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A B S T R A C T

Calcification of microbial mats adds significant amounts of calcium carbonate to primary coral reef structures
that stabilizes and binds reef frameworks. Previous studies have shown that the distribution and thicknesses of
late Quaternary microbial crusts have responded to changes in environmental parameters such as seawater pH,
carbonate saturation state, and sediment and nutrient fluxes. However, these studies are few and limited in their
spatio-temporal coverage. In this study, we used 3D and 2D examination techniques to investigate the spatio-
temporal distribution of microbial crusts and their responses to environmental changes in Integrated Ocean
Drilling Program (IODP) Expedition 325 (Great Barrier Reef Environmental Changes) fossil reef cores that span
30 to 10 ka at two locations on the GBR reef margin. Our GBR microbialite record was then combined with a
meta-analysis of 17 other reef records to assess global scale changes in microbialite development (i.e., presence/
absence, thickness) over the same period. The 3D results were compared with 2D surface area measurements to
assess the accuracy of 2D methodology. The 2D technique represents an efficient and accurate proxy for the 3D
volume of reef framework components within the bounds of uncertainty (average: 9.45 ± 4.5%). We found that
deep water reef frameworks were most suitable for abundant microbial crust development. Consistent with a
previous Exp. 325 study (Braga et al., 2019), we also found that crust ages were broadly coeval with coralgal
communities in both shallow water and fore-reef settings. However, in some shallow water settings they also
occur as the last reef framework binding stage, hundreds of years after the demise of coralgal communities.
Lastly, comparisons of crust thickness with changes in environmental conditions between 30 and 10 ka, show a
temporal correlation with variations in partial pressure of CO2 (pCO2), calcite saturation state (Ωcalcite), and pH
of seawater, particularly during the past ~15 kyr, indicating that these environmental factors likely played a
major role in microbialite crust development in the GBR. This supports the view that microbialite crust devel-
opment can be used as an indicator of ocean acidification.

1. Introduction

Coral reef ecosystems are highly sensitive to rapid environmental
changes (Pandolfi et al., 2003; Hughes et al., 2007; Hughes et al., 2010)

such as fluctuation in water depth, light, hydrodynamic energy, tem-
perature, and water chemistry and quality (Webster et al., 2009; Abbey
et al., 2011; Woodroffe and Webster, 2014).

Reef frameworks built by corals and coralline algae can be highly
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cavernous, providing extensive habitats for cryptic organisms
(Ginsburg, 1983). In addition to skeletal encrusters such as bryozoans,
serpulids, foraminifers and sponges, recent reef crypts can host biofilm
crusts (Montaggioni and Camoin, 1993; Riding, 2011), as well as se-
diments (Insalaco, 1998).

Microbial crusts in late Pleistocene and Holocene reefs were initially
commonly regarded as fine-grained cements (Macintyre, 1977). They
are typically composed of magnesium calcite, and appear to pre-
ferentially develop in cavities on high-energy reef margins (Macintyre,
1977). Analyses indicate abundant biomarkers with intermediate-to-
high specificity for sulfate-reducing bacteria (Heindel et al., 2010,
2012), confirming earlier suggestions (Land and Goreau, 1970; Pigott
and Land, 1986). Well-known examples of fossil microbialites include
the late Miocene of Spain (Riding, 1991) and the late Quaternary of
Tahiti (Montaggioni and Camoin, 1993; Camoin and Montaggioni,
1994; Camoin et al., 1999; Seard et al., 2011; Riding et al., 2014) and
the GBR (Webb and Jell, 1997; Webb et al., 1998; Webb and Jell, 2006;
Jell and Webb, 2012; Braga et al., 2019), in which microbial crusts can
be dominant components, both structurally and in abundance, locally
representing up to 80% of the total reef volume. These reefal microbial
crusts appear to be largely precipitated and have distinctive clotted-
peloidal fabrics in addition totrapped and bounded detritus (Riding,
2011).

These microbial crusts stabilize the framework and build a robust
substrate that can be used by reef builders to colonize and grow
(Riding, 1991; Beltrán et al., 2016). Furthermore, Webb and Kamber

(2000) suggested that they are a reliable seawater REE paleoproxy, and
can provide information about their depositional environment, in-
cluding oceanic oxygenation and the input of terrestrial detritus.

Microbial crusts are likely not as sensitive as corals and coralline
algae to light and depth changes but they can show substantial varia-
tions in their thickness and distribution within reef frameworks in re-
sponse to environmental changes (Camoin and Montaggioni, 1994,
Riding et al., 2014). Late Pleistocene reef systems are reported to have
more abundant microbial crusts, while they are less abundant in
shallow Holocene coral reef frameworks (Heindel et al., 2010; Jell and
Webb, 2012). According to Cabioch et al. (2006) their distribution in
Vanuatu reefs between 24 and 6 ka was due to higher nutrient supply
associated with periods of rapid sea-level rise. Other studies in the
Pacific, Atlantic and Indian Oceans (Tahiti, Belize and Maldives) have
linked increased abundance of microbial crusts to enhanced nutrient
fertilization (Camoin and Montaggioni, 1994; Camoin et al., 1999;
Camoin et al., 2006; Heindel et al., 2009; Heindel et al., 2010; Heindel
et al., 2012). However, according to Riding et al. (2014) the crust
thickness depends more on seawater pH, and carbonate saturation state
(Ωcalcite), together with the space available for development within the
framework. Riding et al. (2014) suggested that microbial crust devel-
opment could be a sensitive indicator of early changes in ocean acid-
ification and therefore potentially a paleo pH proxy. To assess the va-
lidity of this model, additional data, over longer time scales and over
numerous interglacial and glacial cycles are required.

The objective of this study is to better understand the factors that

Fig. 1. Location map of microbial crusts in reef systems in the last 30 kyr. (A) Spatial distribution of microbial crusts from around the world over the last 30 kyr
(Source map: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community). (B) Integrated Ocean
Drilling Program Expedition 325, Great Barrier Reef, Australia, transects location. RIB-01C and 02B: Ribbon Reef (Offshore Cooktown); NOGe01B: Noggin Pass
(Offshore Cairns); HYD-01C and 02C: Hydrographer's Passage (Offshore Mackay).
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controlled microbial crust formation during the last glacial maximum
(LGM) and deglacial reef development in the GBR based on samples
recovered by IODP Expedition 325. We test the hypothesis that crust
thickness and volume reflect ocean pH and Ωcalcite (Riding et al., 2014;
Braga et al., 2019) and further assess the role of microbialites in reef
framework development and preservation. Expedition 325 cores re-
present a high resolution record of reef development associated with
microbial crusts for the interval between 30 and 10 ka (Webster et al.,
2018; Yokoyama et al., 2018; Braga et al., 2019). 3D X-ray computed
tomography (CT) scan image analysis is used to assess the 3D hetero-
geneity (occurrence, geometry, volume) of the microbial crusts. These
results are then compared to 2D surface area measurements from the
entire core data set to obtain an accurate estimate of microbialite sur-
face area (abundance). Our Expedition 325 microbial crust thickness
and volume estimates, combined with a robust chronologic framework
provided by 32 new and 27 existing radiocarbon dates, allow us to
explore crust development relative to other reef framework builders, as
well as to environmental changes between 30 and 10 ka. Finally, we
combine our Expedition 325 results, with a comprehensive meta-ana-
lysis of published literature to assess major controls on microbial crust
development over the past 30 kyr.

