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ABSTRACT

The continental shelf of Northwest Australia hosts an extensive tropical car-
bonate ramp that forms an important template for the interpretation of simi-
lar systems in the sedimentary record. Yet, little is known about its
development from the middle to late Quaternary, a period of high frequency
glacioeustatic changes in sea-level and climate. This research describes core
and seismic-reflection data from a mid-ramp to outer ramp transect at the
Northwest Shelf. Core material includes the upper 70 m of International
Ocean Discovery Program Site U1461 (Expedition 356), which covers the last
500 kyr. During arid glacials, sedimentation is characterized by inorganically
precipitated carbonates, including aragonite-needle mud and ooids. Ooids
developed under shallow marine conditions on small-scale flat-topped plat-
forms. Seismic and sedimentological evidence indicates that these platforms
developed locally on top of the present-day mid-ramp and were typically
only active during a single glacial period. Aragonite-needle mud precipitated
(inorganically) in shallow-water areas. Much of these fine sediments were
subsequently exported into deeper water where they mixed with pelagic car-
bonates. Humid interglacials are generally characterized by reduced sedi-
mentation across the Northwest Shelf of Australia, resulting in the
amalgamation of glacial lowstand deposits. Yet, substantial amounts of skele-
tal carbonates were deposited at the studied location during the Holocene
and Marine Isotope Stage 11. These sediment accumulations are interpreted
as a local feature caused by a decline in current energy. The study presented
highlights a ramp system where climate is as important as sea-level in con-
trolling carbonate deposition.

Keywords Aragonite-needle mud, Australian Shelf, distally steepened
ramp, lowstand shedding, ooids, Northwest Shelf.

INTRODUCTION to the observed shallow marine system. The

resulting carbonate deposits might reveal strong
The production, accumulation and export of car- cyclicity in response to the rhythmic nature of
bonates are controlled by parameters that are the underlying controlling factors. For Quater-
either internal (autogenic) or external (allogenic) nary systems, glacioeustatic changes in relative
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sea-level (allogenic factor) are certainly one of
the most appreciated influences in determining
the capacity of a carbonate factory (cf. Schlager,
2003) to produce and export material. This
importance is based on the fundamental nature
of tropical carbonate platforms as shallow mar-
ine areas, where production is strongly tied to
the photic zone. This effect is most pronounced
on isolated flat-topped carbonate platforms (for
example, the Bahamas: Purdy, 1963; Swart
et al., 2009) or rimmed shelfs (for example,
Belize: Gischler, 1994; Gischler, 2003), where
even slight drops in sea-level may expose large
portions of the inner platform (Haak & Schlager,
1989; Schlager, 1991). Carbonate production is
then shifted to a comparatively small and nar-
row strip of the former platform slope (Cook &
Taylor, 1991). During relative sea-level high-
stands, large areas of the flat-topped platform
are submerged under shallow water resulting in
elevated carbonate production (Schlager et al.,
1994). High sedimentation rates on the inner
platform quickly fill the available accommoda-
tion space and drive transportation of shallow-
water carbonates into the adjacent basin, where
they mix with calcite from pelagic sources
(Eberli & Ginsburg, 1987). This elevated produc-
tion and subsequent export of carbonates is com-
monly known as ‘highstand shedding’ (Schlager
et al., 1994).

A carbonate ramp, by comparison, is defined by
a gently dipping shelf (<1°) which either transi-
tions gradually into the adjacent basin (homocli-
nal ramp; for example, Trucial Coast) or exhibits
a distinct offshore slope break (distally steepened
ramp; for example, Yucatan Shelf) (Burchette &
Wright, 1992). Due to its geometry, facies belts
transition gradually with increasing water depth
representing a continuous decrease in water
energy (Tucker & Wright, 1990). The export of
material differs between homoclinal ramps and
distally steepened ramps. In the latter, slope
deposits are typically composed of fine-grained
material redeposited by gravity flows from the
outer ramp. Homoclinal ramps generally experi-
ence limited redeposition into deeper water,
although storm events can play an important role
in transporting shoreface sediments to the deeper
parts of the ramp (Tucker & Wright, 1990; Burch-
ette & Wright, 1992). Minor changes in relative
sea-level experienced by a ramp commonly result
in a simple shift of the shallow-water area with
little influence on the production or export of car-
bonates (Burchette & Wright, 1992; Schlager
et al., 1994). Major sea-level falls (>100 m), as

often experienced during glaciations (Miller
et al., 2005), may expose larger parts of the ramp
system. As a result, epeiric ramps, such as the
Trucial Coast or Shark Bay (Northwest Australia)
may become entirely exposed or transform into
restricted lacustrine systems (Logan et al., 1970;
Purser & Evans, 1973; Burchette & Wright, 1992).

