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ABSTRACT

Beachrock is a type of carbonate-cemented rock that forms via rapid cementation in the intertidal zone. Beachrock is a valuable
geological tool as an indicator of paleoshorelines and may protect shorelines from erosion. Previous studies present a range of
hypotheses about the processes enabling rapid beachrock formation, which span purely physicochemical mechanisms to a sig-
nificant role for microbially mediated carbonate precipitation. We designed a set of in situ field experiments to explore the rates
and mechanisms of beachrock formation on Little Ambergris Cay (Turks and Caicos Islands). Our field site has evidence for
rapid beachrock cementation, including the incorporation of 20th century anthropogenic detritus into beachrock. We deployed
pouches of sterilized ooid sand in the upper intertidal zone and assessed the extent of cementation and biofilm development
after durations of 4days, 2.5months, and 5 months. We observed incipient meniscus cements after only 4 days of incubation in
the field, suggesting that physicochemical processes are important in driving initial cementation. After 2.5 months, we observed
substantial biofilm colonization on our experimental substrates, with interwoven networks of Halomicronema filaments binding
clusters of ooids to the nylon pouches. After 5months, we observed incipient beachrock formation in the form of coherent aggre-
gates of ooids up to 1cm in diameter, bound together by both networks of microbial filaments and incipient cements. We interpret
that the cyanobacteria-dominated beachrock biofilm community on Little Ambergris Cay plays an important role in beachrock
formation through the physical stabilization of sediment as cementation proceeds. Together, this combination of physicochemi-
cal and microbial mechanisms enables fresh rock to form in as little as 150 days.

1 | Introduction cements) or hardground cements (Fliigel 2010). Anthropogenic

inclusions in carbonate rocks, such as ancient Greek pottery in

Carbonate sedimentary rocks begin as sediments precipitated,
with or without biological mediation, from Earth surface fluids,
including seawater, meteoric waters, and groundwater. Further
precipitation of cements within pore spaces can lithify carbonate
sediments in surface environments, prior to any burial or com-
paction. Specific petrographic phases within carbonate rocks
reflect this type of (nearly) syn-sedimentary cementation, such
as gravitational fabrics (e.g., dripstone, pendant, and meniscus

submarine hardgrounds (Shinn 1969) and Coca-Cola bottles in
beachrock (Davies and Kinsey 1973), suggest that the pace of
syndsedimentary lithification can be rapid across multiple dep-
ositional environments.

This study explores the processes responsible for the rapid lith-
ification of beachrock—or carbonate-cemented rock composed
of beach sediment that forms at shorelines—in a study site in
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the Turks and Caicos Islands. Beachrock can form quickly
(McCutcheon et al. 2017; Falkenroth et al. 2022), and elucidating
the rate of beachrock formation and the processes responsible
is valuable for a number of applications in the Earth sciences.
Beachrock is widely used as an indicator of paleoshoreline
location in studies of sea level and uplift (Mauz et al. 2015).
Furthermore, beachrock may help to armor and protect vulner-
able coastlines (Cooper 1991; Dickinson 1999), so the ability to
trigger, control, or promote its rapid formation could be a valu-
able tool for coastal management.

The relative contributions of physiochemical and biological
mechanisms responsible for beachrock formation are not fully
understood. The processes responsible may vary between loca-
tions (Vousdoukas, Velegrakis, and Plomaritis 2007). The lati-
tudinal distribution of beachrock—concentrated at latitudes
below 40°—suggests that the same physiochemical controls
that govern carbonate precipitation more broadly (e.g., tem-
perature, alkalinity) are important (Vousdoukas, Velegrakis,
and Plomaritis 2007). Physiochemical processes invoked in
beachrock formation include carbonate precipitation directly
from meteoric or marine waters (Ginsburg 1953; Gischler and
Lomando 1997) or mingled meteoric-marine fluids (Moore
Jr 1973; Hanor 1978), potentially enhanced by CO, degassing
(Hanor 1978). Some observations support the importance of
microbial involvement in beachrock formation, especially in
regard to the role of microbial biofilms as loci for cementation
(Neumeier 1999; McCutcheon et al. 2016, 2017). Petrographic
characterization of beachrock from Heron Island, Australia,
identified the paired processes of microbial dissolution of car-
bonate during boring and the precipitation of aragonite cements
within microbial extracellular polymeric substances (EPS) as
key to the lithification of beachrock in that system (McCutcheon
et al. 2016). Under laboratory conditions meant to mimic natu-
ral conditions, carbonate sediments inoculated with microbes
formed incipient beachrock with close association of microbial
biofilm and cements (McCutcheon et al. 2017), suggesting that,
at least in some settings, physiochemical processes of evapora-
tion and tidal cycling may be less important than the microbial
contributions to early cementation and lithification. This study
sets out to describe both microbial and physiochemical contribu-
tions to beachrock formation using an in situ approach in a field
area where observations indicate that beachrock forms rapidly.

1.1 | Study Site: Little Ambergris Cay

Little Ambergris Cay is a protected nature reserve, administered
by the Department of Environmental and Coastal Resources of
the Turks and Caicos Islands and the Turks and Caicos National
Trust. It is a small (6.1km?) island on the Caicos Platform
(Figure la-c). Rock exposures on Little Ambergris Cay are
Holocene in age, with no evidence for Pleistocene outcrop or
antecedents (Orzechowski, Strauss, and Knoll 2016; Cantine
et al. 2024). The interior of the island is covered by a mangrove-
microbial mat-dominated tidal swamp. The perimeter of the
island consists of a rim of lithified dunes, beachrock, and unlith-
ified shoreline (Figure 1c) (Stein et al. 2023; Cantine et al. 2024).
Ooids make up the bulk of sediment, both lithified and unlith-
ified, on Little Ambergris Cay with some minor contributions
from skeletal carbonates.

