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Marine hardgrounds are common features during the Phanerozoic and hold
significant sedimentological and economic importance. Intriguingly, previous
reports of marine hardgrounds are concentrated in Calcite Seas, despite elevated
seawater CaCOs saturation in Aragonite Seas. This bias remains unclear in origin
and requires more hardground information, especially from Aragonite Seas, for
clarification. Well-developed Holocene marine hardgrounds at Abu Dhabi
provide such a good opportunity. This study focused on a widespread and
well-developed Holocene marine hardground layer at Abu Dhabi and analyzed
its chronostratigraphy, petrology, mineralogy, and geochemistry. The results
show that the studied hardground layer can be divided into lower and upper
parts, characterized by planar upper surface and no borings nor encrustations.
The lower part (with a **C age of 6945-6368 cal yrs BP) formed during a sea-level
transgression, and is laterally traceable along both a seaward and a landward
direction. The upper part (with a **C age of 5871-5452 cal yrs BP) formed during
following sea-level transgression and/or stillstand, and disappears along a
landward direction. Compared with the lower part, the upper hardground part
is higher in 8°Ccar, and 880car, supporting formation within more evaporated
seawater settings depositing more high-Mg calcite. Both parts consist mainly of
aragonite and high-Mg calcite in both carbonate grains and intergranular early-
marine cement, but the lower hardground part contains more protodolomite
within the early-marine cement. Moreover, an inverse relation in contents
indicates a diagenetic transition from aragonite to dolomite during hardground
formation and early diagenesis. Further, in combination with previous studies, the
findings of this study confirm the rapidity, lateral diachronicity, and composite
nature of Holocene marine hardgrounds with mineralogy controlled by sea-level
changes. Similar hardgrounds may also be well developed in ancient records
(especially in Aragonite Seas like the modern ocean), but be ignored due to lack
of recognizable features (e.g., boring, irregular upper surfaces, Fe-Mn
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encrustation) and mineral recrystallization. These "hidden hardgrounds” and their
composite formation by diachronous parts have implications for sequence
stratigraphy and hydrocarbon exploration using hardgrounds in
stratigraphic correlation.

KEYWORDS

Arabian/Persian Gulf, holocene, hardgrounds, carbonate cement, early-

marine diagenesis

1 Introduction

Marine hardgrounds occurred widely in ancient strata, dating
back to the Precambrian at the earliest, but are more common
during the Phanerozoic (Christ et al., 2015). Hardgrounds are
features in the sediment record that present evidence for
significant early marine cementation of the seafloor itself and/or
portions of the near-seafloor sediment column (Christ et al., 2015).
It is generally believed that cementation occurs in the marine
phreatic early diagenetic environment (Shinn, 1969; Paul and
Lokier, 2017; Millo et al., 2022). They are often used as marker
layers for stratigraphic correlation (Immenhauser et al., 2000; Rais
et al.,, 2007; Yilmaz et al., 2012; Godet et al., 2013; Christ et al., 2015;
Brigaud et al., 2021). Moreover, marine hardgrounds can serve as
fluid barriers during water and hydrocarbon exploration (Read and
Horburry, 1994; Cander, 1995; Wagner et al., 1995; Mancini et al.,
2004; Eren, 2022). Marine hardground cements are also a useful tool
for looking at past environmental and oceanographic changes but
multiple geochemical proxies must be used to tease apart the
various constraints (Erhardt et al., 2020).

The conventional view is that marine hardgrounds form at low
sedimentation rates and/or during erosional intervals (Shinn, 1969;
Mutti and Bernoulli, 2003; Paton et al., 2019; Basilone et al., 2024),
hence representing sedimentary hiatus. Marine hardgrounds often
form during sea-level transgression (Gruszczynski et al., 2002;
Catuneanu, 2006; McLaughlin et al., 2008; Catuneanu et al., 2009)
and have irregular morphologies by boring, bio-encrustation, and/
or Fe-Mn encrustation (Bathurst, 1975; Moore, 1989; Di Stefano
and Mindszenty, 2000; Vinn and Wilson, 2010; Gradinaru et al.,
2011; Conti et al., 2013; Wright and Cherns, 2016; Paton et al., 2019;
Matysik et al., 2022; Hu et al., 2023).

However, previous studies have also recognized hardgrounds
forming during high sedimentation rates at the Bahamas (Dravis,
1979). Due to the lateral variability of hardgrounds, the utilization
of marine hardgrounds for stratigraphic correlation may also cause
misinterpretation (Sattler et al., 2005). The chemical composition of
Phanerozoic seawater oscillated between Calcite Seas (the
dominance of low-Mg calcite in abiotic marine CaCOs;
precipitates, in which the Mg/Ca ratios are < ~2, and slow rates
of sea-floor spreading are present) and Aragonite Seas (the
dominance of aragonite and high-Mg calcite in abiotic marine
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CaCOs; precipitates, in which the Mg/Ca ratios are > ~2, and fast
rates of sea-floor spreading are present). Interestingly, the secular
distribution of ancient marine hardgrounds shows a bias towards
Calcite Seas in previous studies (see review in Christ et al., 2015).
This bias is strange given higher seawater CaCOj saturation during
Aragonite Seas which is more favorable for early marine
cementation and hardground formation. The temporal
distribution of ancient marine hardgrounds may indicate the
existence of unrecognized (“hidden”) hardgrounds formed in
Aragonite Seas, which have different features relative to that in
Calcite Seas. Alternatively, the fewer reports of marine hardgrounds
in Aragonite Seas may be related to preservation, as aragonite is
easily altered during diagenesis (Christ et al., 2015). To reveal the
potential of “hidden” hardgrounds, an in-depth understanding of
marine hardground formation in the Aragonite Sea is necessary.

