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ABSTRACT

Early-diagenetic cementation of tropical carbonates results from the combi-
nation of numerous physico-chemical and biological processes. In the mar-
ine phreatic environment it represents an essential mechanism for the
development and stabilization of carbonate platforms. However, diagenetic
cements that developed early in the marine phreatic environment are likely
to become obliterated during later stages of meteoric or burial diagenesis.
When lithified sediment samples are studied, this complicates the recogni-
tion of processes involved in early cementation, and their geological implica-
tions. In this contribution, a petrographic microfacies analysis of Holocene
Halimeda segments collected on a coral island in the Spermonde Archipe-
lago, Indonesia, is presented. Through electron microscopical analyses of
polished samples, this study shows that segments are characterized by intra-
granular cementation of fibrous aragonite, equant High-Mg calcite (3.9 to 7.2
Mol% Mg), bladed Low-Mg calcite (0.4 to 1.0 Mol% Mg) and mini-micritic
Low-Mg calcite (3.2 to 3.3 Mol% Mg). The co-existence and consecutive
development of fibrous aragonite and equant High-Mg calcite results initially
from the flow of oversaturated seawater along the aragonite template of the
Halimeda skeleton, followed by an adjustment of cement mineralogy
towards High-Mg calcite as a result of reduced permeability and fluid flow
rates in the pores. Growth of bladed Low-Mg calcite cements on top of
etched substrates of equant High-Mg calcite is explained by shifts in pore
water pH and alkalinity through microbial sulphate reduction. Microbial
activity appears to be the main trigger for the precipitation of mini-micritic
Low-Mg calcite as well, based on the presumable detection of an extracellu-
lar polymeric matrix during an early stage of mini-micrite Low-Mg calcite
cement precipitation. Radiocarbon analyses of five Halimeda segments fur-
thermore indicate that virtually complete intragranular cementation in the
marine phreatic environment with thermodynamically/kinetically controlled
aragonite and High-Mg calcite takes place in about 100 vears. Collectively,
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this study shows that early-diagenetic cements are highly diverse and pro-
vides new quantitative constraints on the rate of diagenetic cementation in

tropical carbonate factories.

Keywords Cementation rate, low-Mg calcite cementation, marine diagenesis,
microbial sulphate reduction, permeability, porosity, tropical carbonates.

INTRODUCTION

During Earth history, alternating major frame-
work builders and carbonate sediment producers
have created the most diverse ecosystems in the
oceans, however many internal processes and
controls of carbonate platform development
remain enigmatic (Pomar, 2001; Melim et al.,
2002; Pomar & Hallock, 2008; Pomar & Kendall,
2008; Pomar et al., 2012a). To better understand
the evolution of carbonate platforms through
time, it is important to also recognize rather
cryptic and small-scale processes, because these
are essential for the functioning of carbonate
ecosystems in the larger context (Pomar et al.,
2004; Pomar et al., 2012b; Pomar & Haq, 2016;
Pomar et al., 2017). One example for such a pro-
cess addressed here is the -early-diagenetic
cementation of shallow-marine carbonate detri-
tus in tropical reef environments.
Early-diagenetic carbonate cementation in
tropical reef environments is controlled by a
combination of abiotic and biotic factors (Bath-
urst, 1971; Tucker & Bathurst, 1990; Burton,
1993; Fliigel, 2004). Abiotic factors include sea-
water and pore-water carbonate chemistry, pri-
mary porosity, fluid flow rates, and the
mineralogy of the substrate (Shinn, 1969; Folk,
1974; Longman, 1980; Given & Wilkinson, 1985;
Henrich & Wefer, 1986; Morse et al., 2007). Bio-
tic factors comprise influences such as micro-
organismal colonization, micro-bioerosion and
microbial activity (Bathurst, 1966; Kendall &
Skipwith, 1969; Reid & Macintyre, 2000; Sum-
mons et al., 2013; Wizemann et al., 2018). The
interplay of these controls on early-diagenetic
carbonate cementation triggers the occurrence of
multiple generations of cements in conjunction
with variable crystal shapes and mineralogy.
Prominent constituents in modern detrital car-
bonate sediments are the segments of the ben-
thic calcareous green macro-alga genus
Halimeda (Hillis-Colinvaux, 1980; Johns &
Moore, 1988; Multer, 1988; Rees et al., 2007).
Most detrital Halimeda segments accumulating

in shallow-water settings such as sand shoals
and beaches belong to lithophyvtic species like
Halimeda opuntia that produce well-calcified
segments and grow preferentially in fore-reef
and reef-crest environments, or on patch reefs
on reef flats (Wizemann et al., 2015).

Halimeda segments exhibit a complex and
porous microstructure (Fig. 1). In the pristine
state during lifetime and immediately after dis-
aggregation from the living alga, segments of
Halimeda consist of a mesh of fibrous aragonite
crystals surrounding spherical to elliptical pores
referred to as utricles. The algal cells during life-
time reside in those utricles that stabilize the
segment through calcification (Wizemann et al.,
2014). During this process, the space between
the utricles becomes successively filled with
fibrous aragonite, specifically with: (i) primary
needles at utricle walls; (ii) secondary needles
in interutricular spaces; and (iii) micro-anhedral
carbonate (i.e. primary aragonite cements) along
utricle rims (see Wizemann et al., 2014, for more
details). The resulting microstructure of a H.
opuntia segment displays a densely calcified
primary interutricular space along the outer
rim, and a less strongly calcified secondary
interutricular space towards the segment centre.

