape and size to dumbbells
interpreted as being microbial in origin forming in asso-
ciation with sulfate-reducing bacteria in algal mats
(Warthmann et al. 2000). Additional sectioning found more
dumbbell structures that were not “fuzzy” (Fig. 5a, c).
Silicate clay minerals were found surrounding the dumb-
bell and the Ca—Mg carbonate minerals were precipitated
within the cell walls, sheaths, and within the biofilm sur-
rounding the dumbbell (Fig. 5).

SEM micrographs indicate that all samples from Sites 1
and 2 contained a second type of rhombic, carbonate that
may be protodolomite or VHMC. These crystals appear in
association with both clay minerals and organic textures
(Figs. 3, 6). EDS analysis indicates Mg content of ~ 25 to
~45 mol%, which suggests these are at least a VHMC
composition (Fig. 7). Whether the crystals exhibit cation
ordering or not is unknown; thus this material is referred to
hereinafter as VHMC. It is important to mention that all
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Fig. 3 Scanning electron micrographs of pore features. a SEM
micrograph showing crystals growing from clays and organic
material. b SEM micrograph, zoomed in on the circle in (a), shows
the organic material with small (~1 pm) crystals (small white
circles)

samples examined from Sites 1 and 2 contained clay
minerals. Microbial textures such as filaments and biofilms
were found in most samples from Sites 1 and 2 (Figs. 6, 7).
In addition, frambiodal pyrite was identified in one sample
from Site 1 (Fig. 8).

In petrographic thin sections, partially fabric-retentive,
fine to very finely crystalline dolomite (100 to 50 um) is
the most common dolomite found at Sites 1 and 2 (Figs. 9,
10). This is the replacive dolomite described by Fouke
et al. (1996). Euhedral dolomite spar with cloudy centers
and clear rims commonly fills intraparticle porosity.
Staining with Alizarine Red-S indicates that the centers of
these crystals are more calcitic. These euhedral dolomite
cements are in turn overlain by masses and thin coatings of
brown-colored material, although details as to that mate-
rial’s composition are unclear at the scale of a petrographic
thin section (Figs. 9, 10). In addition to the dolomite,
abundant weathered basalt fragments can be observed in
the petrographic thin section micrographs (Fig. 10). These
weathered rock fragments are pervasive throughout the
outcrops at both sites.

Fig. 4 TEM micrograph and four EDS maps showing crystals
associated with organics and clay minerals. White color in EDS
maps represents the higher abundance of each element. A white circle
is in the same location on all five images circling a very high-
magnesium calcite (VHMC) crystal. The cellular material at the
bottom of the TEM micrograph can be seen as lacking the elements
shown in the four elemental maps. The darker material surrounding
the cellular material in the TEM micrograph is interpreted as clay
material that is rich in Si, Al, and Mg. This material is shown to have
Si, Al, and Mg in the corresponding EDS maps

DNA results indicate that Cyanophyta dominate the
microbial community with species of Symploca as the most
abundant. Sulfate-reducing bacteria (Thermodesulforhab-
dus norvegicus and Desulfoomonile tiedjei) and sulfur-re-
ducing bacteria (Desulfuromonas acetoxidans) are present
in the sample. Multiple marine species of Cyanohyta,
Bacteroidetes, and Proteobacteria are present (e.g.
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Fig. 5 TEM micrographs of dumbbell structures. a TEM micrograph
of sectioned dumbbells showing internal cellular structure. Micro-
graph (a) clearly displays the cellular nature of the dumbbells.
b Micrograph (b) is cut from the same block as micrograph (a),
displaying a microbial dumbbell with small crystals nucleating (white
circles) within the dumbbell. ¢ Clay material surrounds the sheath of
each dumbbell and very high-magnesium calcite (VHMC) was
identified within the sheath and surrounding the dumbbell. The two

10 um EHT =15.00 kV
WD = 75mm

Signal A= SE1
Photo No. =118

Date :30 Nc
Mag= 97¢

Fig. 6 SEM micrograph showing filaments on and between crystals
that are interpreted as microbial in origin within pore spaces from Site
1. These filaments are interpreted as being similar as the biological
material seen in TEM micrographs
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cellular structured “ends” lack precipitates and clay minerals. The
black circle is the approximate area that was elementally mapped
using EDS in Fig. 4. d Cartoon showing the difference in outer
texture and inner structure of the dumbbells. Outer sections show the
texture of the organic sheath and surrounding minerals. Inner sections
represent the internal structure after several more sections are cut
from the sample

Microcoleus chthonoplastes, Nodularia spumigena, Gra-
cilimonas tropica, Gramella forsetii) as well as freshwater
Cyanophyte species (e.g. Microcystis aeruginosa, Lep-
tolyngbya antartica, Microcystis viridis).