In comparison, little is known about the evo-
lution of tropical Quaternary distally steepened
ramp systems, which are situated adjacent to a
deeper basin. Nevertheless, carbonate ramps are
a common occurrence in the geological record
and oftentimes host considerable hydrocarbon
or mineral deposits (Burchette & Wright, 1992).
Research on modern examples including the
Yucatan Shelf (e.g. Ward & Brady, 1973; Rankey
et al.,, 2021) and the Northwest Shelf of Aus-
tralia (e.g. James et al., 2004), is largely based on
present-day seafloor sedimentation and therefore
of limited use in predicting the temporal evolu-
tion of these systems. The delineation of ramp
geometries based on fieldwork is often difficult
due to the limited extent of most outcrops. To
assess a ramp system in total, interpretation of
two-dimensional seismic-reflection data repre-
sents an essential tool. However, many ramp
systems are too extensive and thin for geome-
tries and stratigraphies to be resolved on stan-
dard industry 2D seismic-reflection data
(Burchette & Wright, 1992). Thus, there is a
need for high-resolution data that allows com-
bining seismic-reflection and borehole analysis
to assess the temporal and spatial evolution of
these complex and important depositional envi-
ronments.

In this study, a combination of International
Ocean Discovery Program (IODP) core data and
high-resolution seismic data are used to investi-
gate the development of the carbonate factory of
the Northwest Shelf of Australia (NWS) between
the mid-Pleistocene and Holocene. Petrophysical
properties (V},, bulk density, acoustic impedance)
are used to link sedimentary facies to reflectors
on high-resolution 2D seismic data. This enables
a precise interpretation of the geometry, composi-
tion and timing of the formation of shelf carbon-
ates. This research further intends to investigate
the response of a shallow marine tropical—arid
carbonate ramp to internal (autogenic) and exter-
nal (allogenic) processes and asses their role in
the potential formation of cyclical sedimentary
patterns. This study contributes to the under-
standing of the Quaternary NWS and tropical car-
bonate ramps in general. The results presented
are of direct importance for the interpretation of
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ancient carbonate ramp systems observed on
seismic-reflection data and in outcrops.

GEOLOGICAL SETTING

The continental shelf of Northwest Australia
(NWS) stretches between ca 16°S and 21°S and is
located at the transition between the tropical and
sub-tropical realms (Fig. 1). The geometry of the
shelf is defined by a gentle dipping distally steep-
ened ramp (cf. Read, 1985), which at its widest
point spans about 250 km across to the 200 m iso-
bath (James et al., 2004). The ramp can be subdi-
vided based on hydrodynamics into inner ramp
(<50 metres water depth — mwd; fair weather
wave base), mid-ramp (50 to 120 mwd; storm
weather wave base) and outer ramp (>120 mwd)
(Burchette & Wright, 1992; James et al., 2004).
This study focuses on the westernmost parts of
the NWS, located seaward of Barrow Island
(Fig. 1). Compared to most of the NWS, this area
is defined by a narrower transition between the
mid-ramp and outer-ramp, with seafloor inclina-
tion increasing rapidly seaward of the 200 m iso-
bath (Jones, 1973; James et al., 2004).

The climate of the NWS is defined by arid condi-
tions with an annual rainfall of about 320 mm
(Australian Bureau of Metereology, 2000). Most of
this rainfall occurs from February to June during
the Australian Summer Monsoon (Hesse et al.,

Fig. 1. Map illustrating the ramp
division and bathymetry of the
Northwest Shelf of Australia (NWS)
close to International Ocean
Discovery Program (IODP) Site
U1461 and important adjoining well
sites (modified from James et al.,
2004). Further displayed is the
location of the analyzed seismic
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2004). During this period, several otherwise dry
river systems transport large amounts of terrige-
nous material to the shelf, resulting in prominent
sediment plumes (Dix et al., 2005). The physical
oceanography of the NWS is subjected to open
marine conditions characterized by a high-energy
environment including swell waves, tropical
cyclones and large tides (Jones, 1973; James et al.,
2004; Belde et al., 2017).

The sediment distribution on the seafloor is
well-documented (Jones, 1973; James et al., 2004;
Dix et al., 2005). Modern sedimentation is charac-
terized by photozoan and heterozoan elements at
the inner ramp (Dix, 1989; Orpin et al., 1999). The
mid-ramp comprises largely heterozoan bioclasts
mixed with larger benthic foraminifera, while the
outer ramp consists predominantly of hemipelagic
sediments and some resilient shelf edge reefs
(Jones, 1973; James et al., 2004; Dix et al., 2005). A
ubiquitous component of the mid-ramp is the
occurrence of ooids, peloids and aragonitic-needle
mud, which have formed shortly after the Last Gla-
cial Maximum (James et al., 2004; Dix et al., 2005).