For reconstructing the diagenetic processes it
is relevant to note that the pristine skeleton of a
Halimeda segment is composed of the carbonate
polvmorph aragonite only, and that the utricles
and the interutricular space represent two lar-
gely separated microenvironments in detrital
Halimeda segments with the utricles represent-
ing open pore space. These utricles are then
accessible to circumfluent seawater, whereas the
interutricular space is usually more isolated
from the surrounding environment with only
minor exchange and circulation between sea-
water and pore-water (Wizemann et al., 2014).

Diagenetic aragonite precipitated as cement in
utricles is a common feature in detrital segments
and is usually interpreted as abiotic growth of
fibrous aragonite crystals on the utricle walls
(Reid & Macintyre, 1998; Hover et al, 2001). In
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Fig. 1. Conceptual illustrations showing the complex internal microstructure of a pristine segment of the species
Halimeda opuntia: (A) Longitudinal section; and (B) cross-section through an apical segment (adapted from

Hillis-Colinvaux, 1980; Wizemann ef al., 2014).

pre-Holocene segments, cementation of utricles
with blocky calcite cements is also commonly
observed, often in conjunction with dissolution
of the original aragonite skeleton (Scholle &
Ulmer-Scholle, 2003; Fliigel, 2004). Such neo-
morphoses, replacing the original aragonite,
form under the influence of meteoric waters or
during shallow-marine burial diagenesis (Melim
et al., 2004).

While intragranular calcite cementation is
well-known for late-diagenetically altered Hal-
imeda segments because of their primary arago-
nite skeleton mineralogy, only few studies have
documented the onset of such diagenetic pat-
terns in close-to-pristine segments from modern
marine depositional environments. For example,
published reports on High-Mg calcite cementa-
tion in Halimeda segments are limited to
descriptions from the Brazilian shelf (Alexander-
sson & Milliman, 1981). reef sediments of Belize
(Reid & Macintyre, 1998) and Halimeda bio-
herms from the Java Sea (Roberts et al., 1988).
In these studies, High-Mg calcite cementation is
interpreted to reflect physico-chemical changes
in seawater parameters through time. Reports
on intragranular Low-Mg calcite cementation
within modern Halimeda segments are, to our
knowledge, lacking.

The present study describes the occurrence of:
(i) fibrous; (ii) equant; (iii) bladed; and (iv) mini-
micritic Holocene carbonate cements in shallow-
marine, detrital Halimeda segments collected
from a reef island in the Spermonde

Archipelago, Indonesia. The aim of this study
is to decipher the processes related to early-
diagenetic aragonite and calcite cementation,
and their temporal implications.

STUDY SITE

The Spermonde Archipelago is a rimmed car-
bonate shelf attached to the West coast of Sula-
wesi with numerous islands sprinkled on the
platform (Fig. 2; Umbgrove, 1928; Renema &
Troelstra, 2001; Kench & Mann, 2017). In the
mid-Holocene (ca 3-6 ka Bp) the carbonate plat-
form experienced a relative sea-level highstand
likely not exceeding ca 0.5 m above present sea-
level (Mann et al., 2016; Mann et al., 2019; Ben-
der et al., 2020). The island studied here, Pulau
Panambungan, is a vegetated sand cay of some
170 m in diameter, almost circular in shape and
fringed by a concentric reef flat. Some huts and
remnants of houses indicate the occasional pres-
ence of daily tourists; however, besides that the
island is uninhabited and appears abandoned.
Morphological characteristics comprise a beach
berm that is more pronounced on the western,
windward side of the island, and a central
depression (Fig. 3). These characteristics are
similar to other/coral reef islands in the Indo-
Pacific region (Woodroffe et al., 1999; Kench
et al., 2005; Kench et al., 2014). Pulau Panam-
bungan is composed of sand-sized and gravel-
sized sediments with only minor finer-grained

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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fractions, and is dominated by reworked frag-
ments of crustose coralline algae and corals
(JanBen et al., 2017).

MATERIAL AND METHODS

Sampling and sample processing

Forty bulk surface sediment samples from the
upper ca 5 cm of the nearshore reef flat and the
island have been collected along four transects
across Pulau Panambungan (Fig. 2). Addition-
ally, 42 subsurface sediment samples from exca-
vations down to ca 1.25 m were taken in the
central and marginal island sections (JanBen
et al., 2017). Samples collected from the island
margins (Profiles 1-3 in Figs 2C and 3) were
taken from elevations between low and high tide
levels (Fig. 3). Samples from the central profile
were taken from above the freshwater table and
thus belong to the meteoric vadose diagenetic
environment. All sediment samples collected
were unlithified.

The sediment samples, each weighing ca
200 g, were cleaned in the laboratory with
deionized water and then oven-dried at 40°C for
48 h. Subsequently, samples were sieved
according to the grain-size classes of Wentworth
(1922), and each fraction was analyzed with
respect to compositional characteristics (see
JanBen et al., 2017, for more details on the facies
reconstruction).

For the present study, the calcirudite fraction
(*1 mm) of the 82 sediment samples was
screened for Halimeda segments in a picking
tray under a binocular microscope. In 27 sam-
ples (ca 33%), Halimeda segments were identi-
fied (three surface and 24 subsurface samples,
see Figs 2 and 3).