Given the problems above, widespread and well-developed
Holocene marine hardgrounds in the Abu Dhabi coastal area were
investigated (Shinn, 1969; Paul and Lokier, 2017; Ge et al., 2020). This
study focused on timing, mineralogical features, and formation
processes of these hardgrounds, and aimed to provide new insights
into ancient “hidden” hardgrounds and the application of hardgrounds
in stratigraphic correlation and hydrocarbon exploration.

2 Geological setting

The study area is located in the Abu Dhabi coastal area, the
southeast part of the Arabian/Persian Gulf (Figure 1A). The area
represents a low-angle (0.07~0.08°) carbonate ramp within a
modern epeiric sea (Ge et al., 2020; Pederson et al., 2021)
(Figure 1A). The present topography of the coastal area is
sculpted by sea-level fluctuations related to glaciation. The Last
Glacial Maximum (26.5 to 19 kyrs BP) led to a regional sea-level fall
with sea level of ca 120 to 130 m lower than the present-day level
(Fleming et al.,, 1998; Clark et al., 2009; Hanebuth et al., 2009).
During the lowstand period, the sea floor of the Persian Gulf was
exposed and dominated by terrestrial aeolian deposits (Lokier et al.,
2015). After the termination of the Glacial Maximum, a Holocene
transgression from 7100 to 5290 cal yrs BP led to hardground
formation and shallow subtidal deposition in the coastal area
(Lokier et al., 2015; Paul and Lokier, 2017; Figure 1B). Then the
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FIGURE 1
Sampling location and sea level history in the study area. (A) The study area is located in the southwestern part of the Arabian/Persian Gulf (red
rectangle in the insert of (A)). Sampling sites in this study are sites 1 & 2 (indicated by red star), while sampling sites (site 3 & 4 indicated by red circle)
are from Paul and Lokier (2017). (B) Relative regional sea-level history in the Abu Dhabi region and associated sedimentation. Modified from Lokier
et al. (2015) and Paul and Lokier (2017).

Abu Dhabi region experienced a regression until about 1440-1170
cal yrs BP, which led to the precipitation of evaporite minerals in the
shallow sub-surface (Lokier et al., 2015). Finally, this area
experienced a transgression to the present (Lokier et al.,, 2015).
Therefore, below the surface of the present-day middle and upper
intertidal zones and in the supratidal zones, marine hardground is
covered by a succession of carbonate, evaporite, and microbial
sediments with increasing thickness (Lokier and Steuber, 2008).
The Abu Dhabi coastal area has a hot and dry climate, and an
average annual rainfall of only 72 mm, 74% of which is
concentrated in February and March (Lokier, 2013). The Abu
Dhabi area experiences temperatures ranging from 7°C to over
50°C, with daily temperature differences between 2°C and 26°C
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(Lokier, 2013; Lokier and Fiorini, 2016; Paul and Lokier, 2017). The
prevalent wind pattern is the northwest-blowing Shamal.

Recent marine carbonates massively accumulate in the Abu
Dhabi coastal areas with both loose carbonate grains and well-
developed and widespread hardgrounds (Shinn, 1969; Paul and
Lokier, 2017; Ge et al., 2020). Modern hardgrounds exposed on the
present seafloor are cemented by various aragonite and high-Mg
calcites and show lateral variability in morphological features and
formation processes (Ge et al., 2020). On the other hand, Holocene
marine hardgrounds have been exposed in the dredged channels on
the sabkha and have been suggested to be related to sea-level
fluctuations in terms of formation processes and can help
shoreline stabilization (Paul and Lokier, 2017).
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3 Materials and methods
3.1 Field sampling

Holocene marine hardgrounds were sampled along the dredged
channels for analyses (Figure 1A). This includes a landward site
(Site 1, N 24°6’47.74”, E 54°3’25.79”; Figures 2A-C) and a seaward
site (Site 2, N 24°6’46.64”, E 54°3°23.99”; Figures 2D, E). The mid to
late Holocene succession in this area shows the following profile
from base to top: (1) carbonate-rich sand; (2) Holocene marine
hardground; (3) skeletal-peloid packstone/grainstone; (4) gypsum-
rich bioclastic grainstone.