METHODS AND MATERIALS

Sample material

The IODP Site U1461 (20°12.863’S, 115°3.950’E),
the basis of this study, is located 100 km north-

BARROW
ISLAND

Dampier

100 km

cross-section (A to A').
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west of Barrow Island in the Northern Carnarvon
Basin on the shelf edge of a mid-ramp to outer-
ramp transition (James et al., 2004; Gallagher
et al., 2017b) (Fig. 1). Four IODP boreholes were
drilled in close vicinity (<100 m) at a water depth
of 127 m (Gallagher et al., 2017b). Three holes
(U1461A to U1461C) cored the studied segment
from the seafloor to 70 m depth. Core recovery in
this interval is around 90% in general, and 100%
considering overlap between individual holes at
Site U1461. Core samples and petrophysical data
have been selected from all three holes to maxi-
mize coverage and data quality. The depth of
samples and data is expressed as common metres
composition depth (CCSF-A) to attribute for shifts
between individual holes (IODP-MI, 2011; Gal-
lagher et al., 2017b). Sample denotation follows
the IODP guideline outlined as Site/Hole-Core-
Section-distance from top (Gallagher et al.,
2017a).

Composition and sample mineralogy

In total, 172 samples were collected on shipboard
and during the post-cruise sampling party. Sedi-
ment composition and fabric were determined
using 42 thin-sections under petrographic micro-
scope (Olympus BH-2; Olympus Corporation,
Tokyo, Japan). Additionally, 62 samples were wet
sieved and dry sieved to investigate sediment
based on their size fractions. Mesh sizes include
64 um, 125 pm, 250 pm and 500 pm. Twelve
samples were examined with a scanning electron
microscope (SEM; Supra55; Carl Zeiss AG,
Oberkochen, Germany) and a coupled energy-
dispersive X-ray spectroscope (EDX) to further
distinguish sedimentary components and their
elemental composition (X-Max 150 Silicon Drift
Detector; Oxford Instruments plc, Abingdon, UK).

Mineralogy was determined on 118 samples
using a Siemens D5000 X-ray diffractometer (Bru-
ker, Billerica, MA, USA). The measurements of
the powdered samples were conducted over an
angle field of 66° (4° to 70°) with a step size of 4 x
107%° per second. Standard Rietveld refinement
using the software Profex (version 4.0.2) achieved
identification and quantification of different min-
eral phases. Non-destructive determination of
mineralogy was achieved by 2D X-ray diffraction
(XRD) measurements (D8-Bruker, Bruker, Biller-
ica, MA, USA) following the methodology out-
lined in Smodej et al. (2015) (resident time per
spot =10 min).

X-ray fluorescence (XRF) scanning was per-
formed with an Avaatech XRF core scanner

(Avaatech B.V., Dodewaard, The Netherlands) at
the JRSO XRF Core Scanning Facility, located at
the Gulf Coast Repository in the Texas A&M
University Research Park. Scanning resolution is
equal to 5 cm down to a depth of 18.5 m after
which the resolution reduces to 10 cm. The log
ratio of strontium (Sr) to calcium (Ca) is pre-
sented as a proxy for relative changes in arago-
nite content. This relationship is based on the
elevated amounts of strontium present in arago-
nite as compared to calcite (Thomson et al.,
2006) and was formerly successfully calibrated
against carbonate mineralogy at Site U1461 (Hal-
lenberger et al., 2019).

Geochemical data are complemented by a
lightness log, which is a unitless spectrophoto-
metric parameter derived from the reflectance of
visible light on split cores (Gallagher et al.,
2017a). At Site U1461, lightness of sediments
displays a positive correlation with the overall
aragonite content, representing a high-resolution
proxy with a sampling interval of 2.5 cm (Hal-
lenberger et al., 2019).

Isotope geochemistry

Stable oxygen and carbon isotopes have been
studied to better constrain the environmental
conditions during the formation of different car-
bonate facies (Table S1). Analyses were con-
ducted on 38 samples, including non-skeletal
grains (n = 9) and bulk sediment (n = 29). Mea-
surements were carried out at the Institut fir
Geophysik und Geologie of Leipzig University.
Carbonate powders were reacted with 105%
phosphoric acid at 70°C using a Kiel IV online
carbonate preparation line connected to a MAT
253 mass spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA). All carbonate values
are reported in per mil (%) relative to Vienna
Pee Dee Belemnite (VPDB) according to the delta
notation. Reproducibility was checked by repli-
cate analysis of NBS19 and was better than
+0.025%, (10) for carbon (5'*C) and better than
4+0.0719%, (10) for oxygen isotopes (§'°0).