Beachrock is common along the southern coast of the island,
including a strandplain of beach ridges (Figure 1c) and well-
exposed coastal outcrops (Cantine et al. 2024). Aeolianite dunes
are also lithified and well-exposed, especially on the northern
shore of the island. Although these dunes are lithified, we do
not identify them as beachrock, which we reserve exclusively for
lithified sediments formed at the shoreline.

Some beachrock on Little Ambergris Cay is horizontal- to
seaward-dipping planar-laminated fossiliferous oolite de-
posited in the upper foreshore environment (Figure 1d,e).
Beachrock consisting of monomict carbonate breccias with
meter-scale clasts of aeolian and foreshore ooid grainstones in
ooid grainstone matrix are also common in the intertidal zone
(Figure 1f,g). The clasts within are occasionally imbricated.
Each individual breccia unit is locally developed and is up to
5m in width. The coherence and shape of breccia clasts show
that they were lithified prior to incorporation into breccias;
these breccia units therefore document multiple generations of
lithification and cementation. Radiocarbon data on shells and
sediment from both lithified foreshore and breccia deposits in-
dicate that lithification is recent (within the last 1000years) and
ongoing (Cantine et al. 2024). Beachrock on Little Ambergris
Cay sometimes includes anthropogenic debris, including 20th-
century glass bottles and jars (Figure 1g) (Cantine et al. 2024).

Some differences between beachrock and aeolianites on Little
Ambergris Cay highlight a potential role for microbial contribu-
tions to beachrock lithification. By definition, beachrock forms
within the intertidal zone. On Little Ambergris Cay, a surficial
black biofilm is closely associated with rocks in the intertidal
zone, and this biofilm is not observed on lighter-colored over-
lying rock (Figure 2a). Beachrock on Little Ambergris Cay is
also better cemented at exposed surfaces than overlying aeo-
lianite. Where fresh surfaces of beachrock are exposed, an in-
ternal rind of green biofilm along surfaces exposed to light can
be observed (Figure 2b); no such green biofilm is found within
aeolianites. These observations are consistent with the presence
of a photosynthetic and endolithic microbial consortium within
beachrock and the absence of this community within other lith-
ified sediments above the intertidal zone. In these respects, Little
Ambergris Cay beachrock is similar to Heron Island beachrock;
previous studies have interpreted that the biofilm and endolithic
microbial community contribute to the formation of beachrock
on Heron Island (McCutcheon et al. 2016, 2017). Here, we de-
scribe the microbial community present within Little Ambergris
Cay beachrock and explore its contribution to beachrock forma-
tion. This study also constrains the rate of beachrock formation
under field conditions on Little Ambergris Cay through a suite
of in situ field incubation experiments.

2 | Materials and Methods
2.1 | Experimental Design

We designed an in situ field experiment to track biofilm col-
onization and incipient carbonate mineral cementation by
deploying replicates of sterilized ooid sand for incubation
over periods of increasing duration. We sieved ooid sand
that had been previously collected from Ambergris shoal
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FIGURE 1 | Location and key facies of Little Ambergris Cay, Turks and Caicos Islands. (a) Location of the Turks and Caicos Islands, marked
with a black rectangle, within the region. (b) Satellite imagery of the Caicos Platform. Imagery from Google Earth. Location of Little Ambergris Cay
marked with white rectangle. (c) Orthomosaic imagery of Little Ambergris Cay from July 2016 (Stein et al. 2023). The compass arrow points north.

(d) Prograding beachrock deposits on the southern coast of Little Ambergris Cay. Photo credit: E. Orzechowski. (e) Horizontal to seaward-dipping

beachrock overlain by aeolianite. View is landward. Photo credit: A. Knoll. (f) Reworked boulders and cobbles in conglomerate. Rock hammer for

scale. Photo credit: M. Cantine. (g) Some conglomeratic beachrock on Little Ambergris Cay contains anthropogenic debris, including glass bottles

like this one. Photo credit: M. Cantine.

(a ~20-km-long ooid shoal extending to the west of Little
Ambergris Cay) to a 250-500 um fraction. We sterilized the
sand by autoclaving it at 121°C for 2h. The primary goal of
sterilization was to eliminate native microbes that might
flourish when they were returned to their preferred envi-
ronment on Little Ambergris Cay. We divided sterilized sed-
iment into 24 15-mL replicates and then analyzed grain size

and shape distributions of each sample via Retsch Camsizer
P4. We then funneled 23 of these replicates into individual
pouches created from 75-um mesh nylon (commercially sold
as culinary cloth sieves), heavy-duty nylon thread, and Gear
Aid Seam Grip WP seam sealer (Figure 3). This mesh size was
selected to maximize connectivity for water and microbes to
filter through the nylon while also keeping the sand within

3of 14

d ‘T *$TOT “699¥TLY L

:sdny woxy papeoy;

0 pue SWId ], 24y 39S *[$70Z/40/$T] U0 A1eiqrT dui[uQ Ad[IA ‘SOLEIQIT OPEIO[OD) JO ANSIOATUN AQ 6000L 145/ 1 11 1°01/10p/wo0 Aaim A

ssdny)

10) /09" K[ 1M,

P!