3.2 Optical and scanning electron
microscope analyses

Thin sections were made from collected hardground samples to
investigate sedimentary components and cements. The thin sections
were dyed with Alizarin red to distinguish between dolomite and
calcite (Friedman, 1959). Photographs were taken using a Nikon
optical microscope (Nikon LV100POL).

Small pieces of freshly broken hardground samples were
selected and coated with Platinum. Then, a Hitachi S-4800
scanning electron microscope (SEM) coupled with electron-
dispersive spectroscopy (EDS) at Chengdu Geological Survey
Center (China Geological Survey) was used to observe the
carbonate microfabrics minerals, and chemical compositions in

the hardgrounds.

3.3 X-ray diffraction analyses

Powder samples from the hardgrounds were prepared using a
handheld drill for XRD analyses. Along the bottom-to-top direction
in the hardgrounds, the powder samples were taken with an interval
of approximately every 1 cm. The XRD measurement was
performed at Shiyanjia Lab using Rigaku D/MAX-2600. The
measuring range was between 5 and 90° 26.

3.4 Radiocarbon dating

The hardground samples were dated based on Accelerator Mass
Spectroscopy (AMS) *C radiocarbon dating (State Key Laboratory
of Organic Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences). Gastropod grains from the seaward
hardground were obtained at positions of 0.5 cm, 5.0 cm, 6.0 cm,
and 7.5 cm above the hardground bottom respectively. In addition,
gastropod grains were also extracted from the bottom of the
landward hardground. Secondary cements were removed and a
pretreatment procedure based on acid etch was performed before
AMS measurement. The measured values were calibrated in OxCal
v4.4.4 Bronk Ramsey with the Marine20 calibration curve (Heaton
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et al.,, 2020). In addition, a regional reservoir age correction (AR) of
180 + 53 years was applied, as derived from a sample collected off
the coast of the Qatar peninsula (Hughen et al., 2004; Paul and
Lokier, 2017). The results of radiocarbon ages are reported in
calibrated years before the present (cal yrs BP).

3.5 Geochemical analyses

The 8"®0qr and 8" Cyy, analyses of the bulk carbonates were
made at Nanjing Hongchuang Geological Technology Co. Ltd.
About 100 pg sample powder was weighed, and the powders were
placed in a CTC Combi-Pal and reacted with H;PO, at 72°C, with
reacting time of 4h for calcite and 24h for dolomite to produce CO,.
Subsequently, the CO, was analyzed with the MAT253 gas stable
isotope mass spectrometer (Thermo Fisher Scientific, USA). In
order to ensure accuracy, the standard GBW04405 (8"Cyppp =
0.57%0; 8"*Cyppp = —8.49%0) was processed and analyzed
simultaneously with the samples, and the analytical precision is
better than 0.1%o. The results were reported relative to the Vienna
PeeDee Belemnite (V-PDB) scale.

4 Results

4.1 Petrological characteristics of
hardgrounds

The marine hardground layer contains one subsection in site 1
(Figure 2C), while contains two subsections separated by a clear
boundary in site 2 (Figure 2E). At both sites, the hardgrounds are
underlain by unconsolidated aeolian siliciclastic sands and are
overlain by modern sabkha sediments including loose carbonates,
gypsum deposits and halite crusts (Figure 2A). At both sites, marine
hardgrounds have planar top surfaces with no borings and irregular
lower surfaces (Figures 2C, E).

In site 1, the hardground layer is 3 cm to 4 cm thick and consists
mainly of bioclasts with peloids and quartz grains (Figure 2C). The
bioclasts include benthic foraminifera, bivalves, gastropods, and
ostracods (Figure 3A). Fibrous aragonite cements occupy the inter-
grain pore space (Figure 3B).

In site 2, the lower hardground part layer varies in thickness
between 3 and 5 cm. It consists mainly of bioclasts (gastropods,
bivalves, benthic foraminifera) and peloids (Figures 3C-F). Micritic
rims occur around large bioclasts (Figures 3E, F). Moreover, the
non-carbonate grains are dominated by aeolian siliciclastic quartz,
which is fine- to very fine-grained and sub-rounded to angular
(Figure 3D). Both intergranular and intragranular pores are
observed (Figures 3C-E).

The upper hardground part in site 2 has a thickness of about 3
cm and also consists mainly of bioclasts. The carbonate grain types
are similar to those in the lower part, but the quartz content
decreases. Fibrous aragonite cements locally occupy the
intergranular pores (Figures 3G-I).
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4.2 Mineralogical composition of the
hardgrounds

4.2.1 Bulk mineralogical variation

Based on the XRD analysis, carbonate minerals in the
hardgrounds include aragonite, high-Mg calcite, calcite, and
protodolomite (Table 1 Figure 4).

10.3389/fmars.2025.1552576

In the hardground in site 1, the aragonite content increases
from 69.5% at the base to 81.5% at the top of the hardground. In
contrast, high-Mg calcite and protodolomite contents decrease from
19.3% and 4.7% to 12.0% and 1.1%, respectively, from the bottom to
the top of the hardground.