Petrophysical properties

Petrophysical properties were measured on ship-
board during Expedition 356. P-wave sonic
velocity and bulk density were generated with a
Whole-Round Multisensor Logger (WRMSL),
which simultaneously measures a multitude of
petrophysical properties on the encased whole
core (Gallagher et al.,, 2017a). Sonic velocity is
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defined by the traveltime of 500 kHz ultrasonic
waves across the core, whereas bulk density is
based on the attenuation of a '*’Cs gamma ray
beam (Gallagher et al., 2017a). Sonic velocity
and density values that are above or below rea-
sonable thresholds were excluded from the data
series to reduce the presence of data scatter and
to increase the overall data quality. These
thresholds follow the recommendations of the
shipboard report (Gallagher et al., 2017b). Sonic
velocity and density were subsequently multi-
plied to calculate an acoustic impedance log
across the studied interval. Shipboard generated
porosity data were utilized to evaluate the influ-
ence of sedimentary fabric on acoustic impe-
dance. Porosity was measured on discrete
samples collected from the working halves of
the core (Gallagher et al., 2017a).

Seismic data

This study utilizes seismic-reflection line SO-
259 that was obtained during the 2017 cruise of
the R/V Sonne (SO257) across the NWS. The
high-resolution multichannel seismic-reflection
profile was generated with a Mini GI-Gun (1.7 1)
and signals were received by a Geometrics
GeoEel Streamer system (Geometrics Inc., San
Jose, CA, USA). The seismic-reflection data were
processed using 2D VISTA seismic processing
software (Schlumberger Limited, Houston, TX,
USA). The vertical resolution of Line SO-259 is
approximately 2.5 m with a maximum penetra-
tion of about 500 ms two-way travel time. Time-
depth conversion at Site U1461 is based on an
IODP (Expedition 356) shipboard generated
sonic velocity dataset with a resolution of 5 cm
(Gallagher et al., 2017b).

The seismic profile crosses Site U1461 in
NNW orientation from Barrow Island to the
outer ramp and upper slope transition (Fig. 1).
The water depth of this transect ranges from
approximately 75 to 185 m. The inclination of
the seafloor is low (ca 1%) and increases rapidly
to up to 18% at the outer ramp to slope transi-
tion. The seismic-reflection data are in positive
Society of Exploration Geophysicists (SEG) zero-
phase polarity, where an increase in acoustic
impedance is expressed as a positive amplitude
(peak).

Age model

The age model of the top 70 m (CCSF-A) of Site
U1461 is based on a combination of radiocarbon
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ages, biostratigraphic datums and oxygen iso-
tope data (Gallagher et al., 2017b; Hallenberger
et al., 2019; Ishiwa et al., 2019b; Courtillat et al.,
2020). These datasets were previously compiled
into a comprehensive chronological profile
(Courtillat et al., 2020), which is in large parts
adopted for this research (Fig. 2). For this study,
the borehole specific depth scale (CSF-A) of
Courtillat et al. (2020) was converted to a com-
posite depth scale (CCSF-A), which accounts for
differences in depth between holes (Gallagher
et al., 2017b).

The material used for radiocarbon dating
includes planktonic foraminifera and macrofos-
sils, all of which were cleaned and screened for
cementation prior to measurement (Hallenberger
et al., 2019; Ishiwa et al., 2019b). In older strata
(>40 ka), ages are determined based on cocco-
lithophorid biostratigraphic datums and oxygen
isotope data of planktonic foraminifera (Gal-
lagher et al., 2017b; Courtillat et al., 2020). Nan-
nofossil biostratigraphy includes the first
occurrence of Emiliania huxleyi (18.65 m) and
the last occurrence of Pseudoemiliania lacunosa
(60.73 m). The latter age datum was updated to
430 ka following Raffi et al. (2020) (Fig. 2). The
only discrepancy with Courtillat et al. (2020) is
the assigned age for the interval between 15.4 m
and 18.65 m depth (see Discussion).

RESULTS

Sedimentary composition and distribution

The top 70 m of Site U1461 display a distinct
alternating pattern in core colour from dark to
light, representing facies related changes in min-
eralogy (Fig. 3A to H). The mineralogy of the
dark-coloured intervals is a mixture of calcite
and aragonite with elevated amounts of silici-
clastics, while the lighter-coloured intervals are
mainly aragonitic with minor siliciclastics
(Fig. 3C). Based on texture, the aragonite-rich
sections are further subdivided into intervals
that contain high amounts of non-skeletal grains
and those rich in aragonitic mud (Fig. 3D). Fur-
thermore, a 2 m thick layer of bioclastic grain-
stone is present in the lower parts of the studied
interval. Generally, carbonate content is high
throughout the studied section, although slightly
lower in dark-coloured sediments (mean = 87%)
as compared with lighter-coloured sections
(mean = 98%). There is no clear trend in the rel-
ative abundance of individual siliciclastic
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Fig. 2. An age model for the upper 70 m of Site U1461. Depth is expressed as common metres composition
(CCSF-A). (A) Core images and facies of holes A to C. (B) The log ratio of zirconium (Zr) over iron (Fe) represents
a proxy for arid versus humid climate at Site U1461 (Courtillat et al., 2020). (C) Depositional age as indicated by
the associated Marine Isotope Stages (MIS). Radiocarbon measurement points are represented by single dots. Sedi-
mentary units are not necessarily representative of the entire MIS they are associated with. (D) Glacioeustatic sea-
level curve during the last 450 kyr (Miller et al., 2005). (E) X-ray fluorescence (XRF)-derived log ratio of zirconium
(Zr) over iron (Fe) indicates arid versus humid climate offshore Northwest Australia (Stuut et al., 2014).

minerals with depth or between different facies
types. Siliciclastic minerals, mainly quartz and
feldspars, are therefore presented combined
(Fig. 30).

