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ABSTRACT

Aragonite and high-Mg calcite are abundant in modern, neritic carbonate
systems but almost absent in their fossil counterparts. Dissolution of these
metastable mineral phases commonly leaves no visible trace in the sedimen-
tary record, compromising the derivation of palaeoenvironmental informa-
tion from the rock record. The upper 25 m of Integrated Ocean Drilling
Program (IODP) Site U1460 on the outer ramp of the western Australian
Shelf were investigated to study shallow burial (tens of metres) marine dia-
genesis in organic-carbon poor sediments using microscopic, total organic
carbon, biomarkers and mineralogical analysis in combination with pore-
water geochemistry. Aragonite dissolution is negligible at the seafloor but
intensifies ca 5 m below, even though bulk porewaters are supersaturated for
aragonite. This apparent contradiction likely results from dissolution in
undersaturated microenvironments. Aragonite dissolution below 5 to 6 m is
on average more intense in interglacial compared to glacial intervals. The
presence of disseminated framboidal pyrite and porewater results indicate
that minor sulphate reduction is active at IODP Site U1460. Sulphate reduc-
tion is probably limited by the low organic matter content (ca 0.2%). It is
well-known from the literature that incipient sulphate reduction can lead to
a drop in pH and consequently to carbonate dissolution. It is therefore
assumed that the slightly higher concentration of organic matter in the inter-
glacial intervals allowed increased aragonite dissolution during sulphate
reduction compared to glacial beds. Low amounts of dolomite cement
(<15%) start to form at the same depth (5 to 6 m) as aragonite dissolution
intensifies. Dolomite formation and aragonite dissolution also show covari-
ance on a metre-scale below 5 to 6 m, indicating that a low carbonate satura-
tion state might enhance dolomite formation. This mechanism provides an
indirect link between dolomite formation, aragonite dissolution and orbital
cycles. The outcome of this study, therefore, contributes to a better under-
standing of differential diagenesis in marine carbonates.
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INTRODUCTION

Aragonite and high-Mg calcite (HMC) are abun-
dant in modern, neritic temperate-water carbon-
ates (James et al., 2005) but are lacking in
otherwise similar fossil examples (Wright &
Cherns, 2004). Aragonite dissolution in the
marine realm can take place in relatively shallow
water above the lysocline (Alexandersson, 1978;
Smith & Nelson, 2003; James et al., 2005; Dix &
Nelson, 2006). For example, the aragonite con-
tent on the southern shelf of Australia is reduced
from 40 to 90% in Holocene carbonates to 5% in
relict carbonate grains, indicating significant ara-
gonite dissolution during the past 20 kyr (Rivers
et al, 2008). The original composition of
temperate-water carbonates is therefore rapidly
modified during early marine diagenesis. Near
seafloor carbonate cementation on the other hand
is commonly restricted to the formation of intra-
clasts and sporadic hardgrounds (James & Bone,
1989; James et al., 1999). Overall, cementation of
temperate carbonates is relatively slow compared
with their tropical counterparts, and micritic
envelopes are lacking (James & Bone, 1989). Dis-
solution of aragonite grains before lithification
therefore often leaves no visible imprint, such as
mouldic porosity, in the sediment (Brachert &
Dullo, 2000). This compromises the ability to
derive palaeoenvironmental information from
the rock record (Brachert & Dullo, 2000; Wright
& Cherns, 2004), since fossil assemblages and
even accumulation rates could be altered by this
mineral-selective diagenetic loss.

James et al. (2005) proposed that aragonite
dissolution in temperate carbonates is controlled
by the oxic to anoxic degradation of organic
matter in the very shallow subsurface, a previ-
ously demonstrated important process for arago-
nite dissolution in tropical carbonates (Walter &
Burton, 1990; Ku et al.; 1999; Burdige et al.,
2010; Drupp et al, 2016). However, it was
repeatedly shown that aragonite can be pre-
served in temperate-water carbonates in outer
shelf and slope environments to tens and even
hundreds of metres burial depth (Saxena & Bet-
zler, 2003; Deik et al., 2019).

Aragonite undersaturation and dissolution has
also been proposed by Rivers et al. (2012) as a

prerequisite for the growth of dolomite crystals
from saline porewaters in temperate-water car-
bonates in the Great Australian Bight. At the
ODP sites studied by Rivers et al. (2012) the
dolomite content is on average relatively low
(<10%) but variable. Dolomite is also present in
the shallow subsurface of many tropical carbon-
ate platforms in small quantities, such as the
Bahamas (Swart & Guzikowski, 1988; Dix & Mul-
lins, 1992; Eberli et al., 1997; Swart & Melim,
2000; Murray et al., 2021), the Great Barrier Reef
and the Queensland Plateau (Swart, 1993; Dix,
1997). Because of its ubiquity, it is sometimes
referred to as ’background dolomite’ (Swart &
Melim, 2000). It is generally assumed that this
dolomite forms in relatively closed diagenetic
systems under the influence of marine pore
fluids (Murray et al., 2021), with dissolution of
HMC and diffusion from seawater being the
main sources of Mg2+ (Swart & Guzikowski,
1988; Dix & Mullins, 1992; Swart, 1993; Reuning
et al., 2002).

Aragonite and HMC dissolution in marine
porewaters therefore seems to be a common,
important process in the near seafloor, shallow
burial (tens of metres) environment. However,
several aspects of this process are insufficiently
researched so far: At which burial depth does
aragonite dissolution become important in oligo-
trophic settings that are typically low in organic
matter? Does aragonite dissolution increase line-
arly with depth or does the aragonite dissolution
vary periodically with other sedimentary para-
meters? Is there a relationship between organic
matter content and the extent of aragonite disso-
lution, and does dolomite form preferentially in
sediment sections that show more intense arago-
nite dissolution?

To address these questions, the upper 25 m of
core depth at IODP Site U1460 (Gallagher et al.,
2017) from the outer Carnarvon Ramp were ana-
lyzed. The core contains a nearly complete Mid-
dle Pleistocene to Holocene succession of
subtropical to cool-water carbonates, covering
the glacial to interglacial cycles of Marine Iso-
tope Stages (MIS) 1 to 11 (ca 424 kyr). The
extent of aragonite dissolution within the sedi-
ment was analyzed using the so called Limacina
Dissolution Index (LDX), which indicates the
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shell preservation in the aragonitic, pelagic gas-
tropod Heliconoides (previously Limacina) infla-
tus (Gerhardt & Henrich, 2001). The diagenetic
processes responsible for dissolution were inter-
preted from porewater data. Scanning electron
microscopy in combination with energy-
dispersive X-ray (EDX) data was used to identify
dissolution in other sediment grains and cement
phases. The concentrations of total organic car-
bon and the organic biomarker alkenone were
measured to evaluate the abundance of reactive
organic matter. These methods in combination
allow us to link aragonite dissolution, organic
matter degradation and carbonate cementation
just metres below the seafloor in these temperate
carbonates.