ASUDIT suowWWo)) dAnear) a[qedtjdde ayy £q pauIaA0g ale sapoILE V() ‘ash Jo safnl 10 AIeIql] duruQ A1 UO (¢



the pouch. The sand was not tightly packed in each pouch,
such that grains could easily shift around one another when
the pouch was shaken (such as when it might be rolled around
by waves at high tide). Replicate 24 was retained in the lab in
a 15-mL centrifuge tube as a control. Each pouch of sand was
inserted into a 4.5-cm-diameter rubber polyhedral meshwork
ball (commercially available as a dog toy) to protect it from
abrasion by the existing beachrock. Pouches were redundantly

FIGURE2 | Features of beachrock on Little Ambergris Cay. (a) View
of shoreline on Little Ambergris Cay, including beachrock, boulder rub-
ble, and overlying aeolianite. Rocks exposed at the shoreline, including
beachrock, have a black surface color; compare to lithified sediments
above the intertidal zone, which are compositionally identical but lack
the black surface color. Photo credit: M. Cantine. (b) A thin green bio-
film is found at the upper surface, just under the blackened surface, of
freshly exposed beachrock. Photo credit: M. Cantine.

Preparation in labl

1replicate:

75 um Nylon
mesh pouch

sealed with
seam grip

(water proof)
A

sample identifier

FIGURE3 | Schematic of experimental design.

Rubber dog toy

labeled with thread, the color of the enclosing dog toy, and
color-coded zip ties.

We traveled to Little Ambergris Cay in February 2023 to deploy
our experiment in the field. We selected a site for deploying the
experiment that met the following criteria:

1. Located in the upper intertidal zone, such that samples
were only submerged briefly at high tide. The tides on Little
Ambergris Cay are semidiurnal: there are two high tides
per day of unequal magnitude, the asymmetry of which
changes throughout the lunar cycle. Our site was located
such that it was submerged by the higher high tide, but not
necessarily submerged by the lower high tide.

2. Located on or adjacent to existing biofilm-covered
beachrock.

3. Located adjacent to recent anthropogenic detritus ce-
mented into beachrock.

At our selected field site, we used glue-in stainless-steel rock-
climbing bolts to secure three lanyards of sample pouches to the ex-
isting beachrock. Each lanyard comprised seven or eight pouches,
which were attached together with both marine-grade nylon para-
cord and plastic-coated stainless-steel lanyards (Figure 3).

We collected samples after deployment at three time points:
4days, 2.5months, and 5months of incubation time in the field.
No hurricanes passed over the study site during our observa-
tional period. At each sampling time point, we collected four
replicates of each sample: one replicate was subsampled for 16S
rRNA analysis and microscopy and three replicates were pre-
pared for grain size and shape analysis. At the 2.5month and
5month time points, we collected two additional replicates for
total organic carbon (TOC) analyses.

2.2 | Grain Size Analyses

At each time point, three replicates were prepared for grain
size analysis by rinsing and drying sediment the same day they

Deployed in field

Plan view: LAC interior T

open platform
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were collected from the field. Dry samples were analyzed for
distributions of grain size and shape via Retsch Camsizer P4.
Distributions of size and shape parameters of each individual
sample were compared with analyses of that sample prior to de-
ployment in the field.

2.3 | DNA Extraction

At each time point, two subsamples from one replicate were
prepared for 16S rRNA gene sequencing by using a sterilized
spatula to scoop sediment from inside the pouch into a 1.5mL
Qiagen Powersoil Pro bead tube pre-filled with 600uL of
RNAlater. Cells were lysed by bead-beating, and microtubes
were stored frozen. The DNA samples were defrosted, vortexed
for approximately 5s, centrifuged for 1min at 15,000 RCF at
room temperature, and the RNAlater supernatant was removed
via pipette. Samples were then washed with 800 uL of Dulbecco's
phosphate-buffered saline (dPBS), vortexed for approximately
5s, centrifuged for 1min at 15,000 RCF at room temperature,
and the dPBS supernatant removed via pipette. DNA was then
extracted using the Qiagen DNeasy PowerSoil Pro Kit following
the manufacturer's protocol.

2.4 | Library Preparation

The V4 region of the 16S rRNA gene was amplified via poly-
merase chain reaction (PCR) with a two-step protocol. Real-
time PCR was performed as 25uL reactions in duplicate to
group samples by approximate DNA template concentrations,
thus avoiding thermocycling past the mid-linear phase. This
resulted in two groups of samples. One group cycled for 18 cy-
cles, and the other cycled for 25 cycles. Master mix for gPCR and
step 1 PCR was prepared by hand using the following reagents
per 25uL reaction: Nuclease Free Water 12.125uL, HF Buffer
S5uL, 10uM dNTPs 0.5uL, 3uM forward and reverse prim-
ers 2.5uL, Phusion 0.25pL, DNA template 2uL. For real-time
PCR, 0.125uL of a 1/100 dilution of SYBR Green was added,
and 0.125 uL of Nuclease Free Water was removed to maintain
25uL volume per reaction. For qPCR and step 1 PCR, samples
used the following primers: PE16S_V4_U515_F: 5 ACACG
ACGCT CTTCC GATCT YRYRG TGCCA GCMGC CGCGG
TAA-3', and PE16S_V4_E786_R: 5 CGGCA TTCCT GCTGA
ACCGC TCTTC CGATC TGGAC TACHV GGGTW TCTAA T
3" (Preheim et al. 2013). Samples were cycled using the following
conditions: denaturation at 98°C for 30s, annealing at 52°C for
30s, and extension at 72°C for 30s. For step 2, PCR Master mix
was prepared by hand using the following reagents per 25uL
reaction: Nuclease Free Water 8.65uL, HF Buffer 5uL, 10uM
dNTPs0.5uL, 3uM forward and reverse Primers 3.3 uL, Phusion
0.25uL, DNA template 4 uL. Step 2 PCR samples used an eight
base pair barcode complete with Illumina adapter sequences,
and samples were cycled for ninecycles using the following
thermocycler conditions: denaturation at 98°C for 30s, anneal-
ing at 83°C for 30s, and extension at 72°C for 30s. Step one and
step two PCR 25uL reactions were run in quadruplicate, then
pooled and cleaned with Beckman Coulter Agencourt AMPure
XP Bead-Based Reagent using 95uL of DNA template and 85uL
of AMPure XP Bead-Based Reagent, otherwise following the
manufacturer's directions. DNA assays were performed using

the Invitrogen Qubit 1x dsDNA High Sensitivity Kit prior to se-
quencing to confirm PCR amplification success.