In the lower hardground part in site 2, the aragonite content
increases from 63.9% at the base to 72.9% at the boundary

Sitel

FIGURE 2

Holocene marine hardgrounds in the sampling sites. (A) The hardground in site 1 (indicated by the red frame), is covered by loose carbonate and
evaporite sediments. (B) Close-up of the specific location of the hardground (A) in the outcrop. **C ages of the hardgrounds and overlying loose
carbonates are labelled. (C) A further close-up view of the hardground at site 1 with a **C age of 6842-6426 cal yrs BP at the bottom. (D) Holocene
marine hardgrounds exposed in a dredged channel at site 2. (E) Close-up view of the hardground at site 2, showing a boundary between the lower

and the upper parts.
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FIGURE 3

Sedimentary features of the hardgrounds in thin sections. (A) The hardground at site 1 contains benthic foraminifera and peloids. The intergranular
pores and intragranular pores are observed. (B) In the hardground at site 1, the light color between benthic foraminifera and peloids is fibrous
aragonite cement. (C) The lower hardground part in site 2 contains gastropod and bivalve shells. (D) The lower hardground part in site 2 shows
peloids, benthic foraminifera, and bivalve shells. (E) The lower hardground part in site 2 with peloids and benthic foraminifera. (F) The lower
hardground part in site 2 under cathodoluminescence. Micrite envelopes are visible at the edge of the shell. (G) The upper hardground part in site 2
contains benthic foraminifera, peloids, and quartz grains. The light color between the grains is aragonite or high-Mg calcite cement. (H) The upper
hardground part in site 2 with peloids and benthic foraminifera. The intergranular pores are filled with fibrous aragonite cement. (I) The upper
hardground part in site 2 under cross-polarized light. The primary pore space between peloidal and bioclastic grains is filled with fibrous aragonite
cement. Q, quartz; P, peloid; B, bivalve; G, gastropod; F, benthic foraminifer.

TABLE 1 Carbonate mineralogical compositions in the hardground based on XRD analysis.

Location Aragonite High-Mg calcite Low-Mg calcite Protodolomite
Site 1 ADP4-1-T 815 12.0 5.4 11
ADP4-1-B 69.5 193 6.6 47
Site 2 ADP5-1 57.4 30.8 7.4 4.5
ADP5-2 62.5 28.3 6.7 2.5
ADP5-3 70.7 192 7.4 26
ADP5-4 72.9 9.9 112 6.0
ADP5-5 70.1 119 6.9 111
ADP5-6 63.9 137 8.2 143
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Radiocarbon dating and carbonate mineralogical compositions of the marine hardground in site 2.

separating the lower and upper part, and high-Mg calcite and
protodolomite contents decrease from 13.7% and 14.3% to 9.9%
and 6.0%, respectively, from the bottom to the boundary.
Meanwhile, the calcite content does not show a clear trend.

In the upper hardground part in site 2, the aragonite content
decreases from 71% at the internal boundary to 57% at the top, and the
high-Mg calcite and protodolomite contents increase from 19% and
2.6% to 31% and 4.5%, respectively, from the boundary to the top.

4.2.2 Cement mineralogy

Overall, the marine hardgrounds are cemented by aragonite,
high-Mg calcite, and protodolomite (Figure 5). The presence of
poorly-ordered protodolomite was confirmed by the XRD
identification (Figure 6) and observations with SEM-EDS
(Figure 5I). In the lower hardground part at site 2, fibrous
aragonitic cements are oriented perpendicular to grain surfaces
and occur as isopachous fringes around bioclasts and peloids
(Figure 5A). Meanwhile, prismatic aragonite, micritic high-Mg
calcite, and protodolomite are also observed in the lower part of
the hardground (Figures 5B, C).

In the upper hardground part at site 2, the morphology of
aragonitic cements mainly includes acicular, fibrous, and elongated
prismatic (Figures 5D, E). The orientation of the acicular and
fibrous aragonitic cements is perpendicular to carbonate grain
surfaces (Figure 5D). Microbial filaments were found among
fibrous aragonites (Figure 5D). Some prismatic aragonite cements
have voids at the crystal terminations (Figure 5E). In addition, the
micritic high-Mg calcite shows small platy sub-crystals and
irregular surfaces (Figure 5F), while platy and fibrous high-Mg
calcites are also observed (Figures 5G, H). The protodolomite
cement is mainly rhombohedral in shape (Figure 5I). High-Mg
calcite and protodolomite cements either coat grain surfaces as thin
rims or accumulate as micro-peloids (Figures 5G-I).

In the hardground at site 1, the cement mineralogy includes
fibrous, prismatic aragonites and platy, rhombohedral high-Mg
calcites. Their morphology is similar to the cement of the
hardground in site 2.

Frontiers in Marine Science

4.3 Radiocarbon age of the hardgrounds

In the hardground in site 1, the radiocarbon age of the
gastropods from the hardground base was 6842—6426 cal yrs BP
(Figure 2A). The hardground is covered by approximately 1.3 m of
sediment and is capped by the present-day modern sabkha
sediments (Figure 2A).