2. Geological setting and previous work

In 2010, IODP 325 recovered fossil coral reef cores from the shelf
edge of the GBR. Thirty-four holes were drilled at 17 sites (M0030-
M0058A) along four transects at three locations (Hydrographer's
Passage, Noggin Pass and Ribbon Reef) between 42 and 157 m below
sea level (mbsl) (Fig. 1). The main scientific objectives of Exp. 325 were
to reconstruct the nature of sea level and sea surface temperatures
during the LGM to deglaciation, and to assess the impact of these and
associated environmental changes on the evolution of the GBR over this
period. The ages of the reef deposits recovered range from 9 ka to>
30 ka (Webster et al., 2011; Yokoyama et al., 2011; Webster et al.,
2018; Yokoyama et al., 2018). Five main reef sequences were defined:
Reef 1 (≥ MIS 3), Reef 2 (27–22 ka), Reef 3a (21–17 ka), Reef 3b
(17–13 ka), Reef 4 (13–10 ka), and Reef 5 (10–1 ka) (Webster et al.,
2018). Webster et al. (2018) and Humblet et al. (2019) reported six
different coral assemblages in the Exp. 325 cores: (1) A (mlsoAcro)
(massive/ robust branching Isopora and corymbose Acropora gr. hu-
milis), (2) B (bSeriAcro) (branching Seriatopora, Acropora sp.), (3) C
(meMer) (massive/ encrusting merulinids, (4) D (mP) (massive Porites),
(5) E (esmPM) (encrusting/ submassive Porites and Montipora), and (6)

Fig. 2. Illustration showing the 2D measurement approach using an idealized section. (a) Surface area calculation of the microbial crusts. (b) Thickness calculation of
microbial crusts.
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F (eAg) (encrusting/ foliaceous agariciids). Braga et al. (2019) de-
scribed both reefal and fore-reef microbial crusts and concluded that
the microbialites were likely formed by sulfate-reducing bacteria in
anoxic microenvironments during the LGM and early deglaciation.
These crusts developed in the photic zone, but not necessarily all were
in illuminated environments. Two main types of occurrence were dis-
tinguished: (i) reefal microbial crusts in reef-framework cavities, and
(ii) fore-reef microbialites formed on the sea floor, and in cavities
generated by larger bioclasts and encrusting corals (Braga et al., 2019).

In this study, we focus on microbialites recovered from two trans-
ects at Hydrographer's Passage (HYD-01C and HYD-02A) and Noggin
Pass (NOGe01B) (see Webster et al., 2018 for detailed site information)
(Fig. 1B).

3. Methodology

3.1. 2D surface area and thickness calculation of microbial crusts

High resolution images were used to collect two datasets 1) the 2D
surface area, and 2) the maximum thickness of microbial crusts in cores
from HYD-01C and NOG-01B transects (Braga et al., 2019).

Building on Braga et al. (2019) surface area dataset, a more detailed
quantification of 1) total surface area and 2) surface area of microbial
crust for each sample within a recovered core was conducted using
Adobe Illustrator CS6 add-on Patharea Filter plug-in (Fig. 2a). Percen-
tage of microbialite from the total recovered surface area were then
calculated (microbialite surface area/total surface area = percentage
microbialite surface area) and analyzed in comparison to 3D volume
calculations described in Section 3.3.

The maximum thickness of each microbial crust was measured
perpendicular to crust lamination or growth surface directions using
Adobe Illustrator CS6 (Fig. 2b).

The Exp. 325 data sets were also aggregated and statistical analyses
were carried out to best quantitatively assess trends in the microbialite
thickness and surface area data. Regression analysis was applied to the
surface area and maximum thickness data. This approach was also
applied to the global thickness datasets while separating the data from
Tahiti, the GBR, and the other Holocene locations. Microbialite thick-
ness values from the GBR were also compared with calcite saturation
state (using data in Fig. 6 of Riding et al., 2014) and reef accretion rates
(using data in Table S2 of Webster et al., 2018) at that time to assess
their correlation.

3.2. 3D volumetric calculation of microbial crusts

Representative Exp. 325 cores were computed tomography (CT)
scanned and analyzed to assess the 3D heterogeneity (occurrence,
geometry, and volume) of the microbial crusts in the reef frameworks.
Detailed 3D visualization and analysis of microbial crusts from four
representative cores was carried out: (1) M0035A-17R1A (41 cm), (2)
M0035A-18R1A (45 cm), (3) M0035A-19R1A (68 cm) from
Hydrographer's Passage site, and (4) M0054B-6R1A (140 cm) from
Noggin Pass site. The representative core sections were selected for the
following criteria: (1) well developed microbial crusts, (2) distinct
geographic locations (Hydrographer's Passage, Noggin Pass), (3) dis-
tinct reef environments (shallow vs. deep), (3) similar age ranges
(~20.8 – ~20 ka) but different reef sequences (Reef 2, Reef 3a), and (4)
a range of different coral assemblages and framework types.

The cores were scanned using an X-ray CT Scanner (spatial resolu-
tion: 0.31 mm/pixel; scanning time: 0.6, 1, 2, 4 s; field of view:
160–180 mmp) at the IODP Kochi Core Center, Japan. CT is a non-
destructive technique to produce images of the interior characters of
solid objects. Using the variation of X-ray attenuation within the ob-
jects, images can be created to reconstruct their 3D geometries and
properties (Ketcham and Carlson, 2001; Carlson, 2006).

3D visual analysis of cores was made using AVIZO 9.4 software on
CT-Scan data at the Australian Centre for Microscopy and
Microanalysis, The University of Sydney.

AVIZO is a 3D visualization and analysis software for scientific and
industry X-ray CT data. It allowed us to separate and label microbial
crusts, corals and coralline algae, rubble and unconsolidated sediment
using the built-in segmentation tools (i.e., ‘Magic Wand’ region selector,
‘manual brush’) and interpolation between slices where appropriate
(Fig. 3). Voxels were assigned to the different materials (air, microbial
crust, coral and coralline algae, rubble and unconsolidated sediment)
based on observed grayscale intensities which represent different at-
tenuation values. The term rubble was used for broken core material
composed of a mixture of coralgal and microbialite material. The as-
signments of the intensity levels to the separate materials were based on
operator comparison of structural features observed in the CT data as

Fig. 3. Workflow for the 3D visual analysis. Blue brackets indicate commands
where the software is running automatically while red brackets indicate those
requiring an operator decision. Irrelevant voxels (predominantly air sur-
rounding the samples) were excluded from analysis through a sub-volume se-
lection, after which filtering was performed to reduce noise. Segmentation of
the data to the individual materials was performed using the following built-in
tools: (1) Magic Wand, (2) manual Brush, and/or (3) Thresholding. Binary
opening was applied to clean the segmentation to avoid any misidentification
due to partial voxel averaging. Measurement of the segmented materials was
performed using the Material Statistics module (i.e. to calculate volume), while
the segmented and processed data was Volume Rendered to create re-
presentative visual images and videos. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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compared to optical high-resolution images taken previously. After la-
belling the distinguished components, volumetric calculation and
imaging of the materials were undertaken. The scan voxel resolutions
are 0.27 × 0.27 × 0.625 mm and 0.18 × 0.18 × 0.625 mm. A similar
approach was carried out by Seard et al. (2011) on Tahiti cores from
IODP Expedition 310.