2.5 | Sequencing

The libraries were multiplexed with unrelated libraries not
used in this study and underwent paired-end sequencing on the
Illumina MiSeq platform at The Johns Hopkins University of
Medicine Genetic Resources Core Facility (GRCF).

2.6 | Sequencing Data Analysis

All sequence data was demultiplexed using QIIME2 version
2023.5 and denoised with DADA?2 prior to filtering samples ex-
clusively from this project for downstream analysis (Callahan
et al. 2016; Bolyen et al. 2019). Primers were trimmed, and
sequences were truncated at 200 base pairs based on quality
scores. Taxonomic assignment of amplicon sequence vari-
ants was performed using the q2-feature classifier (Bokulich
et al. 2018), a QIIME 2 plugin, and a pre-trained Naive Bayes
taxonomic classifier using Greengenes version 13_8 (McDonald
et al. 2012). Sequence alignment was performed using Mafft
(Katoh et al. 2002), and FastTree (Price, Dehal, and Arkin 2010)
was used to generate a phylogenetic tree.

2.7 | Light and Electron Microscopy

Four subsamples of one replicate from each time point and two
samples of in situ beachrock adjacent to the experiment site were
prepared for microscopy. Immediately after collection, samples
were fixed with paraformaldehyde and dehydrated in a series
of decreasing dilutions of ethanol with 1x phosphate-buffered
saline (PBS). Fixed and dehydrated samples were stored in 100%
EtOH for transport back from the field site. At the University
of Colorado Boulder, aliquots of each microscopy sample were
placed in flat-bottom size 00 polyethylene capsules and embed-
ded in LR White resin through a series of infiltration steps of
increasing concentration: 50% LR White in EtOH, 75% LR White
in EtOH, 90% LR White in EtOH, 95% LR White in EtOH, and
three infiltrations of 100% LR White in EtOH. Each infiltration
step was incubated for ~24h. In the final step, accelerator was
added to the resin prior to pipetting into capsules; filled capsules
were sealed with parafilm and placed in a 0°C fridge to polymer-
ize overnight. Embedded samples were removed from capsules
and trimmed to size with a gem saw or polished down with
sandpaper, then submitted to Grindstone Laboratory (Portland,
OR) for preparation as polished thin sections.

Thin sections were examined using plane- and cross-polarized
transmitted light with a Zeiss Axiolmager M2 equipped with
a 6MP 33fps Axiocam 506 color camera. Raman spectra were
collected using a Horiba LabRAM HR Evolution Spectrometer
with a 785nm excitation laser at the CU Boulder Raman
Microspectroscopy Lab.

Aliquots of each sample that were not embedded and sectioned
were mounted on carbon tape for secondary electron microscopy
(SEM) using a Hitachi TM-4000PlusE-2 in the Colorado Shared
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Instrumentation in Nanofabrication and Characterization
(COSINC) at the University of Colorado Boulder. Secondary
electron and backscattered electron imaging were conducted
at 10 or 15kV accelerating voltages with working distances of
6-8mm.

2.8 | Organic Carbon Analyses

TOC was analyzed in the CU Boulder Earth Systems Stable
Isotope Lab (CUBES-SIL) (RRID:SCR_019300). Two subsam-
ples of ooids were collected from each of two replicates for both
the 2.5 month and 5 month time points, resulting in four samples
per time point. Four subsamples were extracted from replicate
CP7 and 3 subsamples from replicate CP17 for sample error and
drift calculations. We also analyzed one control sample that was
never deployed and which remained in the home laboratory.
Replicates collected at the 4-day time point were rinsed prior to
TOC analyses and were analyzed with another dataset of rinsed
subsamples from 2.5 to 5-month time points. Data from these
rinsed samples are not included in our results because the com-
parison of rinsed and unrinsed 5-month samples revealed that
the rinsed samples had lower TOC values. Sample preparation
steps for organic carbon analyses followed CUBES-SIL proto-
cols and are as follows: A small scoop of ooids was powdered
using a mortar and pestle, which was cleaned with 70% isopro-
pyl alcohol and milliQ water between samples. Powders were
stored in plastic 1.5mL microcentrifuge tubes. Combusted flat-
bottom 2mL glass vials were individually labeled and weighed,
and then ~2000 ug of powdered ooid sampled was added to each
vial. A total of 1910uL of 6 M HCI was added to acidify each
sample in each glass vial over a 1-week duration, starting with a
50 uL addition and increasing with time up to 200 uL. After each
acidification step, vials were vortexed for 30s, un-capped, and
placed in a heated bath at 60°C within a fume hood. Once bub-
bling ceased, each sample was treated with three 500 uL rinses
of MilliQ water followed with 24-h heat bath at 60°C in between
each rinse. After acidification to remove all CaCO,, samples
were air-dried in the fume hood. Once dry, samples were rehy-
drated with 30 uL of milliQ water and mixed into a slurry using
an ultra-sonicator, then centrifuged (2mL glass tubes were
cushioned with Kimwipes to sit snug within a 15mL centrifuge
tube) for 2min at 1500rpm. 20 uL aliquots of this slurry were
pipetted into pre-weighed tin capsules and dried in an oven for

72h. Once dry, samples were weighed again, folded into alumi-
num tins, and analyzed on a Thermo Delta V isotope ratio mass
spectrometer (IRMS) coupled to an Elemental Analyzer.