Fig. 2. Location of the study site in Indonesia. (A)
Overview map indicating the geographic position of
the Spermonde Archipelago at the west coast of
south-west Sulawesi. (B) Map of the Spermonde
Archipelago showing the location of the study island
Pulau Panambungan on the carbonate shelf. Black
line indicates position of the discontinuous barrier
reef. (C) Detailed map of the study island in plan
view, based on a shoreline survey in October 2012,
indicating the exact positions of surface sediment
samples, profiles and survey transects.
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Fig. 3. Topographic transects across Pulau Panambungan indicating the slightly higher elevation of western
island margins, the central morphological depression and the positions of subsurface sediment samples examined
in this study. Note that the positions of subsurface sediment samples are not exactly to scale to allow for better
readability. Detailed information on sample depths can be found in JanBen et al. (2017). Island elevation has been
surveyed with an optical level and reduced to mean sea level derived from measurements of water level loggers
(Mann ef al., 2016). The boundary between the diagenetic zones has been estimated from the maximum tidal

range of ca 1.5 m in that area.

Scanning electron microscope analyses

For investigating the diagenesis within segments
of Halimeda, they were cut to polished sections.
The polished surfaces were gold-sputtered and
subsequently analyzed with a scanning electron
microscope (SEM: TESCAN Vega3-XMU; TES-
CAN, Orsay, Czech Republic) at 10 keV in the
backscattered electron mode to determine the
mineralogy of the carbonate cements.

Crystal shapes of carbonate cements in the utri-
cles were classified according to the Folk (1965)
terminology, comprising: (i) fibrous crystals with
length to width ratios =6 : 1; (ii) equant crystals
with length to width ratios <1.5:1; and (iii)
bladed crystals with intermediate length to width
ratios. Additionally, the shape of crystal termina-
tions, crystal appearance and the growth relation of
crystals and substrate are described (Fligel, 2004).

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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In order to obtain the information on the
cement mineralogy necessary for reconstructing
the interplay of processes affecting carbonate
diagenesis, this study applied a three-step
approach. First, the brightness of cements was
compared visually to the appearance of the orig-
inal aragonite skeleton in backscattered SEM
images in order to identify differences in miner-
alogy (Reid & Macintyre, 1998; Reid & Macin-
tyre, 2000; Wizemann et al, 2015; Gacutan
et al., 2017).

Where grev-scales differed between cements
and the original aragonite skeleton, the concen-
tration of Mg in the specific areas was deter-
mined by energy dispersive X-ray (EDX),
assuming that the Mg content of carbonates is a
good indicator for the differentiation between
common carbonate polymorphs, as Mg replaces
Ca mostly in the calcite crystal lattice. EDX ele-
ment maps were obtained at 10 keV with an
Oxford 50 mm* X-ray element detector (Oxford
Instruments, Abingdon, UK). For each element
distribution map, the samples were scanned
continuously at 50 ps pixel™ for ca 20 min. The
resulting maps were subsequently interpolated
by 3 x 3 pixels with the EDX software Aztec
(Oxford Instruments) to enhance the resulting
image.

Where element distribution maps indicated a
higher concentration of Mg in cements, point
EDX measurements were used to determine the
Mg content. Element spectra were obtained at
ca 100 k counts per point measurement at
10 keV, while beam intensity (i.e. excitation
energy) was kept low for restricting the area
measured to <10 pm? thus avoiding overlaps
to other materials. The resulting element
graphs were normalized, gold detected from
gold sputtering (at ca 2.2 keV) was excluded
by auto ID and the noise peak was removed.
The spectra were quantified using the Aztec
Software to determine the concentration of Mg
that was then converted to Mol% in the cal-
cium carbonate.

Radiocarbon dating

For age control, the bisected halves of five ana-
lyzed segments were radiocarbon-dated. The '*C
ages were calibrated to calendar vears before
present (cal yr p) using the Marine20 radiocar-
bon age calibration curve with a AR of —64 + 70
C years as closest estimate for the Southern
Makassar Strait (Southon et al., 2002).

Carbonate diagenesis in Halimeda 287

RESULTS

Fibrous cements

Fibrous crystals partly or completely infilling
the utricles were observed in seven specimens
(pPB_CP3, PPB CP4, PPB P2 1, PPB P2 3,
PPB_P2_4, PPB_P2_6 and PPB_P1_4; see Fig. 4).
These fibrous crystals are characterized by a
prismatic shape with a length up to ca 20 pm
and a width between 0.5 pm and 2.0 pm. Crys-
tals appear clear without notable inclusions and
are characterized by rather blunt terminations.
There is no distinct boundary between the
fibrous cements in the utricles and the primary
needles that develop during the lifetime of the
segment along the utricle walls.

Fibrous carbonate cements with a prismatic
crystal habit exhibit a similar brightness of grey-
scales in backscattered SEM images as the origi-
nal aragonitic skeleton of the segments (Fig. 4B).
An EDX point measurement in the centre of a
fibrous cement-filled utricle of specimen
PPB_P2_6 shows no indication of Mg, pointing
to an aragonitic mineralogy.