The 3D scanned results were converted to percentages of the total
recovered sample volume values and directly compared to the 2D sur-
face area percentage of microbialite (described Section 3.1). Unlike the
2D method, the 3D method accounted for the 3D heterogeneity of mi-
crobialite development in reef frameworks (Seard et al., 2011). This
allowed us to quantitatively assess the accuracy of our 2D surface area
calculations - which were calculated for the entire Exp. 325 core data
set (Braga et al., 2019) - compared with the 3D CT scan approach that
calculated the volume only 4 representative core sections. These ana-
lyses and their comparison allowed us to describe the stratigraphic
distribution of microbial crust in the two locations, and to compare the
relative abundance of different reef components.

3.3. Microbial crust age model

Ages were assigned to the microbialite data set (surface area and
thickness) based on the vertical accretion model developed by Webster
et al. (2018) that involves defining linear growth segments between
distinct inflection points in the vertical reef accretion history. The
segments are based on>500 calibrated 14C AMS coral and coralline
algae and in-situ U/Th coral ages (Webster et al., 2011; Gischler et al.,
2013; Felis et al., 2014; Yokoyama et al., 2018). In the current study,
microbialite age estimates were obtained by using the visual fit equa-
tion of segments and the average depth of the measured microbial
crusts.

3.4. Comparison of radiocarbon ages of corals and microbial crust and
coralline algae and microbial crusts

Corals, coralline algae crusts (27 samples) and microbial crusts (32
samples) from existing and new samples were radiocarbon dated to
compare the ages of corals/ coralline algae and the microbialite directly
encrusting them in 19 cases. Selected components were dated by Single
Stage Accelerator Mass Spectrometry at the Atmosphere and Ocean
Research Institute (AORI), the University of Tokyo, Japan and at the
Australian National University (ANU). During processing, samples were
converted into graphite at AORI and generally 1 mg of them was
measured (Yokoyama et al., 2018).

To directly compare the ages of microbial crusts, corals and coral-
line algae, uncalibrated 14C ages were used following Seard et al.
(2011). Using calibrated and corrected ages may introduce an addi-
tional error (e.g., from reservoir correction, from variation in the cali-
bration curve, from standard error for predicted values) which in-
creases the calibrated age range (Stuiver and Braziunas, 1993; Reimer
et al., 2013; Cook et al., 2015). Accordingly, age data from the same
sample and sampling location and context were selected and compared
(Fig. 4A); where there was more than one measurement for the same
material the average of their ages was used. For the age offset (Δ)
calculation between corals and microbial crusts and coralline algae and
microbial crusts, the midpoint of 1σ value of raw 14C ages was used. To
calculate the errors of the offsets we used the following equation:

=
+ + …
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where ed: age difference error, e1: age 1 error, e2: age 2 error and n:
sample number. We calculated the confidence interval of the popula-
tion with confidence level of 95% by using the equation [uασ + μ;
−uασ + μ] with u0.05 = 2 where μ: mean of the population and σ:
standard deviation of the population (after Seard et al., 2011).

4. Results

4.1. Comparison of volumetric and surface area calculations

The results of 2D and 3D measurement techniques show some dif-
ferences in the four selected core sections (Fig. 5, Table 1). In the 3D
volume calculation, mainly in situ corals and coralline algae and rubble
were identified in addition to microbialites in section M0035A-17R1A
(Fig. 6), M0035A-18R1A (Fig. 7) and M0054B-6R1A (Fig. 9). Only
M0035A-19R1A (Fig. 8) contained a fifth component, i.e., un-
consolidated sediment (8.58%) (Fig. 5, Table 1, and see supplementary
for videos). The 2D measurement technique estimated only the per-
centage of the total core section surface area composed of microbial
crusts. Coral and coralline algae content (percentage of the total volume
of recovered core material) is highest in section M0035A-18R1A
(38.86%) and lowest in section M0035A-19R1A (15.2%). The highest
rubble content was measured in section M0035A-17R1A (27.81%) and
the lowest occurs in section M0054B-6R1A (0.63%). Based on the 3D
measurements, section M0054B-6R1A contains the largest volume of
microbialite (72.66%) and section M0035A-17R1A shows the lowest
value (43.18%). The 2D technique estimated the largest surface area
occupied by microbialites in section M0035A-19R1A (67.02%) and the
smallest in section M0035A-18R1A (49%). In both sections M0035A-
17R1A and M0035A-19R1A, the 2D technique shows microbialite
content values higher by 8.61% and 3.36%, respectively, compared
with the 3D technique. However, in sections M0035A-18R1A and
M0054B-6R1A the 3D volumetric values are higher by 11.36% and
14.2%, respectively, compared with the 2D surface measurement
method. In summary, the difference between the two techniques is
relatively small; the discrepancy between the percentages of volume
and surface area occupied by microbial crusts is 3–15%, and is on
average 9.45%, with a standard error of 4.5%.

This discrepancy most likely derives from using different classifi-
cation methods for microbial crusts in the 2D and 3D analyses and from
the difficulty in identifying microbialite in rubble based on the 3D
method. The mesoscale fabric classification of Braga et al. (2019) was
followed during 3D visual analysis: (1) laminated, (2) structureless, (3)
digitated, (4) intraskeletal and boring-fill, and (5) microbialite coated
debris (MCD). During 2D surface area analysis, the classification of
Montaggioni and Camoin (1993), Camoin and Montaggioni (1994),
Camoin et al. (1999), Camoin et al. (2006), Cabioch et al. (2006), and
Seard et al. (2011) was used in addition to Braga et al. (2019). In these
earlier works, MCD is not distinguished. MCD is described as a breccia
of large bioclasts coated by microbial carbonate, where clasts can be
several centimeters in size and microbialites are preserved in growth
position (Braga et al., 2019). During 2D and 3D analysis the sizes of the
MCD parts of the cores may have been identified differently, resulting
in variations between the two techniques. Another reason for differ-
ences between 2D and 3D measurements may be due to the difficulty in
distinguishing rubble pieces and microbial crusts in grayscale X-ray
images used for the 3D analysis; some may have been labelled as
‘rubble’ despite the possibility that they may contain microbialite. In
contrast, high-resolution pictures enable rubble and microbialite to be
distinguished with a higher level of confidence.

Despite these differences, the results suggest that 2D surface area
measurement is a robust method that can closely approximate the vo-
lume of microbialite making up the reef framework. As the two mea-
surements were in general agreement, the surface area values, which
covered the entire dataset, were used for further analysis in combina-
tion with the separate maximum thickness dataset to investigate the
stratigraphic and temporal variations in microbialite abundance

4.2. Stratigraphic distribution of microbial crusts in northern
Hydrographer's Passage and Noggin Pass transects

In both transects, holes were drilled in four different locations of the
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shelf (Hinestrosa et al., 2016; Webster et al., 2011, 2018): inner or outer
barrier, inner terraces, mid terraces and outer terraces (Fig. 10). Mi-
crobial crusts occurred in all locations but their distribution and surface
area values vary considerably with depth. Braga et al. (2019) compared
the stratigraphic distribution of microbialites against lithology and
paleoenvironment, in this study their spatio-temporal distribution is
compared with that of coral assemblages reported in Webster et al.
(2018) and Humblet et al. (2019).