3 | Results
3.1 | Qualitative Field Observations

Qualitatively, we observed no clear difference after the samples
were incubated in the field for 4days. After 2.5months of field
incubation, we noted that the nylon pouches were noticeably
green (Figure 4a,b); however, upon opening the pouches, we ob-
served that the green color was mostly on the nylon, and we did
not observe evidence of incipient cementation. After 5 months
of field incubation, the nylon pouches were still noticeably
green; upon opening the pouches, we observed coherent aggre-
gates of grains ranging from several mm to >1cm in diameter
(Figure 4c), mostly developed in the ~5mm of sediment adjacent
to the nylon pouch. These aggregates stayed coherent even after
gentle rinsing.

3.2 | Grain Size Analyses

Prior to field incubation, sand samples had median grain diame-
ters (D) ranging from 400 to 424 um, with 10th percentile grain
diameters (D,,) ranging from 305 to 324 um and 90th percentile
grain diameters (D,,) ranging from 498 to 516 um (Table 1). D,
D, > Dy, and overall grain size distributions did not change sig-
nificantly in the 4-day and 2.5-month field incubation samples
(Table 1). In the 5-month field incubation samples, D, D, and
D, increased for all three samples, and grain size distributions
became more positively skewed (Table 1). These results are con-
sistent with our qualitative observations of pieces of incipient
beachrock (i.e., larger grains) occurring in every pouch from

this time point.
3.3 | Microscopy
SEM analyses revealed that the samples that were incubated in

the field for only 4 days already had evidence of incipient cemen-
tation in the form of isolated scoop-shaped patches of meniscus

FIGURE 4 | Images of 2.5-month (a, b) and 5-month (c) field incubation samples immediately after retrieval from the field incubation site. (a,

b) Images of the pouches after 2.5 months of field incubation show that the inner surfaces of the pouch and the adjacent sediment were noticeably

green, but the green biofilm was mostly concentrated along the nylon on parts of the pouch that received the most light. (c) Image of an example of a

fragment of incipient beachrock that we retrieved from a pouch after 5months of field incubation. This sample was fixed in PFA and dehydrated in

ethanol for microscopy.
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TABLE1 | Comparison of grain size distributions before and after field experiments.

Sample name Time point D,, (um) D, (pm) D, (um) Skewness
CP_2 t=0 325 425 517 —-0.026
t=4days 326 424 510 —0.063
CP_3 t=0 308 404 500 0.005
t=4days 308 404 500 0.000
CP_4 t=0 311 410 504 -0.016
t=4days 310 409 502 —0.025
CP_8 t=0 308 405 506 0.033
t=2.5months 308 404 498 —0.002
CP_9 t=0 311 406 502 0.014
t=2.5months 308 403 498 —-0.002
CP_10 t=0 311 406 502 0.017
t=2.5months 305 400 499 0.018
CP_14 t=0 311 409 504 -0.016
t=5months 312 411 511 0.009
CP_15 t=0 317 413 508 —0.003
t=>5months 319 420 533 0.236
CP_16 t=0 304 399 499 0.024
t=5months 315 426 1165 0.523

cement (Figure 5a) that were not observed on control samples
that were never incubated in the field. We did not observe any
pairs of grains that were cemented together by these incipient
meniscus cements. These incipient cements were not readily
apparent in thin sections of samples, likely because we were
able to examine much more surface area in SEM than in thin
sections. After 2.5months, these incipient cement patches were
noticeably more abundant (Figure 5b,c). We also observed thin
(~1 um-thick), interwoven microbial filaments after 2.5 months,
mostly associated with the nylon mesh, and including coherent
aggregates of ooids that were attached to the nylon mesh by these
filaments (Figure 5d-f). Again, these fabrics were more readily
apparent in SEM than in thin section, both due to the small scale
of the features and the greater amount of grain surface area
that we could examine via SEM. Locally, these interwoven fila-
ments appeared to substantially reduce the cross-sectional area
of the mesh available for seawater to flow through (Figure 5d).
However, the majority of the surface of each pouch was not cov-
ered by this type of dense biofilm (Figure 4a,b), suggesting that
each pouch remained an open system for the duration of the
experiment. After 5months, filaments were much more abun-
dant and more densely interwoven, in many cases forming solid
bridges between adjacent grains (Figure 5g-k). As these fila-
ment bridges became more densely interwoven, the surface tex-
ture became smoother (Figure S1). Mineral precipitation along
filaments was also common (Figure 5j). Meniscus cements were
large and well-developed enough to be clearly visible in thin
section in these samples (Figure 6a-e). In situ beachrock sam-
ples were characterized by dense bridges of filaments connect-
ing adjacent grains (Figure 51, Figure S1), most of which were

intensely microbored (Figure 6f,g); these features were clearly
visible in both SEM and in thin section.

Raman microspectroscopy revealed that the incipient cements
in 5-month field incubation samples were primarily composed
of aragonite, with smaller zones composed of high-Mg calcite
(Figure S2, Table S1). We were not able to collect Raman spectra
on incipient cements from the 4-day or 2.5-month field incuba-
tion samples because these cements were too sparse to be cap-
tured in thin sections.