Equant cements

Equant carbonate crystals within utricles have
been detected in 14 specimens (PPB_17S,
PPB CP_3, PPB CP 4, PPB CP 5, PPB P31,
PPB P3 2, PPB P2 1, PPB P2 3, PPB P2 4,
PPB_P2_6, PPB_P2_7, PPB_P2_8, PPB_P1_3 and
PPB_P1_4: see Fig. 5). These rhombohedral
cements show nearly equidimensional crystal
edges of 1 to 5 pm in length. Terminations of
the crystals are sharply pointed, and surfaces
appear either clear or, to a variable degree, cor-
roded. They grow on top of crystals of the utri-
cle walls and embed primary needles and
fibrous aragonite cements (Fig. 5H).

Equant carbonate cements exhibit distinctly
darker grey-scales in backscattered SEM images
than the surrounding aragonitic interutricular
space (Fig. 5), pointing to a different carbonate
polymorph than aragonite. EDX element maps
indicate higher concentrations of Mg than for
the surrounding aragonite as confirmed by EDX
point measurements that show 3.9 to 7.2 Mol%
Mg (n=10; Table 1). Therefore, the equant
cements are thought to consist predominantly of
High-Mg calcite, close to the boundary between
High-Mg and Low-Mg calcite (Burton, 1993;
Fliigel, 2004).

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 4. Examples for aragonite cementation in utricles of Halimeda. (A) Backscattered electron image of a utricle
of specimen PPB_P2_3 showing complete cementation with fibrous aragonite cements. (B) Backscattered electron
image of a utricle of specimen PPB_P2_6 showing that fibrous aragonite-cemented utricles exhibit the same grey-
scales as the surrounding original microstructure. Red point indicates measurement spot of EDX spectrum shown
in (C). Black arrows indicate utricle rims. (C] EDX spectrum from a measurement of fibrous aragonite cements —
red point in (B) — indicate that the fibrous cements do not contain Mg (see also Table 1).

Bladed cement

Bladed cements within utricles have been
detected merely in specimen PPB_CP_3 (Fig. 6).
These scalenohedral cements show lengths
between 25 pm and 45 pm and widths between
10 pm and 30 pm. Terminations are pointed
and crystal surfaces appear clear. The bladed
cements grow on top of equant High-Mg calcite
cements with a distinctly corroded boundary in
between (Fig. 6C and D). Backscattered SEM
images show strong differences of grey-scales
between: (i) the bladed cements; (ii) the arago-
nitic skeleton of the interutricular space; and
(iii) the equant High-Mg calcite cements of the
outer rim of many of the cemented utricles
(Fig. 6A). An EDX map of the segment indi-
cates Mg is less enriched in the bladed cements
as compared to the equant High-Mg calcite
cements, and is comparable to the aragonite in
the needle structure (Fig. 6B). This is confirmed
by EDX point measurements where concentra-
tions range between 0.4 Mol% and 1.0 Mol%

for the bladed cements, whereas Mg is between
6.6 Mol% and 6.8 Mol% for the equant High-
Mg calcite cements, and the aragonite needles
lack detectable Mg (Fig. 6C and E, Table 1).
Based on habitus and Mg content, the bladed
crystals are thus interpreted as Low-Mg calcite
cements.

Mini-micritic cements

Micro-crystalline or amorphous features have
been detected in specimen PPB_P3_3. Under
the SEM with a maximal magnification of
30 000x, no crystal structures were identified,
indicating crystal sizes smaller than 0.1 pm or
an amorphous structure (Fig. 7). Accordingly,
the cements here are described as ‘minimicrite’
following Folk (1974) and Reid & Macintyre
(1998).

These cements appear darker in backscattered
SEM images than the surrounding aragonitic
microstructure, indicating a different mineralogy.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 5. Examples for equant High-Mg calcite cementation in utricles of Halimeda. (A) Overview backscattered
electron image of specimen PPB17_S. (B) Close-up backscattered electron image of specimen PPB17_S showing
cemented utricles. Position of the frame is indicated in (A). (C) Backscattered electron image of (B) overlain with
EDX map showing the enrichment of Mg (blue pixels) in cements compared to the aragonitic interutricular space.
(D) Overview backscattered electron image of specimen PPB_CP_4. (E) Close-up backscattered electron image of
specimen PPB_CP_4 showing almost completely cemented utricles. Position of the frame is indicated in (D). (F)
Backscattered electron image of (E) overlain with EDX map showing the enrichment of Mg (blue pixels) in
cements compared to the aragonitic interutricular space. (G) Close-up backscattered electron image of a cemented
utricle of specimen PPB_CP_4 showing the equant shape of cements. Position of the frame is indicated in (E). Red
point indicates measurement spot of EDX spectrum shown in (I). (H) Close-up backscattered electron image of the
same cemented utricle as in (G) with stronger magnification. White arrows indicate where primary aragonite nee-
dles and fibrous aragonite cements have been embedded in the equant cements. Black arrow indicates the position
of the utricle rim. (I) EDX spectrum — red point in (G) - indicate that equant cements in this specimen comprise
6.2 to 6.4 Mol% Mg (see Table 1).