Oceanographic and geological setting

The environment of the western continental mar-
gin of Australia in the eastern Indian Ocean is
transitional between warm-temperate [sensu
James & Lukasik (2010), 15-20°C] and tropical
carbonate settings. The average sea surface tem-
perature in the vicinity of IODP Site U1460 is
22.5°C with minimum temperatures (20.5°C) in
September-October and maximum values of
24.5°C in April (Boyer et al., 2018). Tropical
storms in the region are episodic and infrequent,
with one or two tropical cyclones affecting the
region in one decade (Porter-Smith et al., 2004).
In contrast, the significant wave height from wind
and swell generated waves in the study area
exceeds 3.5 m for 30 to 50% of the time (McMil-
lan, 1982). The seafloor above ca 50 to 60 m is
therefore subject to constant reworking and abra-
sion by waves, while the swell wave base is close
to 100 m, leading to a lack of mud deposition
above this depth (James et al., 1999). Tidal cur-
rents are not important for sediment mobilization,
with a mean spring tidal current speed of less
than 0.2 m s~' and spring tidal ranges between
0.5 m and 1.1 m (Porter-Smith et al., 2004).

The IODP Site U1460 is situated below the
Leeuwin Current, a southward flowing, warm
and oligotrophic eastern boundary current. The
Leeuwin Current suppresses wind-driven
upwelling and pelagic productivity along the
western Australian margin (Godfrey & Ridgway,
1985). Planktonic foraminifera assemblages indi-
cate that the Leeuwin current caused generally
oligotrophic conditions offshore north-western
Australia over the last ca 500 kyr, with possible
signs of upwelling restricted to the interglacials
MIS 1 and 11 (Spooner et al., 2011). However,

organic matter fluxes at IODP Site U1460 indi-
cate that from around 900 ka to at least ca
600 ka productivity was increased during gla-
cials due to the weakening of the warm oligotro-
phic Leeuwin current (Auer et al., 2021).

The western Australian shelf comprises the
Rottnest Shelf in the south (south of 28°S) and
the Carnarvon Ramp (Fig. 1A and B) in the
north (22 to 28°S). The Houtman Abrolhos Reef
complex that is situated at the transition
between these two areas (28 to 29.5°S) forms the
southernmost major tropical reef in the Indian
Ocean (Fig. 1).

The modern sediments on the western Austra-
lian shelf are characterized by a distinct cool-
water composition (Nelson, 1988), but with sub-
tropical attributes. The skeletal assemblage on
the euphotic inner shelf is dominated by coral-
line algae, bryozoans, molluscs (scaphopods,
bivalves and gastropods) and foraminifera, but
lacks green algae. The main difference from typi-
cal cool-water deposits is the presence of zoox-
anthellate corals and large, symbiont-bearing
foraminifera (James et al., 1999; Collins et al.,
2014).

The Carnarvon Ramp comprises the Ningaloo
Reef and hypersaline Shark Bay on the inner
ramp (Fig. 1A and B). The mid-ramp (ca 20 to
100 m) is euphotic, with relatively little calcare-
ous benthos and low numbers of bryozoans, cor-
alline algae and larger foraminifera, but is
dominated by relict or stranded foraminiferal-
dominated sand. The outer ramp (ca 100 to
200 m) is pelagic in character, covered by plank-
tic foraminiferal sand or spiculitic mud. The
outflow of highly saline waters from Shark Bay
leads to periodic downwelling of relatively
warm and saline waters across the ramp (James
et al., 1999; Collins et al., 2014). Between 27°N
and 28°N the Carnarvon Ramp transitions into
the Rottnest Shelf (Fig. 1A and B). The Rottnest
Shelf is flat-topped, with a wave-swept, 30 to
70 m deep inner-shelf plain characterized by
rhodolith pavements, bryozoans, sponges and
abraded sediments (Fig. 1C). An incipient rim
(base at ca 100 m) formed by a linear ridge sys-
tem covered by rhodolite gravel separates the
inner shelf from the subphotic outer shelf (ca
120 to 200 m) that is dominated by bryozoans,
benthic foraminifera and molluscs (Fig. 1). This
ridge system likely represents a stranded coastal
dune system that formed when sea-level was
considerably lower than today during MIS3/4
(Fig. 2; Brooke et al., 2014). The upper slope
(>150 to 200 m) contains fine sand and silt of
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Fig. 1. (A) Location map of IODP Site U1460 and sedimentary facies on the modern seafloor of the Carnarvon
Ramp/northern Rottnest Shelf, Australia. Bathymetric contours are in metres (modified after James et al., 1999).
Black line marks position of profile shown in (C). (B) Satellite map of western Australia. The white box outlines
the study area shown in (A) Satellite data: Google Earth, Landsat/Copernicus. (C) Cross-section with distribution
of modern facies and location of IODP Site U1460 (modified after James et al., 1999).

bryozoan fragments, sponge spicules and plank-
tic foraminifera (James et al., 1999). This facies
extends south to ca 34°S on the shelf offshore
Cape Leeuwin (Collins, 1988).

On the modern seafloor, synsedimentary cemen-
tation is present within intraclasts and hard-
grounds. Skeletal and lithic intraclasts are most
abundant in 20 to 200 m water depth on the
middle to outer part of the Carnarvon Ramp
(James et al., 1999). Cement in intraclasts typi-
cally consists of micritic, micropeloidal, finely
sparitic or sometimes fibrous Mg-calcite (6 to
16 mol.% MgCOs3). Very similar cements are pre-
sent in hardgrounds, which occur sporadically
in all water depths from the inner shelf to the
uppermost slope. Acicular aragonitic cements
occur in channels between the Houtman Abrol-
hos reef platforms on the inner shelf.

During late to Middle Pleistocene glacial inter-
vals, sea surface temperatures were 3 to 5°C

cooler compared to today (Petrick et al., 2019a).
This would have terminated reef growth in the
region, and carbonate deposition would have
been similar to the modern cool-water system on
the southern margin of Australia (James et al.,
1999). Deik et al. (2021) described late to Middle
Pleistocene sedimentary cycles at IODP Site
U1460 drilled at the uppermost slope of the
South-west Shelf of Australia (Fig. 2). They
showed a strong control of glacial to interglacial,
high amplitude (up to 120 to 130 m; Fig. 2) sea-
level changes on the sediment record. In marine
isotope stages associated with glacial lowstands,
the sediment is characterized by increased HMC
and aragonite contents (Fig. 2). The sediment is
coarser-grained and neritic components such as
bryozoan fragments are more abundant. The
intervals have low siliciclastic content, with
quartz (4%) as the only significant non-
carbonate phase. In contrast, intervals deposited
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Fig. 2. Lithostratigraphic summary for IODP Holes U1460A and U1460B (modified after Deik et al., 2021). Inter-
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during interglacial sea-level highstands contain
more low-Mg calcite (LMC), are finer-grained
and show higher concentrations of pelagic mate-
rial, such as planktic foraminifera. Dolomite is
also enriched in interglacial highstand deposits.
The siliciclastic content in interglacial intervals
is higher (Fig. 2), and plagioclase feldspar is
more abundant than quartz.