Facies 1 — Bioclastic wackestone to packstone
Unlithified olive-grey to dark-grey wackestone to
packstone represent Facies 1. The mineralogical
composition of Facies 1 is a mixture of low-Mg
calcite (14 to 49%, mean = 28%), high-Mg cal-
cite (10 to 41%, mean = 28%) and aragonite (17
to 41%, mean = 28%). Additionally, relatively

high amounts of siliciclastics (3 to 26%, mean =
13%) are present. They consist of quartz with
minor amounts of feldspar (orthoclase and
albite) and lithic fragments (Fig. 4A). Minor
amounts of dolomite (6 to 12%) occur locally
between 41.2 m and 57.8 m. The occurrence of
dolomite is accompanied by a comparative
decrease of high-Mg calcite and an increase of
low-Mg calcite (Fig. 3C). It therefore appears
likely that the observed dolomite is a product of
high-Mg to low-Mg calcite conversion occurring
during early diagenesis. Dolomite of similar age
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Fig. 3. Facies in the upper 70 m of Site U1461. Depth is expressed as common metres composition (CCSF-A). (A)
Core images of holes A to C (from left to right). (B) Dunham classification. (C) XRD-derived cumulative mineral-
ogy. (D) Cumulative abundance of non-skeletal grains and ooids. (E) XRF-derived log ratio of strontium (Sr) and

calcium (Ca). (F) Lightness measurements. (G) Oxygen and carbon isotope data. (H) Facies distribution.

and origin was recently described for the Carnar-
von Ramp in Southwest Australia (Deik et al.,
2019). A detrital origin appears unlikely,
because there is no evidence of dolomite occur-
ring within any other parts of the studied sec-
tion of Site U1461 (Fig. 3C).

Skeletal grains include benthic and planktonic
foraminifera, echinoderm spines and fragments,
sponge needles, ostracods, gastropod shells,

bivalve fragments and bryozoans. Benthic fora-
minifera have been studied further on a species
level, revealing that the assemblage is domi-
nated by Cibicides lobatulus, Gavelinopsis pra-
geri and Reussella spinulosa (Courtillat et al.,
2020). Aragonite proxy data, including reflectiv-
ity and XRF-derived log ratios of strontium (Sr)
and calcium (Ca), are comparatively low and
display little fluctuation (Fig. 3E and F). This
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Fig. 4. Representative thin-section and scanning electron microscopy (SEM) images of the three major facies of
the upper 70 m of Site U1461. (A) Facies 1 consists of skeletal grains as well as detrital grains including quartz,
lithic fragments and feldspar, U1461C-5H-5W-40 cm, crossed polarized light (XPL). (B) Facies 2 is characterized
by the high abundance of non-skeletal grains. Non-skeletal grains present are spherical light and dark peloids
(white arrow), superficial ooids and intraclasts (black arrow), U1461C-2H-5W-44 cm, plane polarized light (PPL).
(C) Some peloids are surrounded by a superficial layer of aragonite, often comprising several cortices (black
arrow), U1461C-2H-5W-44 cm, XPL. (D) SEM image along the fractured surface of a peloid. Peloids are almost
entirely composed of small (1 to 2 pm) aragonite needles of equal appearance to those in aragonite mud-rich sedi-
ments. Larger needles are cementing pores and borings in the peloid (white arrow), U1461C-2H-5W-94 cm. (E)
Facies 3 is composed of aragonite mud with minor contribution of skeletal grains, U1461C-3H-2W-44 cm, PPL. (F)
The fine fraction (<64 pm) of Facies 3 is composed of small aragonite needles and occasional coccolithophorid
plates (white arrow), U1461C-3H-3W-94 cm.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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supports the overall reduced amounts of arago-
nite present in Facies 1, as indicated by XRD
measurements. Based on the above outlined cri-
teria, Facies 1 can be identified to occur from 0
to 12.4 m, between 41.2 to 57.8 m, and at the
end of the studied interval below 68.5 m
(Fig. 3H).