EDX Maps show that the concentration of Mg measurement providing a Mg concentration of
in the mini-micritic cements is higher than 3.2 to 3.3 Mol% for the minimicrite (Fig. 7G,
in the surrounding original aragonite skele- Table 1), which points to a Low-Mg calcite

ton (Fig. 7C), as supported by an EDX point mineralogy.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 6. Example of bladed Low-Mg calcite cements in utricles of Halimeda. (A) Overview backscattered electron
image of specimen PPB_CP_3. (B) Backscattered electron image of specimen PPB_CP_3 overlain with EDX map
showing the enrichment of Mg (blue pixels) in the outer rim of cemented utricles compared to the aragonitic
interutricular space. White arrow indicates the boundary between two generations of cements with different con-
centrations of Mg. (C) Close-up backscattered electron image of one cemented utricle of specimen PPB_CP_3
where bladed cements grow on top of equant High-Mg calcite cements. Position of the frame is indicated in (A).
EDX spot measurements shown in (E) are indicated by numbers ‘1’ to ‘3" and the yellow, red and green spots. (D)
Close-up backscattered electron image of the same cemented utricle as in (C) with higher magnification. Black
arrow indicates the corroded boundary between equant High-Mg calcite cements along the outer rim of the cemen-
ted utricle and the bladed Low-Mg calcite cements. White arrow indicates that primary aragonite needles or
fibrous aragonite cements have been embedded in the equant cements. (E) EDX spectra indicating the elemental
composition of different generations of cements and the original skeleton: 1 = Equant High-Mg calcite; 2 = Bladed
Low-Mg calcite; 3 = Aragonite.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 7. Examples for mini-micritic Low-Mg calcite cementation in utricles of Halimeda. (A) Overview backscat-
tered electron image of specimen PPB_P3_3. (B) Close-up backscattered electron image of specimen PPB_P3_3
showing cemented utricles. (C) Backscattered electron image of (B) overlain with EDX Map showing the enrich-
ment of Mg (blue pixels) in cements compared to the aragonitic interutricular space. (D) Close-up backscattered
electron image showing that mini-micritic cements are attached to fibrous aragonite cements largely without
embedding them. Position of the frame is indicated in (A). Red point indicates measurement spot of EDX spec-
trum shown in (G). (E) and (F) Further close-up backscattered electron images showing the growth relation of
mini-micritic Low-Mg calcite cements and fibrous aragonite cements. (G) EDX spectrum of the mini-micritic

cements indicating a Mg concentration of 3.2 to 3.3 Mol%.

DISCUSSION

Early-diagenetic carbonate cementation

Segments from live Halimeda and those shortly
after disaggregation from the alga comprise well-
defined aragonitic microstructural features
(Fig. 1; Wizemann et al., 2014). During sediment
transport across the reef flat towards the island,
segments pass through a range of early-diagenetic
environments (marine phreatic, marine vadose,
mixing, meteoric vadose, meteoric phreatic), each
of which is characterized by specific hydrological
and hydrochemical conditions. In contrast to the
semi-enclosed interutricular space, the micro-
environmental and hydrological boundary

conditions in the utricles of sedimentary Hal-
imeda segments foster through flow of the ambi-
ent fluids. Accordingly, shape, mineralogy and
growth relation to the substrate of diagenetic crys-
tals within the utricles provide valuable archives
of the processes that control cementation during
the early stages of carbonate diagenesis in the
shallow-marine, warm-water environment.
Typically, early diagenetic cementation initi-
ates in the marine phreatic environment (Long-
man, 1980). The observation of fibrous aragonite
cement within detrital Halimeda segments is in
accordance to the results from earlier studies
(Reid & Macintyre, 1998: Hover et al., 2001).
Fibrous cementation likely results from the flow
of seawater that is supersaturated with respect

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 282—300
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to carbonate (i.e. Qag >3; Mg : Ca ratio ca 5 : 1)
through the utricles (Friedman et al., 1974; Scof-
fin, 1992; Morse et al., 2007), and the thermody-
namically favoured aragonite nucleation and
crystal growth on the aragonite substrate of the
primary needles (Alexandersson, 1972; Folk,
1974). Consequently, the occurrence of fibrous
aragonite cement within utricles of sedimentary
Halimeda segments is likely the result of the
interplay of inorganic parameters within the
shallow-marine phreatic environment.

In contrast to the common observation of
fibrous aragonite cementation in modern detrital
Halimeda segments, occurrences of High-Mg cal-
cite infilling utricles of Halimeda segments have
previously merely been described from the shal-
low Brazilian shelf (Alexandersson & Milliman,
1981), from reef sediments of Belize (Reid &
Macintyre, 1998) and from Halimeda bioherms
in the Java Sea (Roberts et al., 1988). The seg-
ments in those studies, recovered from several
tens of metres to >100 m of water depth, show
intragranular cements consisting of High-Mg cal-
cite with 8 to 9 Mol% (Java Sea) and up to 13
Mol% (Brazil) MgCO;, respectively. Roberts
et al. (1988) suggested that the precipitation of
High-Mg calcite cements in the Java Sea is
related to the recurrent upwelling of deep-water
masses undersaturated with respect to aragonite.
Pulau Panambungan, located on the middle
shelf, in contrast, is not reached by upwelling
waters. In terms of water depth and environ-
mental conditions, this reef flat environment is
more comparable to the study site of Reid &
Macintyre (1998). Furthermore, the fact that the
equant High-Mg calcite cements within utricles
embed fibrous aragonite cements and primary
needles without dissolving them (Figs 5H and
6D) suggests that the observed High-Mg calcite
cementation is not a result of dissolution of
aragonite and re-precipitation of High-Mg calcite
(Alexandersson & Milliman, 1981), particularly
as in modern shallow-marine tropical carbonate
environments under marine phreatic conditions,
High-Mg calcite is rarely precipitated if the sub-
strate is of aragonitic mineralogy (Alexander-
sson, 1972; Folk, 1974; Friedman et al, 1974;
Scoffin, 1992; Morse et al., 2007).