At site 2, in the lower hardground part, the radiocarbon ages of
the gastropods from the base and the top of the hardground were
6945-6540 cal yrs BP and 6791-6368 cal yrs BP respectively
(Figure 4). In the upper hardground part in site 2, the *C ages of
the gastropods from near the base and the top were 5871-5475 cal
yrs BP and 5840-5452 cal yrs BP respectively (Figure 4).

4.4 Geochemical features of the
hardgrounds

In the hardground in site 1, the 8"3Cup values are in the range of
3.31 to 3.70%o, with an average value of 3.51%o. The 880 o, values
vary from 1.03 to 2.15%o, with an average value of 1.59%o. In the
lower hardground part in site 2, the 8'3C o values are in the range of
3.65 to 3.79%o, with an average value of 3.72%o. The 880, values
vary from 0.91 to 1.30%o, with an average value of 1.16%o. In the
upper hardground part in site 2, the 8'*C.qyp, values are in the range of
4.04 to 4.28%o, with an average value of 4.18%o. The 88041, values
vary from 1.08 to 1.41%o, with an average value of 1.21%o (Table 2).

5 Discussion
5.1 Typical ancient vs. atypical Holocene
hardgrounds: a potential analogue for the

“hidden hardgrounds”

Previous studies have documented the formation process of
typical marine hardgrounds. Most studies interpreted that the
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FIGURE 5
Carbonate cement features based on SEM-EDS analysis. (A—C) Scanning electron microscope images of the cements of the lower hardground part

in site 2. (A) Fibrous aragonitic cements are perpendicular to the particle surface. (B) Prismatic aragonite cements growing into primary pore space.
(C) Rhombohedral high-Mg calcites grow randomly on the surface of the particles. (D-I) Scanning electron microscope images of the cements of
the upper hardground part in site 2. (D) Acicular (needle) aragonitic cements, with associated microbial filaments (red arrow). (E) Prismatic aragonite
cements with voids at the termination. (F) Micritic high-Mg calcite cements show irregular surfaces and smaller platy sub-crystals (red triangle refers
to EDS data). (G) Platy rhombohedral high-Mg calcite crystals are superimposed to form rhombohedral crystals (red triangle refers to EDS data). (H)
SEM of radiaxial fibrous Mg calcites (red triangle refers to EDS data). () Rhombohedral protodolomite crystals are superimposed on each other (red

triangle refers to EDS data).
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FIGURE 6
X-ray diffraction patterns of the sample ADP5-6 from the lower hardground part of site 2. Dolomite peaks are indicated with ‘D’. The peaks ‘A" and

‘C’ refer to aragonite and calcite, respectively.
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TABLE 2 Analytical results of6**C..,, and §'0,,,p, in the hardground
samples .

Sample name 33Cearb %o 880 carp %o
ADP4-1-B 331 215
ADP4-1-T 3.70 103

ADP5-1 423 141
ADP5-2 404 L15
ADP5-3 428 1.08
ADP5-4 3.79 1.30
ADP5-5 3.71 1.27
ADP5-6 3.65 091

formation of hardground is owing to the lithification of loose
carbonate grains by carbonate cements, and the carbonate
cements are mainly synsedimentary and inorganic precipitation
of carbonates (Wilson and Palmer, 1992; Rozhnov, 2001; Palmer
and Wilson, 2004; Lee et al., 2015). Paton et al. (2019) believed that
carbonate cementation in marine environment occurred in sulfate
reduction zone. An increase of alkalinity and porewater
supersaturation with respect to CaCOj; in sulfate reduction zone
leads to precipitation of cements, thereby lithifying the carbonate
sediments. Due to the time required for lithification of carbonate
sediments and subsequent erosional exhumation (Wilson and
Palmer, 1992; Paton et al., 2019), the low sedimentation rate and
erosion period are conducive to the alkalinity elevated zone to
maintain a relatively constant depth below the sediment-water
interface. Under prolonged sedimentary hiatus, early cementation
resulted in the formation of hardgrounds with a thickness of
centimeter to decimeter scale (Kennedy and Garrison, 1975;
Christ et al,, 2015). Therefore, marine hardgrounds generally
represent sedimentary hiatus (Immenhauser et al., 2000; Sattler
et al., 2005; Rameil et al., 2012). Typical ancient marine
hardgrounds formed at roughly the same time (Mutti and
Bernoulli, 2003), are widely distributed in regional area
(Gruszezynski et al,, 2002), and go through different stages from
firm- to hardground (Kennedy and Garrison, 1975; Christ et al.,
2015; Pandey et al., 2018). In addition, boring, bio-encrustation and
Fe-Mn encrustation are often diagnostic features of typical ancient

TABLE 3 Cementation rates of modern-Holocene marine hardgrounds.

10.3389/fmars.2025.1552576

marine hardgrounds (Warme, 1975; Wignall, 1993; Paton et al,
2019; Matysik et al., 2022).