The outer terrace of Hydrographer's Passage (HYDe01C) (hole 39A)
shows microbialite surface area increase between ~130 mbsl and ~123
mbsl and decrease between ~123 mbsl and ~111 mbsl (Fig. 10A).
Microbial crusts occur in microbialite boundstone, coralgal boundstone
and rudstone in association with coral assemblage A, B, D and E
(Webster et al., 2018; Humblet et al., 2019). The mid-terrace hole 35A
shows a relatively high microbialite content between depths of ~131
mbsl and ~111 mbsl, while in hole 36A, there is a peak at ~114 mbsl.

Microbial crusts are observed in coralgal-microbial boundstone and
rudstone, mainly with coral assemblages A, B, C, E, and F (Webster
et al., 2018; Humblet et al., 2019). Holes 31A, 32A, and 33A on the
inner terraces display differences despite their geographic proximity.
Hole 33A shows relatively high crust surface area compared to holes
31A and 32A. Microbial crusts occur mostly in coralgal-microbialite
boundstone, and to a lesser extent in rudstone, coralgal boundstone,
and unconsolidated sediments. Microbial crusts are associated with
coral assemblage A, B, C, D and E (Webster et al., 2018; Humblet et al.,
2019). In hole 34A on the outer barrier, the abundance of microbial
crusts peaks at ~67 mbls, ~64 mbsl and ~58 mbsl. In this hole mi-
crobialites occur in coralgal-microbialite boundstone with coral as-
semblage A (Webster et al., 2018; Humblet et al., 2019).

Holes from the more northern Noggin Pass (NOGe01B) transect
display patterns of microbialite thickness and distribution that differ
from the HYD-01C transect (Fig. 10B). In mid and outer terraces, higher

Fig. 4. Timing of microbial crust development. (A)
Sampling locations (yellow rectangle) for radio-
carbon dating showing the different topological po-
sitions of the dated microbial crusts, corals and
coralline algae, and their chronostratigraphic re-
lationships. (a) Coralline algae (bottom) overlain by
younger microbial crusts (top). (b) Coral (bottom)
overlain by younger microbial crusts (top). (c)
Coralline algae (bottom) overlain by older microbial
crusts. (d) Microbial crusts overlain by older coral-
line algae, (e) or coral. (f) Microbial crusts adjacent
to a coral with the same age. (B) Uncalibrated 14C
age microbialite (green), coral (orange), and coral-
line algae (red) with 2σ value versus depth from
IODP Exp. 325 cores (ages of corals and coralline
algae are from Yokoyama et al., 2018). Blue rec-
tangles represents the values where microbialite is
younger than its substrate. The red rectangle show
the ages where microbialite is older, despite it is
topologically above its substrate. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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microbial crust surface area is recorded in the deeper core sections. In
hole 53A a decreasing upcore trend is observed, while hole 54B displays
continuously high values between ~129 and ~123 mbsl. Hole 54A is a
short core but also shows increasing crust surface area with depth. In
these holes, microbial crusts are associated with various facies, i.e.,
microbialite boundstone, coralgal-microbialite boundstone, and cor-
algal boundstone, and occur with diverse coral assemblages, such as A,
B, C, and E (Webster et al., 2018; Humblet et al., 2019). Hole 55A on
the inner terraces shows upcore increase in surface area values with a
peak around ~101 mbsl followed by decreasing values. In hole 56A
microbial crusts are relatively poorly developed; they occur in coralgal
boundstone and coralgal-microbialite boundstone, and are associated
with coral assemblages A, B, C, D and E (Webster et al., 2018; Humblet
et al., 2019). Hole 57A was drilled in the inner barrier and is char-
acterized by a relatively high microbial crust surface area at a depth of

~61–63 mbsl in coralgal-microbialite boundstone containing coral as-
semblage A (Webster et al., 2018; Humblet et al., 2019).

The trend in the microbialite surface area data is consistent with the
trend in thickness values through time (Supplementary Fig. 1D and E).
There is no significant pattern at HYD, whereas surface area values are
more consistent with thickness values at NOG. According to regression
analysis (Fig. 11), microbialite surface area shows a generally de-
creasing trend through time between ~30 and ~10 ka at HYD
(Fig. 11B). In contrast, there is an increasing trend between ~30 and
~19 ka and then a decreasing trend from ~19 to ~10 ka at NOG
(Fig. 11C). The lack of clear temporal trend at HYD could relate to the
lower recovery and less continuous reef record at HYD compared to
NOG (Webster et al., 2018).

Fig. 5. Comparison of the percentages of microbial crusts
calculated using the 2D and 3D technique in core sections
M0035A-17R1A, −18R1A and -19R1A and M0054B-6R1A.
For the 2D surface area measurements, the percentage of
microbial crusts is displayed in purple and the percentage of
the remaining components is indicated in dark pink. For the
3D volumetric measurements the percentage of microbial
crusts is in green, the percentage of corals and coralline
algae in light orange, the percentage of rubbles in grey, and
the percentage of unconsolidated sediments in light pink.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this ar-
ticle.)

Table 1
Summary of results of 3D visual analysis and 2D surface area measurements in the selected core sections.

Core ID M0035A-17R1A M0035A-18R1A M0035A-19R1A M0054B-6R1A

Location HYD-01C HYD-01C HYD-01C NOG-01B
Recovered core length (cm) 41 45 68 140
Depth (mbsl) 125.48–125.89 126.98–127.43 128.48–129.16 123.73–125.13
Age (ka) 20.03–20.24 20.17–20.42 n.a. 20.31–20.75
Lithology Coralgal-microbialite boundstone Coralgal-microbialite boundstone Microbialite boundstone Microbialite boundstone
CT scan resolution 0.27 × 0.27 × 0.625 0.27 × 0.27 × 0.625 0.18 × 0.18 × 0.625 0.18 × 0.18 × 0.625
2D surface area of microbialite (%) 51.79 49.00 67.02 58.47
2D surface area of other components (%) 48.21 51.00 32.98 41.53
3D volume of microbialite (%) 43.18 60.36 63.39 72.66
3D volume of coral and coralline algae (%) 29.02 38.86 15.20 26.70
3D volume of rubble (%) 27.81 0.77 12.84 0.63
3D volume of unconsolidated sediment (%) 0 0 8.58 0
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Fig. 6. Results of 3D and 2D analyses of core section M0035A-17R1A (125.48–125.89 mbsl). (a) High-resolution core image with locations of dated samples (yellow
rectangle) and their radiometric ages (purple: microbial crusts, green: coral, red: coralline algae). (b) 2D analyses of the high-resolution picture where the surface
area occupied by microbial crusts is indicated in purple. (c) CT-scan of the core section. (d) 3D image displaying corals and coralline algae in pink, microbial crusts in
green and rubble in grey. (e) 3D image of corals and coralline algae. (f) 3D image of microbial crusts. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 7. Results of 3D and 2D analyses of core section M0035A-18R1A (126.98–127.43 mbsl). See caption of Fig. 6.
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4.3. Comparison of the radiometric ages of microbial crusts and coralgal
communities

In the majority of the analyzed cases, 14 out of 19, the uncalibrated
ages of the coral/coralline algal substrates and encrusting microbialite
attached to them overlap within the intervals of confidence of 95%
(average uncalibrated 14C age ± 2σ) (Fig. 4B, Table S1). Conse-
quently, microbialite and its substrate are roughly coeval, i.e. micro-
bialite developed simultaneously or immediately after (below the
analytical resolution) the coral or coralline algae to which it is attached.
In 4 other cases, the coralgal substrate is significantly older than the
microbialite. The uncalibrated age offsets range from 168 ± 54 to
1152 ± 93 years. In only one case the uncalibrated age of the mi-
crobialite is significantly older than the underlying coralline algae
(Fig. 4B, Table S1).