Facies 2 — Ooid/peloid packstone
Sediments of Facies 2 consist of unlithified light
grey to grey packstone. The mineralogy is domi-
nated by aragonite (57 to 78%, mean = 66%),
with lesser amounts of low-Mg calcite (12 to
25%, mean = 16%) and high-Mg calcite (6 to
23%, mean = 14%). Siliciclastic content is com-
paratively low (1 to 7%, mean = 2%) (Fig. 3C).
Accessory minerals include pyrite, phosphates
and glauconite, which are often enriched in non-
skeletal grains (Figs 4B and S1). Sediment is
composed of non-skeletal grains (50 to 70%) and
varying amounts of bioclasts (Fig. 4B and C).
Non-skeletal grains include peloids (dark and
white), ooids and intraclasts (Fig. 4B). These
range in size between 100 to 1500 pm, with most
peloids and ooids between 150 to 250 pm.
Peloids are commonly of ovoid to spheroid
shape and are devoid of any internal structure,
albeit some contain fine-grained skeletal debris
or detrital components. In general, peloids are
almost entirely composed of aragonite needles
(Fig. 4D). Single needles are 1 to 2 pm in size
with irregular outlines and blunted to pointed
terminations. Larger aragonite needles are pre-
sent as fillings of borings and holes within the
peloids, likely the product of localized cementa-
tion (Fig. 4D).

The surface of individual non-skeletal grains
ranges from rough to smooth (Fig. 5). The differ-
ence in surface morphology is the result of the
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development of superficial coatings, which are
present around peloid cores, thereby forming an
ooid (Fig. 4C). Ooids contain several concentric
laminations with a cumulative thickness ranging
between 20 to 30 um (Fig. 4B and C). Based on
the limited thickness of cortices in relation to
the overall diameter, the ooids discovered are
termed ‘superficial’ (Simone, 1980). Superficial
ooids represent 14 to 16% of the bulk sediment
and 30 to 50% of the non-skeletal grains
(Fig. 3D). They occur exclusively within the
thicker sections of Facies 2 between 13.3 to
18.8 m and 60.2 to 68.5 m (Fig. 3D). Ooids and
peloids observed between 13.3 to 15.0 m depth
further display varying degrees of dark dis-
colouration. This either affects the entire peloid,
resulting in a grey to black colour, or is
expressed as dark speckles on an otherwise
white surface. The EDX-coupled SEM imaging
indicates that the discolouration is caused by
the occurrence of iron sulphides and to a smal-
ler degree by organic matter, both of which
either are enriched in a marginal layer around
the peloid or are finely disseminated throughout
the peloid (Fig. S1). Dark peloids commonly co-
occur with framboidal pyrite, which fills voids
in adjacent skeletal grains. This strongly sug-
gests the involvement of bacterial sulphate
reduction as a blackening process of peloids.

In addition to stained non-skeletal grains,
comparatively large amounts of intraclasts (ca
5%) occur between 13.3 m and 15.0 m. The
observed intraclasts range in size between
800 um and 1500 um. They are well-rounded
and usually comprised of several peloids that
are bound together by a carbonate cement. Their
overall appearance is comparable to stranded
‘lithic intraclasts’ described for the seafloor
along the NWS (James et al., 2004). Skeletal

Fig. 5. Scanning electron microscopy (SEM) images of non-skeletal grains present in Facies 2. The surface mor-
phology of single grains ranges between rough (A) to smooth (B), representing faecal pellets and superficial ooids.
Ooids further display bioerosion traces. A: U1461B-2H-7W-14 cm. B: U1461B-2H-7W-14 cm.
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grains typically include large benthic foramini-
fera, molluscs (bivalve shells and gastropods),
bryozoans and echinoid fragments. Benthic fora-
minifera mainly include the species Asteroro-
talia gaimardii, Parrellina verriculata and
Elphidium craticulatum (Courtillat et al., 2020).

Additionally, minor intervals of Facies 2 occur
within the studied section at 26.2 to 28 .0 m and
38.0 to 41.2 m (Fig. 3H). These thin beds of non-
skeletal grain-rich sediments are characterized by
an absence of superficial ooids. Instead, non-
skeletal grains are entirely composed of peloids
with a small admixture of intraclasts (<1%)
(Fig. 3D). In addition, pelagic bioclasts such as
planktonic foraminifera and pteropods are a com-
mon constituent of the fossil assemblage.

Peloids and lithified clasts thereof are inter-
preted to be primarily faecal pellets. This assess-
ment is based on the mostly uniform ovoid or
rod-like shape of peloids as well as their lack of
internal structure. The black discolouration of
some peloids caused by the occurrence of iron
sulphides and organic matter further hints at the
biological origin of peloids (Fliigel, 2013).

Aragonite proxies generally agree with XRD-
derived mineral data, indicating elevated values
wherever non-skeletal grain-rich sediments
occur. A minor discrepancy is present in Facies 2
at around 13.3 m. There, lightness values suggest
a downhole decrease in aragonite content going
from aragonite mud into an ooid/peloid pack-
stone (Fig. 3F). This trend is not shown in XRD or
XRF data, both of which display a slight increase
in aragonite content (Fig. 3C and E). The
observed mismatch is likely the result of the
occurrence of blackened non-skeletal grains,
skewing lightness towards lower values (Fig. 3A).