By contrast, the Holocene marine hardgrounds in this study
show obvious differences and are characterized by flat upper surface
with few borings and/or encrustation, rapid cementation with active
carbonate deposition, composite formation, and diachroneity.
These unconventional features may represent those of the hidden
hardgrounds during the geological past that may be ignored and
less investigated in previous studies. These features of the
Holocene marine hardgrounds are discussed in detail in the
following sections.

5.2 Rapid formation with a short duration

Duration refers to the timescale over which diagenetic and
lithification processes occur. Here, it refers to the time required for
hardground formation. In ancient records, marine hardgrounds often
represent sedimentary hiatus with a long duration with a low
sedimentation rate (Sattler et al., 2005; Rameil et al., 2012; Christ
et al, 2015; Paton et al., 2019). By contrast, the widespread Holocene
hardground layer in the modern Abu Dhabi area presents much
faster formation rates (a few hundred years) with active carbonate
deposition (rather than sedimentary hiatus). Based on e dating, the
formation of the lower hardground part in site 2 may correspond to
200 to 600 cal yrs BP, while the formation of the upper hardground
part in site 2 may correspond to 30 to 400 cal yrs BP. The rapid
hardground formation can also be evidenced by containing abundant
aragonitic carbonate grains and cements components that are easily
recrystallized in burial diagenesis (Figure 4).

In line with this study, previous studies from modern shallow,
tropical-subtropical marine environments also suggest a fast rate of
hardground formation (Table 3). Weakly (Figure 7A) to fully
lithified hardgrounds (Figure 7B) are both observed in the
modern intertidal zone of Abu Dhabi. The "“C ages of these
modern marine hardgrounds, ranging from 268 to 0 cal yrs BP
(Ge et al,, 2020), support that the hardground formation is very
quick following modern sediment deposition. Further, the modern
marine hardgrounds exhibit all stages of lithification, from weak to
strong early cementation in recent carbonate sediment (see Figure 8
in Ge et al, 2020), implying very fast cementation rates. In the

Time involved in seafloor

Era/geographic location Bathymetric setting lithification/Dating method Reference
Holocene/Arabian Gulf Neritic <20 years/observations Shinn, 1969
Holocene/Arabian Gulf Neritic <4500 years/"'C Taylor and Illing, 1969

Recent/Bahamas Neritic Several months/observations Dravis, 1979
Recent/Jamaica Neritic <130-140 years/"*C Pigott and Land, 1986
Recent/Bahamas Neritic <1 year/observations Friedman, 1998
Recent/Bahamas Deeper platform <1 year Grammer et al., 1999

Holocene/Arabian Gulf Neritic
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FIGURE 7

Early marine lithification with different cementation degrees. (A) Poorly lithified carbonate sediments (indicated by white frame) covered by about 1
cm thick loose carbonates in the intertidal zone of Abu Dhabi. (B) Better lithified carbonate sediments (indicated by yellow triangles) that are a few

meters away from (A), with a flat top surface and irregular lower surface.

10.3389/fmars.2025.1552576

Arabian/Persian Gulf, Shinn (1969) also noted that, in shallow
subtidal environments, the process of sediment lithification was
almost synsedimentary. Dravis (1979) observed that oolitic crusts in
the Bahamas may form in a few months or even less. Friedman
(1998) reported shallow water carbonate sediments were cemented
within a year during periods of high sea level. Marine cementation
in the carbonate platform margin environments can also occur in a
few months (Grammer et al., 1999). The compilations above clearly
show that marine hardground formation can happen quickly (<1
kyr) in an Aragonite Sea, with active carbonate deposition.

A recent study by Pederson et al. (2021) demonstrates that
contemporary coastal seawater in Abu Dhabi exhibits aragonite
supersaturation. Notably, symmetrical wave ripples, which are
characteristic sedimentary structures of modern intertidal
environments (Lokier et al., 2013; Ge et al., 2020), have been
documented within the upper part of the hardground at site 3
(Paul and Lokier, 2017). This evidence supports that the
hardground formation in this study is due to rapid cementation
related to the pumping of supersaturated seawater thought the
sediment by tides and waves. Similar mechanisms have also been
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FIGURE 8
Mineralogical and isotopic features of the hardground layer in site 2.
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reported in other studies (Dravis, 1979; Tucker and Wright, 1990;
Schlager et al., 1994).

The lack of borings, erosion, and encrustations in these
hardgrounds may be due to the short time of exposure to the
seafloor (Brett and Brookfield, 1984), protection by overlying
sediment (Shinn, 1969), and/or seawater properties (e.g., high
salinity) (Ge et al., 2020).