MATERIAL AND METHODS

The IODP Site U1460 (27°22.4867°'S and
112°55.4265°E; Fig. 1) was drilled in a water
depth of ca 214 m on the uppermost slope of
the South-west Shelf of Australia. Cores were
recovered from two boreholes (A and B) at this
site (Fig. 2) and drilled with the long hydraulic
piston core (HLAPC) system. The sediment
recovery in both holes was generally excellent
(97 to 98%), with minor gaps between cores

resulting from the HLAPC system (Fig. 2). The
cores U1460B-1F to 7F from 0 to 25 m represent
a time interval from 0 to 432 ka (Fig. 2; Deik et
al., 2021). All depth information is given as core
depth below sea floor-A (CSF-A), following
IODP conventions (IODP, 2011). The linear sedi-
mentation rate for the entire interval is
5.8 cm kyr ™.

On board the R/V Joides Resolution interstitial
water samples were obtained by squeezing 5 cm
long whole-round sections cut from cores
(Gallagher et al., 2017). One sample per core
was collected and analyzed on board the ship
(Gallagher et al., 2017), resulting in sampling
increments of ca 10 m. Five samples were col-
lected over the uppermost 45 m, with three sam-
ples within the target interval of this study. This
relatively low-resolution dataset is not sufficient
to resolve the metre-scale changes between gla-
cial and interglacial deposits but helps to recog-
nize first order depth related trends in
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porewater geochemistry. For this study, the
excess or deficit of the diagenetic-active ions
Ca**, Mg?®*, SO,*~ and Sr** were calculated rela-
tive to the conservative element Cl™: Excess (x)
= measured (x) — seawater (x) * Cl~ (porewater)/
Cl™ (seawater).

The thermodynamic modelling package PHR
EEQC 3.0 (Parkhurst & Appelo, 2013) was used
to calculate the saturation state of aragonite,
calcite, dolomite and celestite, using the Pitzer
database (Plummer et al., 1988) which is suit-
able for geochemical calculations in brines to
high concentrations. PHREEQC does not con-
sider the influence of total pressure over solu-
bility equilibria of solid phases as well as of
aqueous species distribution, but the effect of
varying total pressure is minor for carbonates
during shallow burial (Arning et al, 2011).
Calculations are performed at a fixed total
pressure of 1 atm. The temperatures for the
calculations are derived from Gallagher et al.
(2017). Porewater geochemistry is from Galla-
gher et al. (2017) and presented in the results
section.

A total of 38 samples were selected to deter-
mine the Limacina Dissolution Index (LDX). The
LDX, is conventionally used to assess the depths
of the aragonite lysocline as a function of oce-
anic water masses (Gerhardt & Henrich, 2001).
However, aragonite dissolution by bottom-waters
is highly unlikely at IODP Site U1460, which is
situated far above the regional aragonite lyso-
cline (Sabine et al., 2002) and likely was never
in significantly deeper water throughout the
studied time interval (Haller et al., 2018). The
LDX at IODP Site U1460 can therefore be used
to assess post-depositional dissolution within
the sediment. The LDX methodology involves
the qualitative analysis of the shell surface of
the pteropod species Heliconoides inflatus (syn-
onym: Limacina inflata) on a scale from 0 to 5; 0
being a shell that is transparent and lustrous,
with a perfect outer aragonite layer, and 5 being
a shell that is opaque-white, showing extensive
corrosion of the outer aragonite layer (Gerhardt
& Henrich, 2001). In addition to the LDX scale
from O to 5, a scale level of 6 for internal casts
(steinkern) with or without only remnants of the
original shell preserved was introduced for this
study. Additionally, the relative abundance of
internal casts of pteropods in the sediment is
qualified as absent, low or high (more internal
casts compared to number of preserved shells).
For each sample, a minimum of ten H. inflatus
tests from the 125 to 500 um fraction were

analyzed with a binocular microscope to calcu-
late the mean LDX values. The number of avail-
able shells decreased with depth, but more than
30 tests were usually available above 6 m. The
method has the advantage that aragonite dissolu-
tion can be assessed independently from deposi-
tional processes. The total aragonite content, in
contrast, is also influenced by variable aragonite
input related to sea-level variations (Deik et al.,
2021).

Scanning electron microscopy (SEM; Zeiss
Supra 55, Carl Zeiss AG, Oberkochen, Germany)
was used to analyze the surface of pteropod
shells and the bulk sediment. The mineralogy of
grains was confirmed by elemental analysis (Sr,
S, Fe and Mg) with an energy-dispersive X-ray
spectrometer (EDX; Xmax 150, Oxford Instru-
ments, Abingdon, UK). All samples were carbon
coated prior to analysis.

Total alkenone abundance throughout the
25 m study interval was measured as a proxy for
marine primary productivity. Alkenones are
only produced by very specific groups of hapto-
phyte algae, including the widespread cocco-
lithophore Emiliania huxleyi and related species
(Volkman et al., 1998). These algae are key com-
ponents of primary productivity (Petrick et al.,
2015, 2018) in both open ocean and coastal
environments (Salacup et al., 2019). At IODP
Site U1460, Auer et al. (2021) demonstrated that
total alkenone abundance is related to changes
in total organic carbon and primary productivity
during the Middle Pleistocene.

Alkenone concentrations were measured at
the Max Plank Institute of Chemistry in Mainz,
Germany. Alkenones were extracted from 60
sediment samples between a depth of 0.01 m
and 24.45 m, with a mean sampling resolution
of 0.41 m. For analyses, 3 to 5g of sediment
were freeze-dried, gently disaggregated and
extracted using a Dionex ASE350 accelerated
solvent extraction (ASE) system (Thermo Fisher
Scientific Inc., Waltham, MA, USA) using the
methods described in Auderset et al. (2020).
Non-polar (alkenone) fractions were separated
using simultaneous extraction and silica separa-
tion within the ASE cells and subsequently
dried wusing a Rocket Synergy evaporator
(Thermo Fisher Scientific Inc.). Alkenone con-
centration was determined via an Agilent 7890
B gas chromatography system (Agilent Technol-
ogies, Santa Clara, CA, USA) using hexatriacon-
tane and 2-nonadecanone as internal standards,
which were added to the sediment before extrac-
tion. Throughout the process both blanks and
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laboratory standards were used to monitor the
recovery of the sample and the width of the
peaks to assure high quality data. For more
details on the method see Auderset et al. (2020).
The original weight of the sample was used to
normalize the alkenone data. At IODP Site
U1460 the alkenone concentrations were well
above the detection limit and present through-
out the upper 25 m.

The total organic carbon (TOC) content was
determined on 12 samples, covering all MIS
and nearly the complete range of alkenone con-
centrations. Aliquots (ca 0.1 g) of the freeze-
dried and ground samples that were also used
for alkenone analyses, were fully decalcified
using stepwise addition of 2N HCI. After decal-
cification, samples were washed with distilled
water to remove excess HCI, and dried and
measured using a LECO CS300 carbon and sul-
phur analyzer (LECO Cooperation, St Joseph,
MI, USA) at the University of Graz. All mea-
surements were performed in triplicate to eval-
uate analytical precision as well as sample
inhomogeneities. All statistical methods such
as the analysis of variance or correlation were
carried out using PAST Version 4.0 (Hammer
et al., 2001).