Given & Wilkinson (1985) have suggested that
High-Mg calcite precipitation in shallow-marine
environments with oversaturated waters is
rather controlled (besides the mineralogical tem-
plate) by the rate of carbonate ion supply than
by the Mg : Ca ratio of the fluid itself. Specifi-
cally, aragonite is thought to be precipitated at

Carbonate diagenesis in Halimeda 293

high carbonate supply rates, and with decreas-
ing rates of carbonate ion supply, the mineralogy
shifts to High-Mg calcite. The observation of
High-Mg calcite cements in utricles embedding
fibrous aragonite cements and primary needles
suggests that the model proposed by Given &
Wilkinson (1985) is also applicable on an intra-
granular scale.

Based on the observations herein and these
previous studies, the authors speculate that the
succession of co-occurrence of aragonite and
High-Mg calcite cements in the Halimeda seg-
ments can be explained by the availability of
Ca®" and Mg*', and the kinetics of carbonate
ions that is controlled by abiotic processes. In
our model, utricles in detrital Halimeda seg-
ments act as open pore spaces that allow for cir-
culation of ambient seawater, for example,
through tidal pumping and currents on the reef
flat. Shortly after disaggregation from the alga,
fluid flow rates through utricles likely are high-
est, resulting in the precipitation of fibrous arag-
onite cements. With growing crystals during
ongoing aragonite cementation, the pore throat
diameters and, thus, the permeability decreases.
At some point, the reduced supply rate of car-
bonate ions will then initiate a preferential pre-
cipitation of High-Mg calcite with equant
morphology (Given & Wilkinson, 1985). During
this process, utricle diameters are likely to
decrease irregularly, resulting in numerous ‘bot-
tle necks’ with lowered permeability. Accord-
ingly, also carbonate ion supply rates are
expected to be variable within one utricle.

The formation of bladed Low-Mg calcite
cements has been observed in specimen
PPB_CP_3 (Fig. 6). Such cements could result
from an altered pore water carbon chemistry,
facilitating a shift in mineralogy through a phase
segregation of the Mg : Ca ratio (Morse et al.,
2007). An abiotic process in the marine phreatic
realm that could possibly explain such a deple-
tion of Mg®'-ions is the formation of a crystal
druse in which remnants of pore water have
been enclosed. Through ongoing equant High-
Mg calcite cementation with relatively high Mg
concentrations (in this study 3.9 to 7.2 Mol%
Mg), the Mg : Ca ratio in the restricted environ-
ment of such a crystal druse would drop and,
consequently, bladed Low-Mg calcite would
form on top of the equant High-Mg calcite crys-
tals. However, the volume of water within one
restricted pore is probably not sufficient to pre-
cipitate bladed cements with dimensions such
as those observed in this study (Matthews,

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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(A

Fig. 8. Backscattered electron images showing different degrees of equant High-Mg calcite cement dissolution of
specimens. (A) Specimen PPB_P2_7 shows no indication of equant High-Mg calcite dissolution. (B) Specimen
PPB_CP_4 shows slight etching of equant High-Mg calcite dissolution. (C) and (D) Specimens PPB_P1_3 and
PPB_CP_3 show obvious signs of equant High-Mg calcite etching and dissolution.

1974). Furthermore, the corrosive growth contact
at the base of the bladed cements (Fig. 6D) indi-
cates that carbonate dissolution preceded the
precipitation of Low-Mg calcite cements.

It is well-known that microbial sulphate
reduction related to organic matter oxidation
raises pH and increases alkalinity, thus causing
the precipitation of carbonate minerals (Lin
et al., 2018). However, during the early stages of
microbial sulphate reduction, pore water
becomes undersaturated with respect to carbon-
ate due to a lowered pH (Walter & Burton, 1990;
Melim et al., 2002; Morse et al., 2007; Gallagher
et al., 2012; Meister, 2013). Indeed, different
degrees of equant High-Mg calcite crystal disso-
lution have been observed in specimens
PPB CP_3, PPB CP_4, PPB P2 7 and PPB P1 3
(Fig. 8). Dissolution of biogenic carbonates often
results from the interplay between carbonate
mineralogy and the complexity of the respective
skeletal microstructure that determines porosity
and permeability (Henrich & Wefer, 1986). Etch-
ing and dissolution of equant High-Mg calcite
cements containing up 7.2 Mol% Mg as a result
of abiotic processes would however likely favour
the re-precipitation of High-Mg calcite, not Low-
Mg calcite. Accordingly, the different degrees of
equant High-Mg calcite dissolution observed in
several specimens in this study presumably
reflect different stages of early microbial

sulphate reduction, prior to the precipitation of
bladed Low-Mg calcite cements.