Facies 3 — Aragonite-needle mudstone

Sediments forming Facies 3 consist of unlithified
light-grey mudstone to wackestone. The mineral-
ogy is similar to that of Facies 2, with high arago-
nite content (40 to 77%, mean = 58%) followed by
moderate amounts of low-Mg calcite (2 to 46%,
mean = 20%) and high-Mg calcite (6 to 30%,
mean = 19%). Siliciclastics only occur in minor
amounts (0 to 6%, mean = 2%). However, its com-
position differs greatly from Facies 2, as it lacks
non-skeletal grains (<1%). Facies 3 is instead
composed of aragonitic mud (<64 pm) with minor
amounts of bioclasts. The aragonitic mud consists
almost entirely of small (1 to 3 um) needle-
shaped crystals of equal appearance to those
found within peloids (Fig. 4E and F). Bioclasts
include planktonic and benthic foraminifera,

echinoderm spines, bivalve fragments, ostracods
and gastropods. The assemblage of benthic fora-
minifera is comparable to that of Facies 1 (bioclas-
tic wackestone to packstone), including the
occurrence of C. lobatulus, G. prageri and R. spin-
ulosa (Courtillat et al., 2020). However, the most
characteristic group of benthic foraminifera con-
sists of the species Peneroplis pertusus and Pla-
nispirinella exigua, which occur exclusively in
Facies 3 (Courtillat, 2019). In addition, rare coc-
colithophorid plates are present in the fine frac-
tion of Facies 3 (Fig. 4F). Facies 3, as outlined
above, occurs from 18.8 to 38.0 m and between
12.3 mand 13.3 m.

Facies 4 — Bioclastic grainstone

A unit of grainstone is present from 57.8 to
60.2 m. This interval is only sampled in hole B
and represented by a core gap in holes A and C,
likely due to a lack of cementation and cohesion
of the mud-poor material. No XRD or XRF data
has been acquired from this interval. However,
based on core observation, Facies 4 can be
described as a light greenish-grey grainstone com-
posed of a variety of bioclasts, including gas-
tropods, bivalves, echinoderms, large and small
benthic foraminifera, scaphopods, barnacles and
lithic clasts.

Stable isotopes

Measurements of bioclastic wackestone to pack-
stone (Facies 1) display &'®0 values ranging
between —1.29, and —0.1%, (mean = —0.6%,) and
5'®C between +0.8%, and +1.7%, (mean = +1.29%,)
(Fig. 6). Comparatively higher values are mea-
sured in bulk samples of ooid/peloid packstone
(Facies 2), with §'°0 ranging from —0.3 to +1.19%,
(mean = +0.4%,) and §"°C varying between +2.29%,
and +4.0%, (mean = +3.1%,) (Fig. 6). Facies 2 fur-
ther displays a bimodal distribution of measured
isotope values. Comparatively heavier values in
8'80 and 8'3C are observed in Facies 2, where
ooids are a common sedimentary component.
Thinner beds of Facies 2, which do not contain
any ooids, display lighter isotope values (Fig. 3).
Non-skeletal grains plot in a relatively narrow
window with §'®0 values ranging from +0.7 to
+1.2%, (mean = +19%,) and §'°C varying between
+4.19%, and +4.49%, (mean = +4.3%,). Measure-
ments solely of non-skeletal grains are therefore
heavier in oxygen and carbon isotope values as
compared with bulk measurements of the same
facies (Fig. 6). Aragonite-needle mudstones
(Facies 3) display similar values to those
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Fig. 6. Oxygen and carbon isotope composition of samples collected at Site U1461. Presented isotope data also
includes aragonite mud (Dix et al., 2005) and ooids (James et al., 2004) found at the seafloor of the Northwest
Shelf of Australia (NWS) as well as non-skeletal grain facies and ooids deposited on the present-day Kuwait Ramp
(Gischler & Lomando, 2005) and the Great Bahama Bank (Swart ef al., 2009).

observed in smaller peloid packstone sections,
with §'®0 values ranging from —0.1 to +0.3%,
(mean = +0.1%,) and &"C varying between
+2.9%, and +4.1%, (mean = +3.59%,) (Fig. 6).

Core to seismic integration

The bulk density and sonic velocity log were
multiplied to calculate the acoustic impedance
over the entire studied depth segment (Fig. 7A
to F). Bulk density is a function of grain density
(i.e. mineralogical composition) and porosity
while sonic velocity is influenced by porosity
and pore type. Porosity displays a significant
negative correlation (r = —0.9, P = 6.033 x 107'°)
with acoustic impedance (Fig. S2). It explains
82% of the variation observed in acoustic impe-
dance (r* = 0.8). In contrast, grain density

calculated from the sample mineralogy shows
no significant correlation (r = —0.17, P > 0.05)
with acoustic impedance (Fig. S2).