RESULTS

Differences in bulk mineralogy and grain-size
between glacial and interglacial intervals can be
calculated based on the data presented in Deik
et al. (2021). The >63 ym fraction (sand and
gravel) contributes between 32% and 99% to the
sediment with an average of 68%. Glacial inter-
vals have a significantly (P < 0.05) higher aver-
age content of sand and gravel (77%) compared
to interglacial intervals (63%).

The mineralogy is generally dominated by car-
bonate (91%), with 86% in interglacial and 98%
in glacial intervals. This difference is due to an
increased contribution of siliciclastic minerals in
the interglacial intervals (Fig. 2). Celestite occurs
only sporadically (n =4) but never in glacial
intervals (Fig. 3). Its average contribution is <1%.

In average, the carbonate component of the
studied interval consists of LMC (48%), aragonite
(25%), HMC (22%) and dolomite (5%). There is a
general trend to increasing LMC and dolomite
contents with depth. On the other hand, aragonite
and HMC show a tendency to decrease with
depth. This is especially apparent for a compari-
son between the average aragonite and HMC
values in the interglacial intervals of the upper ca
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Fig. 3. Mineralogy, aragonite dissolution (LDX and steinkern abundance), total organic carbon (TOC) and alkenone
concentrations. (A) Aragonite content of carbonate. The occurrence of celestite is indicated by asterisks (*). (B) Dolo-
mite content of carbonate [data for (A) and (B) are from Deik et al. (2021)]. (C) The mean LDX data (solid line) shows
a shift from excellent and very good preservation (LDX 0 to 2) to poor and very poor preservation (LDX 3 to 5)
between 5 m and 6 m. The lower quartile and the upper quartile of the LDX data are indicated by dashed grey lines.
(D) Internal casts (steinkern), start to occur between 5 m and 6 m. (E) Alkenone concentration and TOC (green rect-
angles) in the sediment. Glacial (blue) and interglacial (pink) marine isotope stages (MIS) are indicated in colour.
Intervals in white were not unequivocally associated to glacial or interglacial periods (see Fig. 2).
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6 m (MIS 1 and 5) with the interglacial intervals
below this depth (MIS 7, 9 and 11). Aragonite
values are reduced by about one-third from 31%
to 21%, while HMC values are reduced by
about two-thirds from 31% to 10% between the
two intervals. Aragonite shows a significant
(P < 0.05) and strong positive correlation with
HMC (r* = 0.58) and a significant (P < 0.05),
moderate negative correlation (r* = 0.32) to
LMC. Dolomite shows a significant (P < 0.05)
and strong negative correlation with aragonite
(r* = 0.52) and HMC (r* = 0.57), if only carbonate
phases are considered (see Appendix S1). Gener-
ally, interglacial intervals are characterized by a
higher LMC content (55% of carbonate) compared
to glacial intervals (39%). Aragonite and HMC con-
tents are higher in glacial intervals (28% and 30%)
relative to interglacial intervals (23% and 15%).
The Mg-content of calcite cements as measured by
EDX ranges between 4 mol. % and 12 mol. %. Mea-
surable quantities of dolomite are only observed
below 4 m (Fig. 3) and below this depth is more
abundant in interglacial (7%) than in glacial inter-
vals (4%). This is confirmed by SEM observations
indicating that dolomite cements (Fig. 4A and B)
preferentially, but not exclusively, occur in inter-
glacial intervals. All of these average values in min-
eralogy are significantly different (P < 0.05)
between glacial and interglacial intervals.

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

The LDX record indicates excellent preserva-
tion (0 to 1) of aragonitic pteropod shells in the
uppermost metre of the core (Figs 3, 5A and 5B).
This is in accordance with the position of IODP
Site U1460 far above the regional lysocline
(Sabine et al., 2002). From 1 m to ca 5 m the LDX
indicates excellent to moderate (0 to 3) preserva-
tion (Fig. 3). The first occurrence of very poorly
preserved, perforated shells (LDX 4 to 5; Fig. 5C
and D) in a generally moderately preserved shell
assemblage at ca 2 m indicates that aragonite dis-
solution starts during very shallow burial.
Excellently and very poorly preserved shells
often are found in the same sample, which results
in relatively large quartile ranges in some of the
samples (Fig. 3). Below 6 m the transparent shells
(LDX 0; Fig. 5A and B) are absent and the mean
LDX indicates poor (LDX 3 to 4; Fig. 5C) to very
poor (LDX >4; Fig. 5D) preservation. Internal
casts of pteropod shells, many with preserved
remnants of the original shell, are only present
at depth greater than 5 m (Figs 3, 5E and 5F).
The abundance of internal casts is generally
higher during interglacials compared to glacials.
Below 6 m, the preservation of pteropod shells is
generally very poor but somewhat greater in gla-
cial (LDX: 5) compared to interglacial (LDX: 6;
P < 0.05) intervals (Fig. 3). Below 10 m, the
number of well-preserved pteropod shells in

Fig. 4. Scanning electron
microscope (SEM) pictures of
aragonitic components and
diagenetic phases. (A) Dolomite
cement (d) and calcite cement (cc)
(356-U1460B-5F-2W 79/83). (B) A
dolomite cement crystal partially
grown around a bioclastic calcite
grain (356-U1460B-5F-2W 79/83).
(C) Ascidian (a) spicule (356-
U1460B-1F-1W-115/119). (D) Partly
dissolved aragonitic bivalve shell
(m, arrow) (356-U1460B-5F-2W 79/
83).
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Fig. 5. Heliconoides inflatus
(synonym: Limacina inflata) shell
preservation as a proxy for aragonite
dissolution according to the
Limacina dissolution index (LDX).
(A) to (F) show different stages of
shell preservation typical for LDX
stages with pictures from binocular
and scanning electron microscopy
on the left and right side,
respectively. (A) and (B) LDX stage
0: transparent shells indicate best
preservation (356-U1460B-1F-1W
12/16). (C) and (D) Milky (LDX
stage 4, left) and perforated shells
(LDX stage 5), indicate strong
dissolution (356-U1460B-1F-2W 12/
13). (E) and (F) Nearly complete
dissolution of shells (LDX stage 6)
produces internal casts (steinkern)
(356-U1460B-3F-4W 40/44).

interglacial intervals decreases. The presence of
internal casts in the same intervals indicates that
pteropods were present but scarcely preserved.
Below a depth of 18 m the shells generally show
very poor preservation (Fig. 3). The internal casts
are partially cemented by dolomite and subordi-
nate intermediate-Mg calcite (IMC, a calcite with
4 to 12 mol.% MgCOj;) cements. Dissolution of
aragonitic skeletal grains, such as tunicate spic-
ules and bivalve shells (Fig. 4C and D), can be
clearly detected below ca 5 m using SEM.

Total organic carbon values are generally low
and vary between 0.14% and 0.39%, with a
mean of 0.24% (n =12; Fig. 3). The average
TOC of interglacial intervals (0.3%) is signifi-
cantly (P < 0.05) higher compared to glacial
intervals (0.17%) and each interglacial shows a
peak in TOC values relative to adjacent glacial
intervals.