Also the mini-micritic cements observed in
this study might be a good example for
microbially-triggered carbonate cementation dur-
ing the early diagenesis in modern, shallow-
marine, tropical reef environments. Mini-
micritic cements are situated on top of fibrous
aragonite cements without embedding or dis-
solving those (Fig. 7D, E and F). The pristine
appearance of the underlying fibrous aragonite
cements indicates a process other than mineral
replacement for the precipitation of mini-
micritic Low-Mg calcite cements.

The SEM analyses of specimen PPB P2 4
revealed the occurrence of patchy calcite
cements embedded in a non-crystalline matrix
that is interpreted here to represent the rem-
nants of extracellular polymeric substances
(EPS) as produced by bacterial cells involved in
biomineralization (Fig. 9A: Dupraz et al., 2009;
Krause et al., 2018; Lin et al., 2018). EDX mea-
surements of the non-crystalline matrix detected
Al, Si, K and Fe, which is untypical for shallow-
marine carbonate environments in settings far
from siliciclastic input. Siliciclastic minerals
and crystals through dust input from the hinter-
land have not been detected visually in the sam-
ples studied here. It is important to note,
however, that the non-crystalline matrix is

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 282-300
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Fig. 9. (A) Backscattered electron image of a utricle of specimen PPB_P2_4 presumably showing how remnants of
extracellular polymeric substances are attached to fibrous aragonite cements (white arrow) and embed patchy Mg
calcite crystals (black arrow). EDX spot measurements shown in (B) are indicated by numbers ‘1’ to ‘3" and the
red, yellow and green spots. (B) EDX spot measurements: 1 = the organic matrix, presumably remnants of extracel-
lular polymeric substances; 2 = a Mg calcite crystal within the organic matrix; 3 = the aragonitic interutricular

space.

proposed to represent only remnants of the EPS,
as all investigated Halimeda segments were col-
lected onshore. Thus the obtained element com-
position would not mirror the living state of the
biomineralizing organic matrix that consists of
polysaccharides and amino acids (Dupraz &
Visscher, 2005). The presence of elements origi-
nating from alumosilicates could accordingly be
related to the persistent affinity of EPS for cation
complexation onshore, as shown for subaerial
environments characterized by soil formation
(Curtis, 1987). The observed calcite crystals,
unevenly distributed in the organic matrix,
could thus be interpreted to represent the

nucleation phase of Low-Mg calcite cements and
the initial state of what will become the mini-
micritic Low-Mg calcite precipitate, as observed
in specimen PPB_P3_3 at a later stage.
Consequently, microbial activity within the
utricles of Halimeda segments provides a possi-
ble explanation for the occurrence of both,
bladed Low-Mg calcite cements that were pre-
cipitated during the later stages of microbial sul-
phate reduction on a corroded substrate of
equant High-Mg calcite that was etched during
the early stages of microbial sulphate reduction,
and mini-micritic Low-Mg calcite cements. As
no dissolution of aragonite needles underlying

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 282-300
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the mini-micritic Low-Mg-calcite cements took
place, cementation could therefore have been
triggered either through ammonification (Krause
et al., 2018) or external carbonic anhydrase - or
urease — activity (Seifan et al., 2017; Shen et al.,
2017). Furthermore, the microbial decav of
organic remains of the cells of Halimeda in the
utricle walls (Bohm & Goreau, 1974; Wizemann
et al., 2014; Erler et al., 2018) potentially influ-
ences the formation of carbonate cement.
Particularly the formation of Low-Mg calcite
cements is unexpected in modern tropical
shallow-water environments, however the lack
of observable dissolution features of the arago-
nite original microstructure indicates that
cementation took place in the marine phreatic
environment without meteoric freshwater influ-
ence. In order to rule out any freshwater influ-
ence during the formation of the Low-Mg calcite
cements, and to gain a better understanding of
the specific control of certain bacterial species
on the precipitated carbonate polymorph, inte-
grated genotyping of bacteria, carbon-oxygen
isotope and lipid biomarker analyses offer a
potential means for detecting the underlying
mechanisms for the formation of such complex
successions of cements in future studies.

Temporal assessment of cementation

Within early diagenetic environments, cementa-
tion can be a rapid process happening within a
range of months to decades. Dravis (1996)
showed that Holocene ooid sands on Eleuthera
Island, Bahamas, have been partly cemented in
less than ten vears within the meteoric vadose
environment. The rapidity of marine cementa-
tion has been demonstrated by Friedman (1998),
who showed that ooid cementation takes place
within one vear in intertidal environments. A
classic study on marine carbonate cementation

indicated that the processes of sediment lithifi-
cation are almost syndepositional, also in the
shallow subtidal environment (Shinn, 1969). For
the deeper marine phreatic diagenetic environ-
ment, Grammer et al. (1993, 1999) showed that
cementation takes place within months.

Radiocarbon-dated Halimeda segments from
this study range in age from 165 cal vr Bp
(PPB_CP_4) to 6164 cal yr sp (PPB_CP_3;
Table 2). While a temporal assessment of cemen-
tation related to microbial activity is difficult,
dating results indicate that cementation of utri-
cles with fibrous aragonite and equant High-Mg
calcite in specimen PPB_CP_4 took place since
165 cal yr Bp (median age probability; Fig. 10).
However, radiocarbon ages of detrital carbonate
constituents indicate the timing of death of the
organism. Onshore deposition, when marine
cementation ultimately ceased, happened during
an undefined period after 165 cal yr Bp. Accord-
ingly, the received radiocarbon dates provide
maximum age constraints for the observed
cement precipitation.