5.3 Composite nature of the hardground
formation and its relationship with sea-
level changes

As shown by the petrological and '*C dating features, the
hardground layer at site 2 consists of two parts. The lower
hardground part should be already lithified or partially lithified at
the time of deposition of the upper hardground part, giving the
planar and regular boundary between the two parts (Figure 4). The
' dating indicates a sedimentary hiatus of nearly 900 years exists
between the lower and upper part. In the lower hardground part,
the radiocarbon age, 6945-6530 cal yrs BP, is consistent with a
Holocene transgression and the onset of the hardground formation
in other areas at Abu Dhabi (Strohmenger et al., 2010; Lokier et al.,
2015; Paul and Lokier, 2017). Radiocarbon ages of the bottom and
top of the upper hardground part, 5840-5425 cal yrs BP and 5871
—5475 cal yrs BP, suggest a short time of carbonate accumulation
(potentially as brief as ca 30 years). The '*C age in the upper
hardground part is in accordance with the later stage of sea-level
transgression and/or stillstand following the transgression during
the lower hardground part.

Mineralogical variations also support the composite nature of
the hardground layer in site 2. In the lower hardground part,
aragonite contents gradually increase from the bottom to the top,
and high-Mg calcite and protodolomite contents gradually decrease
upwards (Figure 4). In contrast, in the upper hardground part,
aragonite contents gradually decrease from the bottom to the top,
and high-Mg calcite and protodolomite contents gradually increase
upwards (Figure 4). This study proposes that the lower hardground
part with upward-increasing aragonite contents may correspond to
increased water depth with sea-level rise. On the other hand, the
upper hardground part with upward-decreasing aragonite contents
may reflect decreased water depth with reduction of sea-level rise.
This is supported by siliciclastic sediments below the lower
hardground part and modern sabkha sediments overlying the
upper hardground part. Besides, with the aid of the restriction
and evaporative climate, a small sea-level change will cause a
considerable change of seawater chemistry (like salinity) and
carbonate sediment in terms of bioclast types and carbonate
minerals, as in the modern Abu Dhabi coastal area discussed by
Pederson et al. (2021). With sea-level change, the hardground
samples show a similar mineralogical change as that in Pederson
et al. (2021), i.e., lower sea level corresponds to more foraminifera
with a high-Mg calcite mineralogy (Figure 8). The correlation
between 8"Ce.arpy 8'®0carp and bulk carbonate mineralogy
demonstrate mineralogical controls on isotopic composition.
Particularly, bulk §'"°C_,y, data displays a positive correlation (R*
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= 0.56) with high-Mg calcite abundance (Figure 9), which indicates
that intensified environmental restriction and enhanced
evaporation leads to an increase in high-Mg calcite bioclasts
(mainly foraminifera), causing the increased 8"Ceamp. Therefore,
the increased 8"°C_,y, and 80, in the upper hardground part
correspond to enhanced evaporation with reduced water depth
(Shinn, 1969; Grocke et al., 2003).

In conclusion, the hardground layer in site 2 is composite, and
its lower and upper parts are controlled by sea-level changes in
terms of the formation process and carbonate mineralogy. Notably,
the lower hardground part is traceable both landward (e.g., in site 1)
and seaward (as reported by Paul and Lokier, 2017). However, the
upper hardground part disappears landward in site 1 but is replaced
by a hardground layer with a '*C dating of 1920-1608 cal yrs BP in
a seaward site (Paul and Lokier, 2017). This landward-to-seaward
correlation suggests that hardground formation is more favorable
during the earlier stage of sea-level rise when the rate of sea-level
rise is relatively high. Consistently, active hardground formation
nowadays is also occurring during an initial stage of sea-level
transgression (Paul and Lokier, 2017).

5.4 Diachroneity of the hardgrounds

A comparison was made between the two hardground sites
(sites 1 & 2) of this study and another two sites (sites 3 & 4) reported
by Paul and Lokier (2017) also from the sabkha area (Figure 10A). It
should be noted that the "*C dating of the hardground (0-256 cal
yrs BP) at site 4 is from the poorly lithified interval that is forming at
the modern seafloor (Lokier and Steuber, 2009), therefore
representing hardground formation in a much later sea-level
transgression than other three sites (Figure 10B). Although there
is no "*C age data for the well lithified hardground at site 4, Paul and
Lokier (2017) suggest that the upper hardground part at site 3 is

— Fitted curve

Confidence intervals (95%)
3.6 T T T T T
20 25 30

High-Mg calcite content (%)

FIGURE 9
The correlation between high-Mg calcite abundance and
Cearnp values.
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related to the well lithified hardground at site 4. Based on the "*C
dating, the timing of the lower hardground part in site 2 is well
comparable with that in site 1 and site 3. In detail, the "*C age of the
most seaward site (site 3) is slightly earlier than that in sites 1 & 2 of
this study, which supports the seaward migration of hardground
formation with the sea-level rise. However, the age of '*C dating
shows an obvious difference in the upper hardground part in site 2
(5871-5452 cal yrs BP) and site 3 (1920-1608 cal yrs BP). As the
upper hardground part was formed mainly related to reduced water
depth with the later stage of sea-level transgression and/or stillstand
to reduced sea-level rise in site 2 and with regression in site 3, if
there is a sedimentary hiatus in site 3, this should be also recorded
in site 2. More likely, the timing difference in sites 2 & 3 reflects the
landward migration of hardground formation associated with water
shoaling (Paul and Lokier, 2017). Therefore, there are older ages in
site 2 than in site 3. The results herein and that from Paul and
Lokier (2017) confirm the diachroneity in hardground formation.