The alkenone concentration varies between 80
and 820 pg g~', with an average of 300 pg g™'
(n = 60; Fig. 3), with peaks in alkenone concen-
trations in interglacials 7 and 11. Average alke-
none concentrations of all interglacial intervals
(375 ug g~') are significantly (P < 0.05) higher
compared with all glacial intervals (158 pg g™ ).
Average alkenone concentrations of interglacials
are typically significantly (P < 0.05) higher com-
pared to their adjacent glacials, except for MIS 5
and MIS 6 which show nearly identical average
values. Total organic carbon values show a strong
(r* = 0.4), and significant (P < 0.05), positive cor-
relation with the alkenone concentrations.

Concentrations of Cl~7, Sr**, Mg®**, Ca**, sul-
phate and alkalinity in the porewater at IODP
Site U1460 (Gallagher et al., 2017; Fig. 6) exceed
average and regional seawater concentrations
(Dickson & Goyet, 1994; De Deckker, 2004;
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Olsen et al, 2016, 2019). The systematic
increase in salinity to 41 psu at ca 43 m is paral-
leled by Cl° (Fig. 6A). Alkalinity, Ca** and
Mg?**-ion concentrations show a similar general
increase with depth, albeit less linear (Fig. 6B
and C). The pH drops rapidly to values around
7.7 in the sample at ca 10 m and all other sam-
ples below. Sr** concentrations increase rapidly
with depth to values between 500 uM and
600 uM at a depth of ca 19 m and stays nearly
constant below this depth (Fig. 6D). The sul-
phate concentrations in the porewater are higher
compared to normal seawater and are relatively
constant with depth (Fig. 6D).

Diagenetic processes in the sediments can be
identified by an excess or deficit of diageneti-
cally active ions relative to conservative ones,
such as Cl”. Normalizing cations and anions
against Cl~ therefore can help to identify and
evaluate water—rock interactions (Fig. 6E). Mg®*
concentrations show a deficit of more than
—3 mM in a sampling depth of ca 19 m and in
samples below this depth. Ca®** concentrations
show only a very small deficit at ca 10 m but an
excess of around 1 to 3 mM for the samples at
ca 19 m and below. In samples from ca 19 m
and below the sulphate concentrations show a
deficit of more than 1 mM. The sample from
about 10 m shows a very low sulphate deficit of
less than 1 mM, while the sulphate depletion is
negligible at ca 1 m below the seafloor. Alkalin-
ity shows an excess of around 1 mM at ca 1 m
and 10 m, which increases to close to 2 mM in
samples at ca 19 m and below. The excess of
Sr** increases to approximately 500 uM at ca
19 m and stays nearly constant in samples
below this depth.

Samples at all depths show a supersaturation
with respect to aragonite, LMC and dolomite
(Fig. 6F). The sample at ca 10 m shows the low-
est supersaturation for all carbonate phases.
Samples below this depth show a minor but
constant increase in saturation. The porewater is
undersaturated with respect to celestite at ca
1 m and approaches equilibrium at around ca
10 m. Samples below this depth show a con-
stant oversaturation with respect to celestite.

DISCUSSION

Carbonate dissolution

It is well-known that dissolution of aragonite in
the shallow subsurface (tens of metres) is an

important process in tropical and temperate car-
bonates (Swart & Guzikowski, 1988; Dix & Mul-
lins, 1992; Brachert & Dullo, 2000; James et al.,
2005; Rivers et al., 2008). The LDX is a very sen-
sitive indicator of aragonite dissolution (Ger-
hardt & Henrich, 2001). Wall-Palmer et al
(2013) postulated that pteropod shells might be
affected by aragonite dissolution during their
lifetime, or after death in the water column
(Oakes & Sessa, 2020) even in aragonite super-
saturated waters. The excellent preservation of
pteropods to a burial depth of 1 m below the
seafloor at IODP Site U1460A confirms that dis-
solution did not take place during the lifetime
of the pteropods, in the water column after
death or at the seafloor. At this location, the
LDX can therefore be used to track dissolution
during shallow burial below the seafloor. The
LDX record at IODP Site U1460 (Fig. 3) shows a
trend from negligible dissolution (LDX 0 to 2) to
strong dissolution (LDX 3 to 5) from 5 to 6 m.
At around the same depth, the abundance of
internal casts of pteropods increases signifi-
cantly, confirming that the LDX is recording ara-
gonite dissolution within the sediment.

The LDX record is consistent with porewater
measurements showing that normalized Sr**
concentrations (Fig. 6E) are close to seawater
values at ca 1 m but increase to ca 300 uM in a
depth of ca 10 m. Aragonite usually contains
much higher Sr contents compared with calcite
and dolomite (Milliman et al.,, 1974). A rapid
increase in the Sr**-concentration of porewaters,
such as at IODP Site U1460, therefore is best
explained by aragonite dissolution. Sr** concen-
trations in pteropod shells are relatively low (ca
1000 ppm), but other aragonite skeletal compo-
nents that show evidence of dissolution, such as
tunicate spicules (Fig. 4C; Deik et al., 2019),
contain 8000 to 9000 ppm Sr (Milliman et al,
1974). Porewater samples at ca 19 m and below
show constant, normalized Sr?*-concentrations
of ca 500 uM (Fig. 6E). A further increase of Sr?*
concentrations is likely prevented by celestite
(SrSO,) precipitation (Figs. 3), when bulk pore-
waters become supersaturated with respect to
this mineral in depths between ca 10 m and
19 m (Fig. 6F). Relatively constant, normalized
Sr**-concentrations at ca 19 m and below there-
fore do not indicate the absence of aragonite dis-
solution, but the incorporation of Sr?* from the
porewater into celestite. This is a common pro-
cess in aragonitic, platform derived sediments
(Swart & Guzikowski, 1988). The precipitation
of celestite at a shallow depth of ca 5 m (Fig. 3)
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Fig. 6. (A) to (D) Porewater profiles
at JODP Site U1460 (Gallagher et
al., 2017); literature values for
seawater composition (Dickson &
Goyet, 1994; Deckker, 2004; Olsen
et al., 2016, 2019) are plotted at the
depth of the seafloor. (E) Excess
(positive) and deficit (negative
deviation) of non-conservative
elements relative to Cl". The colour
bars indicate the depth intervals in
which diagenetic processes are
interpreted to be active and the
resultant diagenetic phases formed.
(F) Saturation indices for celestite,
aragonite, calcite (LMC) and
dolomite calculated from porewater
data. Glacial (blue) and interglacial
(pink) marine isotope stages (MIS)
are indicated in colour.
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is favoured by the sulphate-rich porewater at
IODP Site U1460 (Fig. 6D).

The presence of common aragonite dissolution
is therefore shown by Sr**-porewater data and
SEM observations (Fig. 4C and D). Based on
LDX (Figs 3 and 5), the aragonite dissolution
becomes important at a depth between 5 m and
6 m. However, the saturation state calculations
indicate that porewaters are supersaturated with
respect to aragonite at all sampled depths (Fig. 6F).
This apparent contradiction could either
result from higher than expected aragonite solu-
bility or from aragonite undersaturated micro-
environments in the sediment.

First, microstructural complexity of carbonate
grains can override thermodynamic constraints
and lead to selective dissolution (Walter &
Morse, 1985). BednarSek et al. (2014) have
shown for one pteropod species that shell disso-
lution occurs even in slightly oversaturated sea-
water. Pteropods and other biogenic aragonite
grains with a high microstructural complexity
could therefore show signs of dissolution even
in slightly oversaturated porewaters.