3.4 | Organic Carbon Analyses

TOC content increased with incubation time. TOC increased
from an average of 0.17% (n=2) for the control samples to an
average of 0.20% (n = 5) for the 5-month incubation samples. The
2.5-month samples were not significantly different from the con-
trol (Figure 7a). 513C0rg values for each time point overlapped,
showing no statistically significant change over the duration of
this experiment (Figure 7b). Samples that were rinsed with tap
water before TOC analysis measured less TOC than unrinsed
samples (Table S2).

3.5 | Microbial Community Analyses
The microbial communities in the field incubation samples

and the in situ beachrock microbial community were primar-
ily composed of Proteobacteria, Actinobacteria, Cyanobacteria,
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FIGURES5 | SEM images of samples from field incubation experiments (a-k) and in situ beachrock. (a) Representative image of samples incubated
in the field for 4days, which were mostly comprised of smooth, polished ooid sand, similar to control sediment. However, we observed some evi-
dence of incipient meniscus cements (inset panel). (b—f) Representative images of samples incubated in the field for 2.5 months. Cup-shaped incipient
meniscus cements (b, ¢) were more common than in samples incubated for 4 days. Interwoven networks of microbial filaments were abundant on
the nylon mesh and anchored clusters of ooids to the mesh (d-f). These microbial filaments were not observed on loose ooid sediment from the in-
terior of the mesh bag. (g-k) Representative images of samples incubated in the field for 5months, which were characterized by an abundant, dense
network of microbial filaments forming bridges between grains (h, k). Patches of cement were also observed forming on these filament meshes (j).
(1) Representative image of in situ beachrock, which was also characterized by dense bridges of filaments between adjacent ooids. Ooids in in situ
beachrock were also intensely microbored.

Bacteriodetes, Firmicutes, Planctomycetes, and Chloroflexi
at the phylum level (Figure 8a). The cyanobacterial taxa
were dominated by ASVs from the orders Chroococcales and
Pseudanabaenales (Figure 8b). Within the Chroococcales, the
largest number of ASVs were from the Xenococcaceae, includ-
ing a high number of ASVs from the genus Chroococcidiopsis,
a UV- and desiccation-tolerant genus that is common in rock
varnish communities (Daniela et al. 2000; Cockell et al. 2005;

Fagliarone et al. 2017; Lacap-Bugler et al. 2017; Lingappa
et al. 2021). Within the Pseudanabaenales, the largest number of
ASVs were from the genus Halomicronema, a group character-
ized by 1-um-thick filaments that form densely interwoven mats
(Abed, Garcia-Pichel, and Herndndez-Mariné 2002; Ruocco
et al. 2018; Zupo et al. 2019; Lee et al. 2023). The general makeup
of the microbial community from the in situ beachrock, both at
the bacterial phylum level and at the cyanobacterial order level,
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FIGURE 6 | Plane- and cross-polarized transmitted light microscopy images of thin sections of 5-month incubation samples (a-e) and in situ

beachrock sample (f, g). (a-c) Representative images of incipient meniscus cements formed along grain boundaries. Comparing plane-polarized light
(PPL) and cross-polarized light (XPL) images (b, c) illustrates the presence of carbonate minerals (indicated by their birefringence in XPL image) in
addition to microbial biomass at these grain boundaries. (d, ) Representative images of more continuous regions of microbial biomass and minerals

(see birefringence in XPL image) between grains that were observed in some samples. (f, g) Example of in situ biofilm (area above white dashed line)

sitting on the surface of an intensely microbored gastropod skeletal grain that was incorporated into the in situ beachrock. Endolith microboreholes

are most visible as dark, uniformly extinct circular areas in the XPL image.

was all present in all field samples, even those incubated for only
4days (Figure 8). The microbial communities in the field incu-
bation samples clearly evolved over time, although the 5-month
incubation samples were still distinct from the in situ beachrock
(Figure 9).

4 | Discussion
4.1 | Rates of Beachrock Formation

Our observations demonstrate that the processes of biofilm
colonization and cementation can both initiate rapidly, on
timescales of days. Our 4-day field incubation samples revealed
evidence of incipient meniscus cement formation (Figure 5a),
suggesting that cementation could initiate after the wetting
and drying from a few high tides. Similarly, at both the bacte-
rial phylum level and within the phylum Cyanobacteria, the
general makeup of the in situ beachrock microbial commu-
nity was already present in the 4-day field incubation sam-
ples (Figure 8). At the same time, the 4-day field incubation
samples were clearly not yet beachrock: the incipient menis-
cus cements in the 4-day field incubation samples were scarce

and insufficient to hold grains together through the mild ag-
itation of preparation of material for microscopy. Similarly,
microscopy did not reveal any filaments analogous to those
observed in 2.5-month and 5-month field incubation samples,
demonstrating that there was comparably much less microbial
biomass after only 4 days.

In contrast, our 5-month field incubation samples had many
of the key characteristics of the in situ beachrock, includ-
ing thick networks of interwoven cyanobacterial filaments
forming bridges between adjacent grains and more extensive
cement development (Figure 5i-k). The 5-month field incuba-
tion samples had higher TOC values than the control samples
(Figure 7a), consistent with our qualitative observations that
the nylon mesh became visually more green with increasing
incubation time (Figure 4a,b). Although the most extensive
biofilm colonization and incipient cementation were only a
few grain diameters deep in each pouch, this is also analogous
to the in situ beachrock. In the beachrock on Little Ambergris
Cay, biofilm colonization (as reflected by dark green pigmen-
tation) and cementation (as reflected by degree of induration)
are also most intense in the uppermost few grain diameters
below the surface (Figure 2b).