10.3389/fmars.2025.1552576

Further implications are that the hardground formation during
rapid sea-level rise can be less diachronous than that during sea-
level stillstand and regression.

5.5 Implications for ancient hardgrounds

The Holocene hardgrounds in the Abu Dhabi area represent
those formed in an Aragonite Sea and are characterized by: planar
upper surface with no borings nor encrustation, rapid cementation
with active carbonate deposition, composite nature, and
diachroneity (Figures 11A, B). The features are obviously different
from conventional ancient marine hardgrounds presenting: i)
irregular upper surfaces with obvious borings and encrustation; ii)
long-time duration; iii) a single sediment phase (Immenhauser
et al, 2000; Gruszczynski et al.,, 2002; Taylor and Wilson, 2003;
Sattler et al., 2005; Christ et al., 2012; Wright and Cherns, 2016;
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e ——
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FIGURE 10

The relation between hardground formation and sea-level changes. (A) Cross-section of the hardground in Abu Dhabi coastal sabkha (modified after
Paul and Lokier, 2017). Sites 1 and 2 are the sampling sites for this study, and sites 3 and 4 are the sampling sites for Paul and Lokier (2017). (B)
Holocene sea level variations in relation to the formation of the hardgrounds in sites 1-4. The sea-level curve is modified by Paul and Lokier (2017).

Frontiers in Marine Science

12

frontiersin.org


https://doi.org/10.3389/fmars.2025.1552576
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chen et al.

Paton et al., 2019; Garcia-Hidalgo and Gil-Gil, 2024) (Figures 11C,
D). Given repeat occurrence of Aragonite Seas in the geological
past, marine hardgrounds with similar features described in this
study may also occur in ancient carbonate records, but difficult to
identify. For example, after the Permian-Triassic mass extinction,
there was a lack of a large number of hardground-colonizing
organisms to settle, and the Triassic hardground was rarely
colonized (Bertling, 1999). This may have contributed to the
scarcity of reported hardgrounds during this period. In addition,
the lack of colonization or erosional exhumation of marine
hardgrounds may be related to short seafloor exposure duration
(Brett and Brookfield, 1984), high sedimentation rates and rapid
cementation. Dissolution, recrystallization, and dolomitization of
aragonite or high-Mg calcite can also remove most of the primary
hardground evidence (Christ et al., 2015). Due to high aragonite
abundance, the marine hardgrounds in this study may experience
significant diagenetic alteration (e.g., dissolution, dolomitization),
lose their original fabrics, and therefore become difficult to
recognize when they are buried. However, with careful
microscopic observation, grain fabric preservation favored by
early cementation may be detected. Besides, marine hardgrounds
are more resistant to erosion from waves, currents, and tidal forces,
which can cause different facies changes relative to uncemented
carbonate sediments in the stratigraphic records (Paul and Lokier,

10.3389/fmars.2025.1552576

2017), which can be used as another diagnostic feature for their
recognition. Finally, the multiple stages during hardground
formation and lateral diachroneity of the same hardground part
cause cautions in using a hardground layer for stratigraphic
correlation in science study (e.g., sequence stratigraphy) and
application (e.g., oil-gas industry), especially those formed
associated with sea-level regression.

6 Conclusion

Marine hardgrounds are common in ancient records but seem
to mainly be formed during Calcite Seas. The reasons for this
remain unclear and require more hardground information,
especially from Aragonite Seas. In this study, a well-developed
Holocene marine hardground layer at Abu Dhabi offers new
implications for the diagnostic characteristics and formation
process of potential “hidden hardgrounds” in the past. Based on
new radiocarbon ages and mineralogy variations, the Holocene
marine hardground under investigation is considered to form in
two stages. The lower hardground part (with a '*C age of 6945
—-6368 cal yrs BP) corresponding to a transgressive period shows
increasing aragonite contents from bottom to top. In contrast, the
upper hardground part (with a '*C age of 58715452 cal yrs BP)
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Typical ancient marine hardgrounds
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® D@ @ ot

® [ncreased water depth
® Upward-increasing aragonite contents
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FIGURE 11

Comparison of Characteristics Between Holocene and Ancient Marine Hardgrounds. (A, B) Characteristics of atypical Marine Hardgrounds; (C, D)

Characteristics of Typical Ancient Marine Hardgrounds.
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corresponding to the later stage of sea-level transgression and/or
stillstand displays increasing high-Mg calcite contents from bottom
to top. The marine hardgrounds described in this study are
characterized by: planar upper surface with few borings and/or
encrustation, rapid cementation with active carbonate deposition,
composite nature, and diachroneity, that will be relevant in the
identification of similar hardgrounds in ancient sedimentary
records (especially in Aragonite Seas). Finally, due to the multiple
stages during hardground formation and lateral diachroneity of the
same hardground part, caution should be taken in using a
hardground layer for stratigraphic correlation.
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