Second, the dissolution might be controlled by
patchily distributed, aragonite undersaturated
microenvironments (Sanders, 2003). Individual
pteropod shells with very different preservation
states have been observed within one sample, as
indicated by the relatively large spread of the
quartile values around the mean LDX (for exam-
ple, at 6 m; Fig. 3). This could indicate that they
have been diagenetically altered in microenviron-
ments with different saturation states. Celestite
cements, impregnating a bioturbation trace found
at 119.65 m (Gallagher et al., 2017), also indicate
that microenvironments might be important for
dissolution/precipitation reactions at the site.
Bulk porewater data were produced from 5 cm
long whole-round sections cut from cores, which
have a much larger sample volume compared to
the samples used for LDX analysis. The measured
porewater therefore could be derived from differ-
ent microenvironments with variable saturation
states with respect to aragonite, as indicated by
the large spread in LDX data around the mean in
many samples (Fig. 3). The microstructural com-
plexity of the biogenic grains and the patchy dis-
tribution of undersaturated microenvironments
therefore likely enable the dissolution of arago-
nitic bioclasts, even though the bulk porewater is
calculated to be supersaturated with respect to
aragonite. This could also explain the general
reduction of aragonite content in the bulk miner-
alogy with depth (Fig. 3).

The fate of HMC is more difficult to evaluate.
High-Mg calcite with 4 to 12 mol. % Mg occurs
as a subordinate cement phase in pore spaces
(Fig. 4A). The solubility of calcite increases with
its Mg-content, while biogenic HMC with ca
12 mol. % Mg is as soluble as aragonite (Walter
& Morse, 1984). Because of their Mg-content
which usually are <12 mol. % Mg, most of these
cements are less soluble compared to aragonite.
Even cements with 12 mol. % Mg are likely
more stable than aragonite, since cements are
typically less soluble than their biogenic coun-
terparts with equivalent Mg content (Morse &
Mackenzie, 1990). The Mg-calcite cements could
have formed during burial or prior to burial at
the seafloor, since cemented intraclasts and
incipient hardgrounds exist at the modern-day
seafloor at the mid to outer ramp (James et al.,
1999).

The observed aragonite dissolution could
imply that at least the HMC with >12 mol. %
MgCOj; could also have been affected by dissolu-
tion. The decrease of HMC content with depth
(Fig. 2) could therefore either result from the
loss of Mg®* from the HMC crystal lattice during
recrystallization to more stable LMC (i.e. incon-
gruent dissolution), or by preferential but com-
plete dissolution of the more soluble HMC with
high Mg-contents. The first process was invoked
in periplatform carbonates off north-eastern Aus-
tralia by Brachert & Dullo (2000), whereas the
second process is consistent with Rivers et al.
(2008), who observed that HMC grains become
partially dissolved instead of being recrystal-
lized to LMC. Both of these processes would
reduce the relative abundance of HMC, which
could explain the reduction of HMC with depth
at IODP Site U1460 (Fig. 2).

It is generally accepted that carbonate dissolu-
tion in the shallow burial zone is controlled by
processes involving organic matter degradation.
This has also been postulated for the slopes and
margins of several modern carbonate platforms
(Swart & Guzikowski, 1988; Dix & Mullins,
1992; Brachert & Dullo, 2000; James et al.,
2005).

The near-seafloor diagenetic processes active
at IODP Site U1460 can be constrained using the
porewater profiles (Fig. 6). The salinity-increase
with depth (Fig. 6A) likely reflects mixing of
seawater with saline brines from the underlying
Miocene section. Sites U1461 to U1464, all on
the North-West Shelf of Australia, show a con-
tinuous increase in salinity towards their respec-
tive Miocene sections (Gallagher et al., 2017). A
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Miocene sabkha sequence containing anhydrite
was drilled during IODP Expedition 356 on the
North-West Shelf of Australia (Gallagher et al.,
2017). The sabkha shows similar characteristics
to Holocene sabkhas from the Trucial coast,
indicating very arid and hypersaline conditions
(Groeneveld et al., 2017; Petrick et al., 2019b).
The increased salinity and relatively high sul-
phate concentration in the porewater therefore
likely results from upward diffusion of saline
and sulphate-rich brines (Fig. 6A and D).

After normalization against Cl7, it becomes
apparent that sulphate does not simply increase
with salinity and Cl” but shows a deficit of more
than 1 mM in samples at ca 19 m and below. The
sample at ca 10 m is characterized by only a small
sulphate deficit of less than 1 mM, while sul-
phate depletion closer to the seafloor (ca 1 m) is
negligible (Fig. 6E). Sulphate reduction therefore
must begin to influence porewater somewhere
between the samples at 1 m and 10 m. Framboi-
dal pyrite, indicating bacterial sulphate reduc-
tion, was observed as shallow as ca 1 m (Deik et
al., 2019). The fact that the porewaters indicate
only negligible sulphate reduction at this depth,
likely indicates that sulphate reduction is
restricted to few microenvironments. Alterna-
tively, it could be explained by re-oxidation of
sulphide to sulphate which could maintain near
normal sulphate concentrations despite active
sulphate reduction (Ku et al., 1999).

Overall, the sulphate concentration increases
with depth (Fig. 6D) despite the consumption
during sulphate reduction (Fig. 6E). This indi-
cates that the rates of sulphate reduction seem to
be low compared to the upward diffusion of sul-
phate ions. The low sulphate reduction potential
could result from the low availability of total
organic matter at this site, with overall low alke-
none concentrations and TOC ranging only
between 0.1% and 0.4% (Fig. 3). These low alke-
none and TOC values likely result from the gener-
ally oligotrophic conditions at IODP Site U1460
during the last ca 0.6 Myr, as indicated by benthic
foraminifera assemblages (Haller et al., 2018).

Oxidation of organic matter during sulphate
reduction in a closed system is accompanied by
an initial drop in pH (Ben-Yaakov, 1973). The
sample at ca 10 m shows a pH of 7.7, about 0.3
units lower compared to regional seawater con-
centrations (Olsen et al., 2016, 2019), leading to
the lowest calculated aragonite saturation state
of all samples (Fig. 6F). These pH values likely
are either caused or maintained by the incipient
sulphate reduction at this depth (Fig. 6E). The

deduced onset of sulphate reduction in pore-
waters between the samples at ca 1 m and ca
10 m, therefore, could decrease the aragonite
saturation and would be broadly consistent
with the increase in dissolution observed based
on a LDX between 5 to 6 m.

Superimposed on this general depth trend,
the pteropod shell preservation (LDX and inter-
nal casts) shows variability on a metre-scale.
Below 6 m, the pteropod shells are better pre-
served in glacial compared to interglacial inter-
vals (Fig. 3). The porewater sampling is not
sufficiently high to help with interpreting these
metre-scale alterations in aragonite dissolution.
However, aragonite dissolution is stronger in the
interglacial intervals that also show increased
TOC values of up to 0.4%, while the glacial
intervals show less aragonite dissolution and
TOC values as low as 0.1%. It is therefore
assumed that the higher TOC values observed in
interglacial intervals allow sulphate reduction of
a few mM sulphate, resulting in a pH decrease
(Ben-Yaakov, 1973) and an increase in the num-
ber of microenvironments undersaturated with
respect to aragonite.