9of 14

d ‘T *$TOT “699¥TLY L

:sdny woxy papeoy;

ASULII suowwo)) daneal) aqeorjdde ayy Aq pauroAos ale sa[d1IE Y (asn JO SanI 10J AIRIqIT AUI[UQ A3[IAN UO (SUOIIPUOI-PUB-SULId) /W00 K[ 1M KIeiqi[aur[uo//:sdiy) suonipuo) pue swd ], 3y 23S *[670z/#0/5g] uo Kreiqi aurjuQ A3[IA\ ‘saLIeIql] opero[o)) jo Ansioatun Aq 60004 198/1111°01/10p/wod KajimK1eiq!



a °*
sampleID
® CP24 ® CPT ®CP17
0.22
e CP11e CP18
2
< 020
S
[ _ 2
0.18 °
== .
0.16
0
-15.0 "
o)
—~ —
2 s ==
°\ =dDs
o
Y 160
-
w
-16.5
-17.0
control 4 days 2.5months 5 months
Retrieval date

FIGURE7 | TOC (a)and 813C org (b) values of ooids from control and
field incubation samples. Each analysis is plotted by retrieval date on
the x axis, including a control sample. Colors reflect sample identifier.
We did not collect unrinsed samples for TOC analyses at the 4-day time
point.

Overall, our results demonstrate that cementation and intense
biofilm colonization in the upper intertidal zone can be exten-
sive within a few months after fresh material is delivered (e.g.,
by a hurricane). Given that the Caicos platform experiences a
tropical storm almost every year and a hurricane every several
years (Wanless and Dravis 2008; McAdie et al. 2009), our field
observations imply that detritus delivered by a large storm can
be highly stabilized and indurated via incorporation into pre-
existing beachrock before the next large storm. This finding is
also consistent with our observations of 20th-century anthropo-
genic detritus cemented into beachrock along the shorelines of
Little Ambergris Cay (Figure 1g).

4.2 | Mechanisms of Beachrock Formation

Microbial metabolic processes are commonly implicated as
promoting CaCO, precipitation by creating microenviron-
ments that are more supersaturated with respect to CaCO, than
ambient seawater or porewater (Dupraz et al. 2009; Diaz and
Eberli 2022). Although beachrock formation has classically been
considered a physicochemical process (Ginsburg 1953; Moore
Jr 1973; Hanor 1978; Gischler and Lomando 1997), more recent
studies have suggested that microbial activity might play a cen-
tral role in beachrock formation through a few possible mech-
anisms that can increase CaCO, saturation state (McCutcheon
et al. 2016, 2017; Diaz and Eberli 2022):

1. Boring microorganisms can pump Ca?* ions away from the
mineral surface, increasing [Ca?*] in the adjacent solution.

2. EPS binds cations, including Ca?*; consumption of EPS
by heterotrophs later re-releases those cations, increasing
[Ca?*] in the adjacent solution.

3. Asaconsequence of some types of microbial metabolic activ-
ity (e.g., by decreasing the total concentration of dissolved in-
organic carbon—DIC—species via oxygenic photosynthesis).

The results of our experiments do not provide conclusive evi-
dence that microbial metabolisms promoted CaCO, cementation.
We cannot rule out the possibility that the biofilm community
stimulated carbonate precipitation beyond what we would ex-
pect from abiotic processes alone; this would require a sterile
end member of our experiment, and sterility is difficult to main-
tain over long periods of in situ field deployment. We observed
meniscus cements after only 4 days, before there was any exten-
sive biofilm development. These meniscus cements could be pro-
duced by abiotic processes. Caicos platform seawater is already
supersaturated with respect to aragonite (Trower et al. 2018),
and the degree of supersaturation would be further increased
by evaporation and CO, degassing (Hanor 1978). Elevated day-
time temperatures of surfaces in the upper intertidal zone would
also promote rapid precipitation due to the temperature sensi-
tivity of CaCO, precipitation kinetics (Romanek, Morse, and
Grossman 2011). The dominantly aragonitic composition of
incipient cements suggests that seawater is the dominant fluid
involved in beachrock cementation. The detection of high-Mg
calcite within incipient cements is also consistent with previous
observations of mixed mineralogy (aragonite and high-Mg cal-
cite) beachrock cements that formed in the marine phreatic zone
(Moore Jr 1973; Gischler and Lomando 1997).

While we were not able to design an abiotic control experi-
ment in the field, our experiments do demonstrate that biofilm
development plays a significant role in beachrock formation
on Little Ambergris Cay through the physical stabilization of
sediment by microbial filaments. In the 2.5-month field incu-
bation samples, grain size data (Table 1) show no evidence of
a significant population of larger grains (i.e., individual ooids
cemented together), but our SEM analyses revealed aggregates
of ooids securely attached to the nylon mesh by the interwoven
network of cyanobacterial filaments (Figure 5d). Similarly, a
substantial portion of the material holding grains together in
the 5-month field incubation samples is biomass rather than
mineral (e.g., Figures 4i, 5d,e). Therefore, we propose that this
sediment stabilization by biofilms leads to beachrock forma-
tion on Little Ambergris Cay because the network of microbial
filaments can hold sediment in place as cementation proceeds.
Although the nylon pouches kept the sand loosely contained,
we interpret that the network of microbial filaments between
grains played an important role in preventing grains from
shifting around each other within the pouch, which would
have broken delicate incipient cements. Although we did not
observe clear evidence of microbially mediated carbonate
mineral precipitation, it is possible that some of the incipient
cements we observed in the 2.5-month and 5-month field in-
cubation samples could have formed in association with EPS,
as observed in previous studies (Neumeier 1999; McCutcheon
et al. 2017).
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Together, our microscopy and sequencing data suggest that
Halomicronema is the primary genus responsible for this
physical stabilization of sediment. Halomicronema is a genus
of cyanobacteria with members that are known to have ad-
aptations to low-light, high-salinity, and warm environments.
Halomicronema is the dominant cyanobacterial genus in all
but one sample (Figure 7b), and the morphological character-
istics observed in our samples (e.g., Figure 6d-k) are compa-
rable to previous descriptions in the literature as ~1-um-thick
unbranching filaments that form dense net-like mats
(Abed, Garcia-Pichel, and Hernandez-Mariné 2002; Ruocco
et al. 2018; Zupo et al. 2019; Lee et al. 2023) and are capable of
moving mm-scale distances within a microbial mat over a diel
timescale (Fourcans et al. 2006). Furthermore, we note that
Halomicronema hongdechloris, a cyanobacterium cultured
from a stromatolite in Hamelin Pool (Shark Bay, Western
Australia) (Chen et al. 2010), is known to produce chlorophyll
f (Chl f), a red-shifted chlorophyll that would enable it to
thrive in low-light conditions (Chen et al. 2010, 2012, 2019; Li
et al. 2014; Schmitt et al. 2020). Although it is unknown if all
members of the genus Halomicronema can produce Chl f; such
an ability would be beneficial for a cyanobacterium living a
cryptoendolithic lifestyle within a beachrock, where light is
blocked by overlying sediment. Similarly, Halomicronema