Discussion

The texture and size of the replacement dolomite of the
matrix of the Seroe Domi Formation is fine-crystalline in
thin section and SEM micrographs as described by Fouke
et al. (1996). The Ca—Mg carbonate crystals (VHMC) in
the overlying organic material are interpreted to be pre-
cipitated in association with the clay minerals and cyano-
phyte communities within pore spaces of the rock. The Ca
and Mg in the VHMC could have been derived from at
least one of several potential sources: (1) basalt clasts
chemically broken down into clay; (2) seawater; (3) Mg-
rich allochems, (4) replacive dolomite. The first three are
viable if the VHMC formed below the water table in either
seawater or freshwater fluids prior to uplift: weathering of
basalt clasts, sea-spray, and dissolution of the replacive
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Fig. 7 TEM images and EDS
maps showing the circled area Electron |mage ca K Se[ies
surrounding the dumbbell of . ',

Fig. 5c. The white color in EDS i
images represents the higher
abundance of each element.
Abundant Mg-Fe aluminum
silicate (white square) and Mg—
Ca carbonate (white oval)
surround the dumbbell. Silicate
clay minerals can be seen
surrounding the dumbbell and
the Ca—Mg carbonate mineral
(very high-magnesium calcite,
VHMC) were precipitated
within the cell walls, sheaths,
and within the biofilm
surrounding the dumbbell as in
Fig. 4

Fe K series Mg K series

Si K series | Al K series
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EHT =15.00 kV
WD = 7.0 mm

Signal A = SE1
Photo No. = 117

Date :30 Nov 2011 w
Mag= 816 KX

Fig. 8 Scanning electron micrograph showing frambiodal pyrite
located in the pore space of a sample from Site 1. The reducing
conditions necessary to form pyrite would be expected if sulfate- and
sulfur-reducing microorganisms in marine pore waters were present in
this pore

dolomites would be possible if the VHMC formed in the
vadose zone after uplift of the host dolomites.

The proposed origin of the VHMC is microbial precip-
itation and nucleation in association with clay minerals.
These VHMC crystals are found in association with
organic textures, clay minerals, and cyanophyte commu-
nities filling pore spaces of the rock (Figs. 3, 4, 5, 6).
Nucleation of VHMC is observed in the EPS surrounding
the cellular dumbbells as small crystals (Figs. 5, 7). We
suggest that nucleation of clay minerals and the VHMC
begins within the EPS of the biofilm generated by the
microbial community, and crystal growth continues in the
geochemical environment facilitated by the microbial
community.

VHMC precipitation is likely induced by microbial
metabolic activities related to several processes: (1)
decomposition of organic material (e.g. Berner 1968;
Ehrlich and Newman 2008); (2) sulfate reduction of saline
pore waters (e.g. Braissant et al. 2007); (3) weathering of
inclusions of basalt clasts (Leveille et al. 2000); and (4)
cation exchange from charged clay minerals (e.g. Kahle
1965). Organic material originates from at least one of the
three possible sources: (1) syndeposition with the rock; (2)
collection at density interfaces (e.g. the halocline or water
table of a freshwater lens; Bottrell et al. 1991, 1993); (3)
modern collection associated with percolation of meteoric
and marine water.

The “fuzzy” dumbbell found in section (Fig. 5b) differs
in appearance from the cellular dumbbell (Fig. 5a, c).
While TEM shows internal structure quite well, it does not
usually show surface texture. However, the “fuzzy”
dumbbell and the cellular dumbbells are likely the same
feature. The dumbbells shown in Fig. 5b, ¢ were cut from
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Fig. 9 Photomicrographs of petrographic thin sections from Sites 1
and 2. a Plain polarized light showing replacive euhedral dolomite
crystals of the Seroe Domi Formation, pore space in a partially
dissolved red algal allochem (blue-dyed epoxy), small clasts of
altered volcanic rock fragments (brown and greenish brown grains).
Euhedral dolomite cement crystals line the pore space and those
crystals are overlain by a microporous mass of brown material. That
last generation of material is the focus of this study. b Cross polarized
light showing partial fabric retentive nature of a dolomitized
foraminifera. Dark brown and yellowish brown grain in top right is
an altered volcanic rock fragment