The topological position of the components also varies throughout
the LGM and last deglacial reef sequences (Fig. 4A). For microbialites
older than the associated coralgal components, the microbial crusts are
mostly adjacent to, or above, the corals or coralline algae (Fig. 4B). For
microbialites younger than the coralgal components, the majority of the
microbial crusts overlie the coralgal components or are adjacent to
them; only one instance of older microbialites under the coralgal
components was recorded.

4.4. Temporal variation in microbialite crust thickness and relative
abundance

4.4.1. Thickness variation through time
Thickness and abundance of microbial crusts varied throughout the

cores, according to reef environments and through time between 30 and
10 kyr. Maximum thicknesses were measured on microbial crusts that
display laminations in both the Hydrographer's Passage and Noggin
Pass sites (Fig. 12E). The thickest crusts occur in 54B hole around
~22.5 ka with values of 11.5 cm. The average thickness, across all the
cores, is 2.2 cm. Polynomial (quadratic) regression of maximum

thickness variation through time shows an increasing trend from the
oldest records to the crusts developed during the LGM peak, and then a
decreasing trend to the youngest records. This quadratic fit is statisti-
cally significant (p value<0.05) and its correlation coefficient is
higher than that of the linear regression (Fig. 13A). We acknowledge
that some of the thickness data could be skewed by cavity size.

4.4.2. Thickness variation between transects
The thickness of microbial crusts also shows variation between

Hydrographer's Passage (HYDe01C) and Noggin Pass (NOGe01B) lo-
cations (Fig. 12C and D). Microbialite thickness shows a general de-
crease through time at Hydrographer's transect, although the maximum
thickness peak (7 cm) is at ~15 ka (Fig. 12C). However, the correlation
of crust thickness with age is not statistically significant at this transect
(Fig. 13B). At Noggin the maximum thickness tends to increase up to
the LGM and the thickness peak occurs at ~22.5 ka (11.5 cm). From the
LGM peak maximum crust thickness generally decreases during degla-
ciation (Fig. 12D). Values of crust thickness show a significant quad-
ratic fit with age (Fig. 13C). The average thickness also differs slightly:
2 cm in Hyd-01C and 2.4 cm in NOGe01B, but this difference is not
statistically significant. In some core intervals, microbialite is scarce or
only present as thin crusts (Fig. 12C and D).

4.4.3. Thickness variation between coral assemblages
Microbialite crusts occur in deep fore-reef coral assemblages (as-

semblage E and F, Webster et al., 2018; Humblet et al., 2019) before
~20 ka, with the thickest crusts (11.5 cm) at ~22.5 ka in coral as-
semblage E (Fig. 12E). After ~20 ka, microbialite crusts are mostly
associated with shallow water coral assemblages (assemblage A, B and
C, Webster et al., 2018; Humblet et al., 2019) and decline in thickness.

4.4.4. Relative abundance of microbial crust within associated coral
assemblages through reef sequences and between transects

Regarding the distribution of microbial crusts in the reef growth
sequences distinguished by Webster et al. (2018), in Reef 2, assemblage

Fig. 8. Results of 3D and 2D analyses of core section M0035A-19R1A (128.48–129.16 mbsl). See caption of Fig. 6.
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F has the highest content of microbial crust (67%) in HYDe01C, while
in NOGe01B, the highest content (71%) occurs in assemblage E (Sup-
plementary Fig. 2, Table 2). Crusts are more abundant in assemblage C
(55%) in HYDe01C, and in assemblage B (58%) in NOG-01B in Reef 3a.
In Reef 3b, the highest values are recorded in assemblage A in HYD-01C
(64%) and in assemblage B in NOG-01B (40%). In Reef 4, assemblage D
contains the highest relative abundance of microbial crusts in both
HYD-01C (82%) and in NOG-01B (40%).

4.5. Global microbialite thickness data for the past 30 kyr

The global dataset shows that from 30 ka to 22.5 ka microbialite
thickness increases to 11.5 cm, decreases between 22.5 ka and 18 ka,
then increases again to ~12.5 cm at ~13.5 ka before decreasing stea-
dily to the present (Fig. 14A). A sharp fall occurs around ~8 ka, after
which no microbial crust thicker than ~5 cm is reported.

Analysis of the global data set reveals some notable geographic
differences. Data from Belize shows maximum crust thickness of 3.5 cm

Fig. 9. Results of 3D and 2D analyses of core section M0054B-6R1A (123.73–125.13 mbsl). See caption of Fig. 6.
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before a significant decrease to 1.7 cm after ~5 ka (Supplementary
Fig. 1A). In the Maldives microbial crusts display a similar range of
thickness with a peak of 3.5 cm at ~8 ka (Supplementary Fig. 1B). An
increase followed by a decrease in microbialite thickness has also been
observed in Tahiti between ~16 ka and 6 ka with a peak of 12.5 cm at
~13.5 ka (Supplementary Fig. 1 C).

Regression analysis of the global dataset, by using estimates from
GBR, Tahiti, and other Holocene locations, shows a pattern similar to
the one of the GBR. The best fit between maximum crust thickness and

age is quadratic and indicates an increasing trend from the oldest re-
cords to the crust developed during the LGM, which have the highest
average thickness, and then a generally decreasing trend to the
youngest late Holocene records. The correlation is statistically sig-
nificant with a p value ≪ 0.01 (Fig. 14B).