excentricum is known to be moderately halophilic (optimum
growth at salinities of 32-120ppt) and moderately thermo-
philic (optimum growth at temperatures between 28°C and
50°C) (Abed, Garcia-Pichel, and Hernidndez-Mariné 2002).
Again, although we cannot confirm that the Halomicronema
in our field site share these characteristics, these would also
be advantageous traits for a cyanobacterium living in this en-
vironment, which is only submerged briefly every day and can
reach much warmer temperatures than the adjacent subtidal
environments.

The presence of Chroococcidiopsis in our samples is not surpris-
ing, given the well-documented UV- and desiccation tolerance
of this genus (Daniela et al. 2000; Cockell et al. 2005; Fagliarone
et al. 2017; Lacap-Bugler et al. 2017; Lingappa et al. 2021).
However, we did not observe abundant cells morphologically
consistent with this genus associated with aggregates of incipient
beachrock. We suggest, therefore, that while Chroococcidiopsis
can thrive in an extreme environment like a beachrock biofilm,
our study provides no visual evidence that this genus plays a key
role in beachrock development.

TOC analyses revealed that the ooid sediment already
contained some organic carbon prior to field incubation
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experiments (Figure 7). It is likely that most of the organic
carbon already in the ooid samples prior to field incubation
was endolithic cyanobacterial biomass (Trower et al. 2018).
The uniformity in 613C0rg values over increasing field incuba-
tion time (Figure 7b) is consistent with the interpretation that
cyanobacteria are the key primary producers in the beachrock
biofilm, an inference consistent with our sequencing data
(Figure 8).

4.3 | Implications for Coastal Resilience

Sandy coastlines are vulnerable to increased erosional events
associated with anthropogenic climate change. The resilience
of coastal systems is determined in part by the system's ability
to retain sediment (Masselink and Lazarus 2019; Knight 2024).
Mitigation efforts on sandy beaches include geoengineering of
seawalls and beach nourishment, but these methods can lead
to negative consequences for coastal ecosystems and commonly
require repeated maintenance (Knight 2024). Management
of these vulnerable coastlines should therefore also include
nature-based solutions that increase stabilization of sediment
while maintaining the community and integrity of the ecosys-
tem (Knight 2024).

Previous studies have noted the potentially important role
of beachrock formation as one of these potential nature-
based solutions as it relates to coastal resilience. Due to its
rapid cementation, beachrock formation ‘locks’ sediment into
the beach profile, thus serving as a long-term sediment sink
(Vousdoukas, Velegrakis, and Plomaritis 2007) and poten-
tially preventing shoreline erosion through the stabilization
of sediment (Kindler and Bain 1993; Chowdhury, Fazlul, and
Hasan 1997; Dickinson 1999; Calvet et al. 2003; McCutcheon
et al. 2016). Beyond its role in locking sediment into place,
beachrock can also auto-repair through those same physi-
cochemical and, in some cases, microbially mediated mech-
anisms (Danjo and Kawasaki 2013). If beachrock becomes
submerged in the subtidal zone, it can still play a role in re-
ducing the erosive energy of waves impacting the shoreline
(Vousdoukas, Velegrakis, and Plomaritis 2007). Submerged

beachrock may also expand the natural biodiversity in the
rocky shore by providing more habitat for microorganisms,
macroalgae, and fish (Saitis et al. 2022).

Rapid beachrock formation could be helpful to small reef
islands, atolls, and low-lying carbonate systems like Little
Ambergris Cay, which are especially vulnerable to the conse-
quences of anthropogenic climate change, including sea level
rise and increased intensity of storms (Knutson et al. 2010; Lin
et al. 2012; Mendelsohn et al. 2012). Previous laboratory exper-
iments have shown that microbial biofilms can play import-
ant roles in beachrock formation (Danjo and Kawasaki 2013;
McCutcheon et al. 2017; Saitis et al. 2022); our study builds
on this previous work by tracking these processes in the envi-
ronment rather than in laboratory microcosms. The results of
our in situ experiments demonstrate that biofilm colonization
on fresh substrates occurs rapidly—within a few months—
and can physically stabilize sediment, aiding in beachrock
formation even when cementation is largely abiotic. These
beachrock biofilms should therefore be considered useful and
important agents in coastal resiliency. We recommend that fu-
ture research examine larger-scale propagation of beachrock
biofilm communities as a mechanism to help stabilize sandy
shorelines.
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