At IODP Site U1460, the higher concentrations
of organic matter in the interglacial intervals
might be related to their higher fine-fraction con-
tent (<63 pm; Fig. 2). Fine-grained particles have
a high capacity for organic matter adsorption due
to their large specific surface area (Hedges & Keil,
1995). Alternatively, the higher alkenone and
organic matter concentrations could be associated
with upwelling events during interglacial periods
along the western Australian margin (Spooner
et al., 2011). Such a relationship between carbon-
ate dissolution in the sediment, upwelling and
suboxic organic matter remineralization was
already demonstrated by Schulte & Bard (2003)
for a deep-sea core from the Indian Ocean. They
showed that calcite dissolution within the sedi-
ment is highly coherent and in phase with orbital
controlled palaeoproductivity variations, provid-
ing strong evidence for a control of organic matter
remineralization on the observed dissolution
pattern. A similar cyclic pattern in aragonite dis-
solution driven by orbital controlled palaeopro-
ductivity variations has been postulated for
periplatform sediments from the Maldives
(Reuning et al., 2006; Deik et al., 2017).

Dolomite formation

Dolomite formation at IODP Site U1460, which
never exceeds an abundance of 13% in bulk
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sediment (Fig. 2), occurs below a depth of ca
5 m. Its shallowest occurrence downcore there-
fore coincides with the onset of aragonite disso-
lution based on the LDX (Fig. 3). Dolomite
abundance generally increases downcore, but
also shows metre-scale variability with higher
average values in interglacial intervals that on
average also show more intense aragonite disso-
lution (Fig. 3). Rivers et al. (2012, 2019, 2021)
proposed that a low calcium carbonate satura-
tion in porewaters might be crucial to drive
dissolution—precipitation reactions causing dolo-
mite formation. Observations from the current
study seem to fit this pattern but show that bulk
porewaters do not have to be undersaturated
with respect to aragonite for the formation of
this type of dolomite (Fig. 6F). Instead, aragonite
dissolution and dolomite precipitation are
thought to occur in microenvironments under-
saturated with respect to aragonite.

Dolomite at IODP Site U1460 was only present
as dolomite cement (Fig. 4A and B) and not as
replacement product. Precipitation of dolomite
cement following Eq. 1 should consume Mg**,
Ca®" and alkalinity from the porewater:

Ca*" + Mg*" +2C035™ « CaMg(C03), (1)

Porewater data at ca 10 m show a slight deficit
of Mg®*" and Ca®*, consistent with the removal
by dolomite cementation. The amount of Mg**
removal indicated by the porewater data likely
is not enough to form the ca 5% dolomite at this
depth. Two possible sources for Mg?* are: (i) dif-
fusion from seawater and the saline porewaters;
and (ii) the dissolution of HMC or its stabiliza-
tion to LMC. Both processes would be in line
with the observed clear negative correlation
between HMC and dolomite content. At ca 19 m
and below the Mg2+ deficit increases, while
there is an excess of Ca**. The most likely
explanation for the excess of Ca*' in porewater
at this depth is the observed dissolution of ara-
gonite (Figs 3, 4C, 4D and 5).

Dolomite cement likely formed in porewaters
affected by sulphate reduction, as indicated by
the porewater samples at ca 10 m and below.
Dolomite formation could potentially be
favoured by the presence of sulphate reducing
bacteria. Microbes can play an important role in
overcoming the kinetic barriers for low tempera-
ture precipitation of dolomite and HMGC
(Van Lith et al., 2003; Wright & Wacey, 2005;
Krause et al., 2012), although the exact mecha-
nisms are not well-understood. Alternatively, or

additionally, H,S produced during bacterial sul-
phate reduction could act as a catalyst for the
precipitation of dolomite at low temperatures
(Zhang et al., 2012).

An obvious effect of sulphate reduction is that
it increases the carbonate alkalinity in the pore-
waters, with a two-fold increase of alkalinity for
each mol of sulphate consumed (Ben-Yaakov,
1973). The alkalinity excess is less than
expected in porewater samples at ca 19 m and
below (Fig. 6E), which is best explained by con-
sumption of excess alkalinity by the precipita-
tion of dolomite cement. The increase in
alkalinity associated with sulphate reduction is
also the main reason for the higher carbonate
saturation levels at ca 19 m and below com-
pared to shallower porewater samples (Fig. 6F).
The precipitation of dolomite likely is facilitated
by these higher saturation levels, as long as
microenvironments are still undersaturated with
respect to more kinetically favourable carbonate
phases.

Overall the mechanism for dolomite formation
outlined above is similar to the findings from
many other modern carbonate platform margins
and slopes worldwide, such as the Bahamas
(Swart & Guzikowski, 1988; Dix & Mullins,
1992; Swart & Melim, 2000; Murray et al., 2021),
the Great Barrier Reef and Queensland Plateau
(Swart, 1993; Dix, 1997) and the Great Austra-
lian Bight (Rivers et al., 2012). Dolomite is pre-
sent in the shallow subsurface of these
platforms in low amounts of typically not more
than 10 to 15%. It is sometimes called ‘back-
ground dolomite’ (Swart & Melim, 2000), due to
its ubiquity. This dolomite is commonly
assumed to form in relatively closed diagenetic
systems under the influence of marine pore
fluids (Murray et al., 2021), with dissolution of
HMC and diffusion from the seawater as the
main sources for Mg2+ (Swart & Guzikowski,
1988; Dix & Mullins, 1992; Swart, 1993; Reuning
et al., 2002). The undersaturation with respect
to aragonite and its consequent dissolution is
often seen as a prerequisite for the formation of
dolomite (Rivers et al., 2012). The mechanism of
dolomite formation interpreted for IODP Site
U1460 therefore seems to be typical for platform
margin and slope systems from the temperate
and tropical zone that consist of mixed carbon-
ate mineralogy (aragonite, HMC and calcite).
The application of the aragonite dissolution
proxy LDX in this study shows that metre-scale
variations in dolomite abundance coincide with
changes in aragonite dissolution intensity.
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In summary, the glacial and interglacial sedi-
ments in the upper 25 m at IODP Site U1460
show primary differences in texture and miner-
alogy (Figs 2 and 7). Glacial packstones are on
average aragonite-rich compared to interglacial
wackestones (Figs 2 and 7). Interglacial deposits
in contrast are on average characterized by
higher organic carbon (OC) contents (Figs 3 and
7). Aragonite dissolution begins ca 5 to 6 m
below the seafloor (Fig. 3). Below this depth,
aragonite dissolution (as indicated by LDX) is
more intense in the, on average, more organic-
carbon rich interglacial deposits, likely enhanc-
ing the primary difference in mineralogy
(Fig. 7). The dissolution of aragonite provides
Sr®* for the precipitation of celestite (SrSO,) in
interglacial sediments (Figs 6E, 6F and 7). Addi-
tionally, HMC is losing Mg®* to the porewater
that is incorporated during the precipitation of
dolomite in interglacial deposits (Figs 6E and 7).
In glacial deposits these processes are presum-
ably much less intense due to the lower average
concentration of organic carbon.