Fig. 10. Stratigraphic distribution of lithologies, coral assemblages and microbialites in (A) Hydrographer's Passage and (B) Noggin Pass transects from IODP
Expedition 325 over the past 30–10 kyr. Figures were modified after Webster et al. (2018) and Braga et al. (2019). Relative surface area of microbial crust (%) is
represented by purple sticks in each core. Location of 3D visually analyzed core sections is indicated by orange filled rectangles. The five main reef sequences (Reef
1–5) are represented by solid and dashed colored lines after Webster et al. (2018). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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5. Discussion

5.1. Stratigraphic distribution and abundance of microbial crusts

In both Hydrographer's Passage and Noggin Pass, Reef 3a and Reef
3b (Webster et al., 2018) display relatively high microbialite content in
shallow water assemblages (assemblage A, B, and C). Presumably, this

is due to their relatively more open coral frameworks containing more
branching corals or corals that formed unattached plates, particularly
assemblage A and B composed of branching acroporids and pocillo-
porids, respectively. (Table 2, Supplementary Fig. 2) (Webster et al.,
2018; Humblet et al., 2019). In Reef 2 and Reef 4, deep fore-reef as-
semblages (assemblage E, F, and D) are associated with relatively high
microbialite contents, although smaller sample size due to low recovery

Fig. 11. Microbialite surface area in the past 30 to 10 kyr in
the GBR. (A) Blue symbols represent the crust surface area
data both from Hydrographer's Passage and Noggin pass lo-
cations. Regression analysis was taken on the data-set (red
solid line: linear fit; blue solid line: polynomial fit). (B) Blue
symbols display crust surface area just at Hydrographer's
Passage. Red solid line shows the linear fit, while blue solid
line represent the polynomial fit. (C) Blue symbols show crust
surface area just at Noggin Pass. Red solid line represents the
linear fit, while blue solid line display the polynomial fit. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 12. Spatio-temporal distribution of microbial crusts in IODP Exp.
325 cores and possible environmental factors affecting crust develop-
ment over the past 30 to 10 kyr. (A) Estimated pH and carbonate sa-
turation state; global pH values calculated for a SST of 25.5°C (solid blue
line); pH values at 24–27°C (solid pink circles) and at 26–27°C calculated
for Tahiti; global calcite saturation state values calculated for a SST of
25.5°C (data adapted from Riding et al., 2014). Estimated pCO2 level
from the high accumulation West Antarctic ice sheet core (after Marcott
et al., 2014). (B) Relative sea level (RSL) curve reconstructed from IODP
Exp. 325 cores (HYDe01C, red circles; NOGe01B, blue circles; after
Yokoyama et al., 2018) and SST anomalies calculated for the Western
Pacific Warm Pool (orange curve; Linsley et al., 2010) and for the NOG-
01B and HYD-01C transects (red circles and blue squares, respectively;
Felis et al., 2014). (C) Coral assemblages and rates of vertical reef ac-
cretion for HYD-01C after Webster et al. (2018) plotted against micro-
bial crust thickness estimates in different coral assemblages from this
study. (D) Coral assemblages and rates of vertical reef accretion for
NOG-01B after Webster et al. (2018) plotted against the microbial crust
thickness estimates in different coral assemblages from this study. (E)
IODP Exp. 325 microbial crust thickness estimates for the HYD-01C and
NOG-01B in the coral assemblages (described in Webster et al. (2018)
and Humblet et al. (2019)). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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may have biased our relative abundance estimate. However, this is not
the case in holes 53A and 54B in Reef 2 and Reef 3a, which show a
relatively high core recovery, and where the higher internal porosity of
assemblage E and bioclastic breccia lithofacies, and other external
controlling factors (e.g., sea-level, sea-surface temperature, nutrient
supply, water chemistry, see below) led to relatively high content of
microbial crust.

Therefore, our data suggest that more open frameworks with large
internal open spaces led to the preferential development of microbial
crusts (as inferred by Riding et al., 2014), and they can also pre-
ferentially develop in deeper environmental settings.

5.2. Timing of microbial crust formation

The radiocarbon ages from different reef components (corals, cor-
alline algae, and microbial crusts) allow us to reconstruct the timing of
microbial crust formation and assess its role in reef framework devel-
opment. We find evidence for both coeval and later stage development
of microbial crust within the IODP Exp. 325 reef cores (Fig. 4, Table
S1).

Coeval development of coralgal communities and microbial crusts is
supported by similar radiocarbon ages between coral and microbial
crusts, coralline algae and microbial crusts, and their topological re-
lationships (Fig. 4, Table S1). Microbial crusts generally overlie, or are
adjacent to, associated coralgal components. Coeval ages of microbial
crusts and corals or coralline algae were recorded in coralgal-micro-
bialite boundstone (holes 33A, 35A, 39A, 55A) and microbialite
boundstone (54B) characterized by different environmental and de-
positional settings (Braga et al., 2019).

According to Braga et al. (2019) the microbialite boundstones
formed directly on the sea floor and within small cavities produced by
encrusting corals and larger bioclasts in the top few centimeters of se-
diment in fore-reef settings, but still in the photic zone. They suggest
that crust formation occurred coevally with the growth of encrusting
corals and coralline algae and the accumulation of bioclasts. Micro-
bialite boundstone in hole 54B, formed in a fore-reef setting within the
photic zone and likely also reflects the repeated superposed growth of
encrusting corals and microbial crusts described by Braga et al. (2019).

Braga et al. (2019) also recognised that microbial crusts in coralgal-
microbialite boundstone formed in shallow water (0–20 m) where
crusts veneer reef framework and fill cavities. At Tahiti (Exp. 310),
Heindel et al. (2009) and Westphal et al. (2010) also reported almost
identical ages of coralgal and microbialite components that suggest that
coralline algae and microbial crusts filled the framework cavities im-
mediately after coral death while still positioned in the euphotic zone.
Our results suggest that microbial crusts in shallow water reef frame-
work were most likely to develop coevally with coralgal communities
within the reef framework (Hole 33A, 35A, 39A, 55A).

The later development of microbial crusts was identified exclusively
in three cases in coralgal-microbialite boundstones (Hole 33A, 39A,
42A), overlying or adjacent to coralline algae and coral components,
and in one case in microbialite boundstone (Hole 54B) underlying a
coral (Fig. 4). Age offsets between the growth of the coralgal commu-
nity and the development of these microbial crusts show 481 ± 74 yr,
541 ± 68 yr, and 1152 ± 93 delays in crust formation. The former
two cases are in agreement with the results of Seard et al. (2011), who
found that Tahitian shallow water microbial crusts (Exp. 310), defined
as ‘reefal microbialites’, formed in the primary cavities of reef frame-
works ~100–500 yr after the demise of the coralgal communities. Webb
and Jell (1997, 2006) and Braga et al. (2019) suggested that microbial
crusts in shallow-water represent the last stage of filling of the frame-
work space in the last deglacial reef sequence. The microbialite
1152 ± 93 yr younger than the coralgal substrate could represent an
extreme case of delay in cavity filling. The crust in the fore-reef
boundstone (Hole 54B) much younger than the overlying coral suggests
that later filling of cavities by microbialite also took place in deeper-

water deposits.
Only in one case the uncalibrated age ofthe microbial crust older

than that of the underlyingcoralline algae, with an offset of
−384 ± 74 yr. This might be due to alteration of the coralline sample
or alternatively by the incorporation of older sedimentary particles
within the microbialite.

5.3. Microbial crust development in response to environmental changes

Microbial crusts have been thought to be less sensitive to changes in
light and depth compared with other reef framework builders (Camoin
and Montaggioni, 1994). However, recent studies have shown that their
stratigraphic distribution, thickness, and morphology within reef fra-
meworks can vary significantly in response to environmental changes
(Heindel et al., 2009; Heindel et al., 2010; Seard et al., 2011, Riding
et al. 2014). The IODP Exp. 325 record provides a unique opportunity
to reconstruct the sensitivity of microbial crusts to major environmental
changes between 10 and 30 kyr.