the same resin block. The “fuzzy” dumbbell was cut from
“outer” sections, and it likely represents the outer surface
of a dumbbell. Furthermore, the cellular dumbbell was cut
from “inner” sections, and it likely represents the inner
structure of a dumbbell (Fig. 5d). The “fuzzy” dumbbell
represents the sectioning of the extreme outer surface of a
dumbbell, and it appears “fuzzy” because clay minerals
surround the sheath of the cyanophyte community. The
cellular dumbbell represents the internal structure of a
dumbbell, and it also indicates that these dumbbells are
single-cellular cyanophytes connected by sheaths. Clay
minerals and VHMC crystals surround the dumbbells and
are also found within the sheaths (Figs. 5, 7).

The similarity of the dumbbells found in TEM of rocks
in outcrop to that reported by previous studies (e.g.
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Fig. 10 Photomicrographs of petrographic thin sections from Sites 1
and 2. a Plain polarized light showing dolomitized red algae allochem
(gray) and abundant altered basalt clasts (yellow and brownish
grains). b Cross polarized light of the same field of view as a

Vasconcelos and McKenzie 1997; Warthmann et al. 2000)
of algal mats further demonstrates microbial mediation of
VHMC formation (Fig. 5). Cyanophytes play a role in the
formation of clay minerals and VHMC in the Seroe Domi
Formation on Curacao. It is possible that microbes may
also have played a role in the formation of VHMC, dolo-
mite, and clay minerals in other studies (e.g. Vaconcelos
and McKenzie 1997; Warthmann et al. 2000) and other
settings. Dumbbells found by previous in situ studies (e.g.
Vaconcelos and McKenzie 1997; Warthmann et al. 2000)
had a similar origin as the dumbbells found in this study.

The microbial assemblage detected by gene sequencing
is composed of a diverse set of marine, brackish, and
freshwater microbes as well as photosynthesizers, sulfur
reducers, and sulfate reducers. The swab sampling tech-
nique likely contributes to this large biodiversity. Marine
organisms are possibly remnants from deposition or surface
communities related to sea spray. Sulfate and sulfur
reducers likely represent pore water communities.

Frambiodal pyrite was identified within a pore in one
sample from Site 1, further suggesting biological sulfate
and/or sulfur reduction occurring (Fig. 8). Freshwater
communities are related to meteoric waters infiltrating into
the outcrop. It is uncertain which communities are con-
tributing to VHMC formation or if these communities are
associated with basalt clast weathering. It is likely that the
marine pore water communities are those associated with
VHMC formation as imaged by TEM analysis. Further
analysis is required to determine the nature of the bio-
geochemical reactions occurring and the principle con-
tributors of this microbial assemblage to VHMC formation.

Conclusions

The Ca—-Mg carbonate crystals (VHMC) found in associ-
ation with microbial communities and clay minerals from
samples of the Seroe Domi Formation on Curacao are
precipitated within the pore spaces of these rocks. These
observations provide further evidence of a microbial
VHMC formation in a natural setting, a process that has
been identified by previous studies (Vasconcelos et al.
1995; Vasconcelos and McKenzie 1997; Warthmann et al.
2000; van Lith et al. 2003a; Vasconcelos et al. 2005;
Sanchez-Roman 2006; Sanchez-Roman et al. 2008; Gregg
et al. 2015). The observations of precipitation within the
internal structure of the biofilm provide visible evidence
that Ca—Mg carbonate-crystal (VHMC) dumbbells are
formed in association with microbial communities. These
images show that the microbial community creates biofilms
where VHMC and clay minerals nucleate and grow, are
organic in origin, and the microbial community is capable
of precipitating VHMC. All cellular structures (dumbbells)
identified in TEM were surrounded by clay minerals and
contained very small VHMC crystals. Furthermore, DNA
analysis indicates the presence of many microbial species
including Cyanophyta and sulfate-reducing bacteria that
likely are promoting the precipitation of VHMC within the
Seroe Domi Formation on Curacao.
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