Implications

The LDX values at IODP Site U1460 indicate
excellent to good preservation of aragonite in

the uppermost 5m of core covering the last
glacial—interglacial cycles (Fig. 3). Synsedimen-
tary aragonite dissolution such as observed in
temperate carbonate shelf sediments of the Great
Australian Bight (Rivers et al., 2008), therefore
seem to be negligible in this outer ramp to upper
slope setting. This can likely be explained by
the higher sedimentation rate at the outer ramp
position of our study site compared to the
palimpsest shelf sediments of the Great Austra-
lian Bight studied by Rivers et al. (2008). Below
a depth of 5 m, the trend in LDX to poor preser-
vation is superimposed by a cyclic component,
showing better preservation in glacial compared
to adjacent interglacial intervals. This is impor-
tant since increased LDX values during intergla-
cials have been attributed to stronger in-life
dissolution of pteropod shells due to increased
atmospheric CO, (Wall-Palmer et al., 2013; Sree-
vidya et al., 2019). However, the correlation of
LDX with steinkern abundance shows that LDX
at IODP Site U1460 is not a record of in-life dis-
solution or dissolution within the water column
but of variable dissolution within the sediment
(Fig. 3). Studies using LDX as indicator of in-life
dissolution or bottom water corrosiveness often
interpret LDX depth trends as diagenetically
controlled, while cyclic changes are often
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Fig. 7. Conceptual model for the dissolution of aragonite and precipitation of associated diagenetic phases.
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interpreted as primary (Gerhardt et al., 2000;
Wall-Palmer et al., 2012). However, aragonite
dissolution and pteropod preservation at IODP
Site U1460 are interpreted to be only indirectly
coupled to glacial-interglacial cycles via more
intense degradation of organic matter in intergla-
cial intervals. This highlights the need to check
for and discuss possible diagenetic influences
before interpreting glacial—interglacial variabil-
ity in pteropod shell preservation as a proxy for
environmental change.

Bacterial sulphate reduction controlled by the
availability of reactive organic matter seems to
be the most important factor for aragonite disso-
lution and co-occurring dolomite cementation.
The role of microbial processes for dolomite for-
mation is widely discussed in the literature (Pet-
rash et al., 2017). Burdige et al. (2010) suggested
that dolomite precipitation could be facilitated
by the presence of bacterial extracellular poly-
meric substances (EPS). Isotope evidence sug-
gests that dolomites, similar to the ones from
this study, were formed at the margin of Great
Bahama Bank in a sulphate reduction zone.
However, Mg-isotope results from the same
study indicate that dolomite formation was
likely not mechanically dependent on the pres-
ence of sulphate reducing bacteria (Murray et
al., 2021). Rivers et al. (2019) studied the geo-
chemistry of coastal water in Qatar, which is
characterized by a wide range of salinities (40 to
340), alkalinity, pH and Mg/Ca ratios. However,
active dolomitization was only observed in one
sample which was influenced by sulphate
reduction but was absent from many sites that
showed active microbial mat growth (Rivers et
al., 2019). They concluded that low carbonate
saturation due to anoxic breakdown of organic
matter might be essential for dolomitization,
rather than the presence of microbial substances.
This issue cannot be resolved with our data, but
the link between the aragonite dissolution proxy
LDX and dolomite formation is consistent with
the idea that low carbonate saturation levels
might be necessary for dolomite formation. This
condition might be met in microenvironments,
even though the bulk porewater is still supersat-
urated with respect to aragonite (Fig. 6F).

At IODP Site U1460, the availability of reactive
organic matter for sulphate reduction fluctuates
on a metre-scale with on average increased con-
centrations in interglacial intervals. This pro-
vides a mechanism for the indirect coupling
between dolomite formation and orbital cycles.
Potentially, these initially small amounts of

dolomite could act as seeds for later, genetically
unrelated dolomitization phases. This could
enhance the initially relatively minor differences.

The described diagenetic processes are not lim-
ited to carbonates from temperate water. How-
ever, the initial aragonite content in tropical
settings is generally higher, with, for example, ca
95% aragonite in the Holocene wedge on the lee-
ward margin of Great Bahama Bank (Roth & Reij-
mer, 2005) compared to ca 70% in Holocene
temperate carbonates on the southern shelf of
Australia (Rivers et al., 2008). The dissolution of
half of the aragonite at the margin of Great
Bahama Bank would reduce the measured arago-
nite content from 95 to 90%. The dissolution of
the same amount of aragonite would reduce an
initial aragonite content of 70% to 43%. In this
study the bulk aragonite content is reduced from
around 30% to ca 20% in interglacials (Fig. 3).
Such a low degree of aragonite dissolution likely
would have a very small effect on the total arago-
nite content of highly aragonitic (>70%) periplat-
form deposits. The same amount of aragonite
dissolution therefore might be more readily recog-
nized in the bulk mineralogy of temperate carbon-
ates compared to tropical ones.

CONCLUSIONS

Aragonite dissolution and incipient dolomite
formation were observed in the upper 25 m
below the seafloor at IODP Site U1460 on the
western Australian margin. Aragonite dissolu-
tion, estimated from the Limacina Dissolution
Index (LDX) is negligible at the seafloor in the
outer ramp to upper slope setting, but strongly
intensifies at 5 to 6 m below the seafloor. The
LDX values show evidence of significant disso-
lution below this depth, although porewater
based saturation-state calculations indicate that
bulk porewater is supersaturated with respect to
aragonite at all depths. Aragonite dissolution
likely occurs in disseminated microenviron-
ments, which is indicated by the very variable
preservation of aragonitic pteropod shells within
individual LDX samples.

Low amounts of dolomite cement (<15%) are
observed to precipitate at the same depth (5 to
6 m) as aragonite dissolution intensifies. Dolo-
mite therefore likely forms where more kineti-
cally favourable phases of carbonate cannot
precipitate. Below a depth of 5 to 6 m the dolo-
mite formation and aragonite dissolution also
show covariance on a metre-scale, with on
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average higher dolomite contents and stronger
aragonite dissolution in interglacial compared to
glacial intervals. This differential diagenesis,
which enhances primary differences in mineral-
ogy between beds, is attributed to more intense
suboxic degradation in interglacial compared to
glacial intervals.

Dolomite formation and aragonite dissolution
are interpreted to take place in porewaters influ-
enced by low levels (<3 Mm) of bacterial sul-
phate reduction, although the low resolution of
the porewater dataset does not allow to compare
the intensity of this process between glacial and
interglacial intervals. However, the observed
incipient sulphate reduction is expected to cre-
ate microenvironments undersaturated with
respect to aragonite. Sulphate reduction is inter-
preted to be limited by the availability of reac-
tive organic matter, since the site is from an
oligotrophic setting and has a mean total
organic carbon (TOC) of only ca 0.2%, with on
average higher values in interglacial than in gla-
cial intervals. These higher TOC values in inter-
glacial intervals are interpreted to allow the
creation of more microenvironments undersatu-
rated with respect to aragonite. This mechanism
results in an indirect coupling between dolo-
mite formation, aragonite dissolution and orbital
cycles.
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