5.3.1. The role of sea level change and rising sea-surface temperature
Significant variations in sea-level and sea-surface temperature have

been reported from the GBR over the past 30 kyr (Linsley et al., 2010;
Felis et al., 2014; Yokoyama et al., 2018). Both of these environmental
factors present a relatively stable condition until ~22–20.5 ka when
sea-level dropped to the full extent of the LGM (Yokoyama et al., 2018).
Sea-surface temperature started to continuously rise again from
~19 ka, while relative sea-level started to increase earlier, around
~20.5 ka (Fig. 12B). Felis et al. (2014) reported a 2–3 °C local tem-
perature differences between Noggin and Hydrographer's sites, al-
though both sites show an increasing temperature trend towards the
present.

In Tahiti Camoin et al. (1999) suggested that more intense circu-
lation and upwelling of nutrient-rich seawater, during deglacial sea-
level rise stimulated microbial crust development, thereby explaining
the absence of microbial crusts after 6 ka when sea-level was stable.
Rising sea-level may allow faster reef accretion which, can lead to
framework with more open space, but it does not necessarily lead to
thicker microbialite crusts. In general, in the GBR, the highest crust
thickness coincided with sea-level lowstand and low sea-surface tem-
perature, whereas crust thickness decreased in the deglacial period.
However, a local positive correlation occurs at Hydrographer's site
where increasing crust thickness appears to match increase in rising
sea-level and sea-surface temperature.

Microbial crusts, mainly associated with deep fore-reef coral as-
semblages occur around ~26 – ~20.5 ka, in Reef 2 and Reef 3a
(Fig. 12C, D and E). During the development of Reef 2 (~27–22 ka), the
reef formed a narrow fringing reef system characterized by slow vertical
accretion (Webster et al., 2018). Records from other localities are
sparse but globally this was a period of slow growth perhaps due to
unfavourable environmental conditions (e.g., low accommodation
space, higher sedimentation rate) (Webster et al., 2018). We suggest
that slower reef accretion in these shallow reef environments led to less
space for thick microbial crust development within the shallow reef
framework, in contrast to deeper reef slope environments. Following
the initiation of Reef 3a, conditions presumably continued to be sui-
table for significant microbial crust formation in deeper settings.
However, with the onset of rapid deglacial sea level rise, and the rapid
creation of accommodation space, faster vertical reef accretion enabled
significant microbial crust formation in cavities in shallow reef en-
vironments. Microbial crusts associated with shallow water coral as-
semblages dominated the period from ~20.5 to 10 ka, characterized by
more rapid vertical accretion during the development of Reef 3b and
Reef 4 (Webster et al., 2018). We infer that microbialite formation in
deeper water continued, but that conditions were better suited to crust
formation in shallow-water reef cavities.

Therefore, thickness and abundance of microbial crust indicate that
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the availability of accommodation space and cavities influenced crust
thickness. However, while faster reef accretion creates framework with
more open space, cavities, and perhaps abundant microbialite occur-
rence, it does not necessarily lead to thicker microbialite crusts. Indeed,
there is no statistically significant correlation between crust thickness
and vertical reef accretion rates at that time (Table S5). Similar results
were obtained from microbialites in the Holocene reef successions of
Bora Bora, French Polynesia (Gischler et al., 2020).

5.3.2. Higher nutrient and sediment supply
Increased sedimentation and nutrient supply have previously been

proposed as controlling factors on the amount of microbial crusts in reef
systems (Montaggioni and Camoin, 1993; Reitner, 1993; Cabioch et al.,
1999; Camoin et al., 1999; Camoin et al., 2006; Heindel et al., 2009;
Heindel et al., 2010; Seard et al., 2011).

Several distinct pulses of terrigenous sediment flux across the GBR
margin over the past 30 kyr have been reported (Webster et al., 2018).
Braga et al. (2019) observed relatively high-content of siliciclastic se-
diment particles, as well as high-content of land-plant biomarkers in
microbial crusts. They reported higher amount of siliciclastics in
Noggin Pass region (average of 9.8%) than in Hydrographer's Passage
(average of 4.5%).

Exp. 325 thickness measurements display the highest value in
Noggin Pass region, 11.5 cm. Nonetheless, there is no significant dif-
ference between average crust thicknesses in either transect.

Terrestrial sediment input and nutrient supply between ~23 and
~22 ka might have influenced microbial crust thickness. However,
larger drainage systems are not reported in the northern central GBR at
this time and the exposed land surface area during the lowest sea level
was only slightly larger than in the deglacial period prior to reflooding
(Braga et al., 2019). Previously published records of sediment flux to
the deep sea (Dunbar et al., 2000; Dunbar and Dickens, 2003;
Hinestrosa et al., 2016; Hinestrosa et al., 2019) do not show any cor-
relation with microbialite thickness trends. For example, mass accu-
mulation rates of fine-grained siliciclastic sediments started to increase
~14 ka and ~10 ka, while carbonate accumulation increased ~12 ka
(see Hinestrosa et al., 2019 for a recent summary). However, lack of
correlation with regional deep-sea sediments does not negate the pos-
sible impact of significant local sedimentation at the study sites.
Nonetheless, we find no correlation with our Exp. 325 microbialite
thickness data in record of Exp. 325 downhole gamma ray data pre-
sented by Hinestrosa et al. (2019). Therefore, we find no apparent
correlation between sediment flux and microbial development in our
study area.

5.3.3. Changes in pCO2 level, pH and calcium carbonate saturation level
Overall, our estimates of Exp. 325 microbial crust thickness appear

to show an increasing and then decreasing trend, broadly consistent
with the general trends in calcium carbonate saturation state (Ω), pH,
and the amount of dissolved carbon-dioxide in seawater over the last 30
kyr (Figs. 12 and 15).

According to previous studies, over geological time-scales, micro-
bial crust development is sensitive to changes in seawater chemistry
(Grotzinger, 1990; Riding and Liang, 2005). Riding et al. (2014) sug-
gested that changes in microbial crust thicknesses during the last ~17
kyr at Tahiti and global sites could be due to natural ocean acidifica-
tion. Essentially, this is a result of increased pCO2 in seawater, low pH
and carbonate saturation state with respect to carbonate minerals
(Raven et al., 2005). During pCO2 increase, Riding et al. (2014) ob-
served a marked decline in crust thicknesses from ~14 ka, with steepest
decline from 12.5 to 11 ka ago, as Ωcalcite fell from 8.3 to 7.8 and pH
decreased by 0.04 units. These data suggest that 7.9 Ωcalcite represents a
key threshold above which thicker crust formed and strengthened the
reef frameworks. After ~9 ka, and below this threshold, no crust thicker
than ~5 cm was observed in reef frameworks. Riding et al. (2014)
suggested that, based on the correlation between water chemistry and

microbial crusts thickness, variation in crust thickness could be used as
a proxy for ocean acidification.