Conservatively assuming half of the median
age probability as total transport duration would
imply that + complete cementation of utricles
with either fibrous aragonite or equant High-Mg
calcite takes place in less than ca 100 years. On
the other hand, many utricles in this specimen
still contain micropores between the diagenetic
cements, thus indicating that complete cementa-
tion of utricles does not happen significantly
faster.

If this temporal estimate is in the right order
of magnitude, then intragranular carbonate
cementation in the shallow-marine phreatic
environment around tropical carbonate factories
is more rapid than aragonite dissolution and
intergranular cementation in the nearby mete-
oric vadose environment, as no dissolution fea-
tures were observed in the investigated

Table 2. Radiocarbon ages and calibrated age ranges of dated Halimeda segments.

Radiocarbon age

Calibrated age range Median probability

Sample ID Laboratory No. (vears Bp) (20, calendar years sp) (calendar years Bp)
PPB CP 6 Poz-68825 705 £ 30 14416 224
PPB CP 5 Poz-68826 1280 + 30 556-916 737
PPE CP 4 Poz-68823 640 + 30 0-338 165
PPB CP 3 Poz-68822 5880 £ 40 5936-6375 6164
PPB CP_1 Poz-68755 870 + 60 144-566 383

' ages were calibrated to calendar years before present using the Marine20 radiocarbon age calibration curve
(Heaton et al., 2020) with a AR of —64 "C years and an uncertainty of 70 *C years (Southon et al., 2002).

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 10. Backscattered electron
image of specimen PPB_CP_4
showing the co-occurrence of
utricles cemented with either
fibrous aragonite (white arrows) or
equant High-Mg calcite (black
arrows).

Halimeda specimens, and all analvzed sediment
samples were unlithified. This assessment of
temporal dimensions of processes (cementation
versus dissolution and re-precipitation) domi-
nating within different diagenetic zones needs,
however, to be tested with further radiometric
data from different carbonate constituents. Par-
ticularly in comparison to the marine vadose/
mixing zone environment, which is character-
ized by rapid lithification resulting from dissolu-
tion related to the degradation of organic matter
and high rates of evaporation, and which corre-
sponds to the zone of beachrock formation along
the south-eastern island margin (Figs 2 and 3;
Melim et al., 2004).

The radiocarbon ages of dated Halimeda seg-
ments are in a comparable range as the results
presented by Shinn (1969) for submarine lithifi-
cation in the Persian Gulf. The longer time
spans for cementation presented in this study
and by Shinn (1969) compared to previous
results (Grammer et al.,, 1993; Dravis, 1996;
Friedman, 1998; Grammer et al., 1999) could be
related to a particularly high saturation state
(Qarag > 4) around the Bahamas archipelago and
strong currents at the slope that pump much lar-
ger quantities of supersaturated water through
the pores and consequently fosters rapid cemen-
tation. Furthermore, works from the Bahamas
have typically used ooids as study material,
which are carbonate constituents with particu-
larly smooth surfaces and an accordingly high
intergranular permeability, thus additionally
triggering cementation. Results from this study
indicate that early diagenetic cementation in a
tropical shallow-marine phreatic environment
with Q4.,, < 4 proceeds somewhat slower for
the majority of biogenic carbonate constituents.

Carbonate diagenesis in Halimeda 297

CONCLUSIONS

This study presents the results from a petro-
graphic analysis of detrital Halimeda segments
collected on a mid-shelf reef island in the Sper-
monde Archipelago, Indonesia. From 27 analyzed
segments, 17 have utricles infilled with carbonate
cements. On the basis of crystal shapes and quan-
titative EDX element measurements, the cements
were classified into fibrous aragonite, equant
High-Mg calcite (3.9 to 7.2 Mol% Mg), bladed
Low-Mg calcite (0.4 to 1.0 Mol% Mg) and mini-
micritic Low-Mg calcite (crystal size <0.1 pm; 3.2
to 3.3 Mol% Mg). On the basis of crystal appear-
ance and growth relations to the substrate, it is
inferred that fibrous aragonite and equant High-
Mg calcite cement precipitation results from lar-
gely abiotic processes related to pore water chem-
istry, kinetics and carbonate ion supply rates.
Conversely, the precipitation of bladed and mini-
micritic Low-Mg calcite cements is thought to
result from degradation of organic matter and
microbial sulphate reduction. The precipitation
of marine Low-Mg calcite cements must involve a
fractionating component that would be difficult
to explain by purely abiotic processes. Accord-
ingly, this study provides a good example of the
overlyving effects of physico-chemical and biologi-
cal processes on early-diagenetic carbonate
cementation and provides indications for early-
diagenetic Low-Mg calcite cementation in the
absence of meteoric freshwater influence. Conse-
quently, results of this study suggest that internal
cementation of microstructurally complex car-
bonate constituents comprise highly diverse pre-
cipitates that form early during the sedimentary
cycle. While aragonite and High-Mg -calcite
cements likely convert to Low-Mg calcite during

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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later stages of meteoric and burial diagenesis, the
recognition of potentially early-diagenetic, mar-
ine Low-Mg calcite cements could be helpful
when the diagenetic history of fossil carbonate
platforms is interpreted.
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