Our microbialite thickness measurements from the GBR over the last
30 kyr also display trends consistent with the changes in pH and Ωcalcite

calculated for Tahiti and global conditions (Figs. 4 and 6 in Riding
et al., 2014), and with the high resolution pCO2 record from a West
Antarctic ice core (Marcott et al., 2014) (Fig. 12). Indeed, there is a
highly significant correlation between maximum thickness and satura-
tion states at the same geological times (see Fig. 15). In our samples, the
thickest microbial crusts occur ~22.5 ka at pH ~8.3, Ωcalcite ~ 9, and
195 ppm pCO2. The GBR record shows that thick microbialites formed
at pH and Ωcalcite of 8.23–8.32 and 8.10–9.18, respectively (Fig. 12).
The general trends in crust thickness indicate an increase from the
oldest records to highest values during the LGM (Fig. 13A, B and C;
Fig. 14). Then, the Exp. 325 dataset shows a decline in crust thickness
after ~20 ka. Thicker microbialite crusts occur within more open reef
framework structure between ~12.5 and ~14.6 ka at Tahiti, while in
the GBR the thickest crusts formed in massive fore-reef coral reef fra-
meworks between ~20 and ~23 ka (Fig. 12E). A similar pattern is
recorded in the global data set. Our analysis shows an overall increasing
trend in crust thickness with average maxima during the LGM, and then
a general decrease with different absolute values at different locations
(Fig. 13D and E).

Our global data set also supports the original interpretation of
Riding et al. (2014), that microbial crust thickness declined as pH and
Ωcalcite dropped below the threshold level (7.9 for Ωcalcite and 8.22 for
pH) (Fig. 14). Our meta-analysis also confirms that microbial crust
thickness has been<5 cm since ~9 ka. One exception, however, is
observed off the Marquesas Islands. At this location, microbial crusts
were reported from a deep fore-reef slope environment, and local
conditions (i.e., rapid sea-level rise; Camoin et al., 2006) probably
played an important role in their formation.

In the present-day context of rapid global climate change, modern
microbial biofilms and mats are particularly exposed to changes in
pCO2, pH and temperature. Recent studies indicate sensitive but
adaptive microbial communities that react differently to short-term
environmental changes (Liu et al., 2010; Witt et al., 2011; Beltrán et al.,
2016). Witt et al. (2011) suggest that changes in water chemistry could
lead to shifts in bacterial biofilm species abundance and/or function.
Relative abundance of some bacterial groups increases while that of
others decreases in response to increased pCO2 concentration, in-
dicating pH sensitivity of specific bacterial groups (Witt et al., 2011).

Ries (2010) proposed that variation in seawater Mg/Ca has an effect
on marine biological calcification. Laboratory experiments have shown
that modern organisms that secrete aragonite and high-Mg calcite may
be less negatively impacted by ocean acidification as they can maintain
their calcification better via higher control over the pH and CO3

2−

concentration of their calcifying fluid. However, these organisms may
be more vulnerable to dissolution in today's CO2-enriched aragonite
seas (Ries, 2010). Changes in microbial community composition and
activity due to variation in pH and temperature (Witt et al., 2011;
Beltrán et al., 2016) are likely to lead to reduced microbial crust for-
mation, thereby weakening reef frameworks in the future.

6. Conclusions

Investigation of IODP Exp. 325 fossil coral reef cores from the GBR
and a meta-analysis of global reef records, allow us to reconstruct the
spatio-temporal distribution of microbial crusts in reef frameworks over
the past 30 kyr. Based on 2D surface area and 3D volumetric analyses of
the microbialites in the Exp. 325 reef cores, within the context of a
robust new chronostratigraphic framework, we explored the timing of
microbial crust formation, and its response to different environmental
changes. On this basis we draw the following conclusions:

1) Analysis of CT data on a few core sections allowed us to assess the
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Fig. 13. Microbialite thickness over the past 30 kyr from the (A) GBR, separately from (B) Hydrographer's Passage and (C) Noggin Pass, (D) Tahiti and other (E)
global locations. Red solid line represents the linear fit, while blue solid line display the polynomial fit. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 14. Relationship between carbonate saturation state, pH and microbial crust development in reef systems over the past 30 kyr. (A) Global pH (blue solid line)
and calcite saturation state (black solid line) values calculated for a SST of 25.5°C (from Riding et al., 2014) plotted against available microbial crust thickness
estimates from 19 locations around the world. (B) Black symbols represent microbialite thickness values over the past 30 kyr in the GBR, Tahiti and other global
locations. Red solid line shows the linear fit, while blue solid line displays the polynomial fit. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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3D heterogeneity (occurrence, geometry, and volume) of the mi-
crobial crusts in the reef framework. Comparing these results to the
2D surface area estimates measured on all core sections showed that
these techniques generated similar percentages of microbial crusts
(average: 9.45 ± 4.5%). Therefore, the 2D surface area measure-
ments represent a robust and efficient approach to estimate the
volume of microbial crusts making up reef frameworks in the IODP
Exp. 325 cores.

2) Microbial crusts in the Exp. 325 GBR record developed pre-
ferentially in deep water coral frameworks with large internal open

spaces. However, they also occur in shallow environmental settings.
3) Radiometric dating of the different reef framework components

(coral, coralline algae, and microbial crusts) suggest both coeval and
later development (i.e., post coralgal framework development) of
microbial crusts. Coeval ages indicate that microbial crusts and
coralgal assemblages were able to form at the same time in both
shallow water and deep, fore-reef settings. In three cases, markedly
later crust development was identified in shallow water,
481 ± 74 yr to 1152 ± 93 after the underlying/ adjacent coralgal
community demise.

Fig. 15. Relationship between calcite saturation state and microbial
crust thickness in the GBR. (A) Methodology of comparison calcite
saturation state and microbialite thickness. Calculated surface ocean
fluctuations in calcite saturation state during the past 30,000 years
(blue symbols). Calculation based on CO2 values from the Vostok ice
core (Petit et al., 1999), assuming average seawater surface salinity
of 36.7 0/00, average sea-surface temperature of 25.5°C, and
average alkalinity of 2518 (μmol kg-1 seawater) throughout (from
Riding et al., 2014, Fig. 6). Green symbols represent all microbialite
thickness from the GBR, while grey symbols display just their upper
boundary values. Linear extrapolation was used to find the corre-
sponding calcite saturation state values to the upper boundary
thickness values (yellow symbols). (B) Maximum thickness with re-
spect to saturation states at the same geological time (using result
from the previously described method). Regression analysis, power
fit, was also taken on the data (blue solid line). (For interpretation of
the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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4) Temporal changes in microbialite crust thickness were observed in
the IODP Exp. 325 dataset: crust thickness reached a maximum of
11.5 cm at ~22.5 ka before decreasing to ~3 cm in younger core
sections. Combined with our global meta-analysis, this represents
the most comprehensive reef record of microbialite thickness for the
past 30 kyr.

5) Both GBR and global data show an overall increasing trend from the
oldest records to the LGM peak, and then a generally decreasing
trend during deglaciation and Holocene. The temporal trends in
maximum thickness of GBR microbialites display a significant po-
sitive correlation with carbonate saturation level and pH, and in-
verse correlation with increasing pCO2 level. Together with the lack
of clear correlation with other environmental parameters - such as
nutrient and sediment supply, rising sea-surface temperature and
sea-level – our results suggest that microbial crust formation was
likely influenced by ocean chemistry conditions over the past 30
kyr. As ocean Ωcalcite and pH dropped below key thresholds (~7.9
and ~8.22, respectively) during the past ~9 kyr, microbialite crusts
in reef frameworks became relatively thin (<~5 cm).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.margeo.2020.106312.
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