Facies related changes in porosity are the
defining factor for acoustic impedance changes
within the studied section of Site U1461. Sev-
eral facies boundaries cause large acoustic impe-
dance contrasts that can be correlated to seismic
reflectors, allowing a direct correlation between
core and seismic-reflection data (Fig. 7G).

Two-dimensional seismic interpretation

The seismic section (Fig. 8) includes three
prominent horizons defined by reflection termi-
nations, which are interpreted as unconformi-
ties (U1 to U3; Fig. 8). In the proximal area,
these boundaries are defined by a highly
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Fig. 7. Summary of petrophysical properties of the upper 70 m of Site U1461. Depth is expressed as common
metres composition (CCSF-A). (A) X-ray diffraction (XRD) derived cumulative mineralogy. (B) Facies distribution.
(C) Porosity of sediment samples. (D) Sonic velocity measured on whole cores. (E) Bulk density measured on
whole cores with gamma ray attenuation. (F) Calculated acoustic impedance values. (G) Seismic trace along the
well track converted to depth. Blue represents a positive amplitude (peak) and red a negative amplitude (trough).
Additionally displayed are the positions of correlative conformities (CC) as interpreted in seismic.

serrated and irregular morphology as well as Typically, the downcore change to non-
the frequent truncation of reflectors underlying skeletal grain-rich sediments is associated with
each contact. Seaward, the unconformities tran- positive high-amplitude reflectors caused by a
sition into correlative conformities (CC1 to facies related increase in acoustic impedance
CC3; Fig. 8), onto which overlying reflectors (Fig. 7). This is also true for the minor occur-
partially onlap (Fig. 8). At Site U1461, correla- rences of non-skeletal grains, which are repre-
tive conformities are represented by the two sented by single reflectors without any
horizons of ooid-rich sediments. In seismic, distinctive geometry (Fig. 8). Thicker intervals,
these units have a wedge-like geometry, with which are dominated by bioclastic sediments
internal downlap and progradation of single (Facies 1) and aragonite mudstones (Facies 3),
sigmoidal reflectors (Platforms 1 and 2; Fig. 8). typically display parallel, medium-amplitude
A similar wedge-like geometry is present in the reflectors with diffuse contacts. This is attribu-
proximal parts of the seismic line (Platform 3; ted to the relatively homogenous nature of these
Fig. 8). This unit lies between two unconformi- sediments, especially the aragonite mudstones.
ties (U3 and U2; Fig. 8) and includes several The reflector continuity of this seismic unit
high amplitude reflectors. decreases landward. Medium amplitudes and
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Fig. 8. SSE-NNW oriented seismic-reflection line crossing Site U1461 (A) and associated zoom-in along the well
track of Site U1461 (B). The seismic is shot in positive SEG zerophase, where an increase in acoustic impedance
is expressed as positive (blue) amplitude. The vertical exaggeration is equal to 93 and 43 times for the upper and
lower image, respectively. (A) Several reflectors are truncated landward by unconformities (U), indicating
extended periods of subaerial exposure. Seaward, unconformities transition into correlative conformities (CC). (B)

Changes in the core based acoustic impedance log are well reflected.

low continuity characterize reflections found
between the two older unconformities (U1/U2).
Further, reflections are oftentimes non-parallel
and display irregular reflector outlines. Land-
ward, reflectors associated with both facies are
either truncated by unconformities or display
onlap terminations. These onlaps are typically
located directly above or against the two distal
platforms (Platforms 1 and 2; Fig. 8B). An
exception is found in the proximal youngest
parts of the seismic section, where reflectors

overlying an unconformity (U3) display promi-
nent downlap terminations (Fig. 8).

The seafloor exhibits a depression located just
landward of Site U1461 (Fig. 8). In map view,
the feature is lens-shaped and approximately
1.5 km long and 400 m wide. The long axis of
the groove is oriented roughly north-east/south-
west, cutting Line SO257 at a 90° angle. On the
seismic-reflection data, it is spatially associated
with a seismic discontinuity zone potentially
related to vertical fluid migration (Fig. 8). The

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

International Association of Sedimentologists. Sedimentology



14 M. Hallenberger et al.

dimensions and the close-proximity to an under-
lying possible gas-seep indicate that the mor-
phological feature may represent a pockmark.
Pockmarks typically occur due to the rapid vent-
ing of a gas and/or fluid and have been
described for several locations across the NWS
seafloor (Hengesh et al., 2013). The elongated
shape of this commonly roundish feature is
likely the result of scouring by bottom currents,
following the initial creation of the pockmark.
This interpretation matches the dominant local
current direction, which is parallel to the long
axis of the scoured pockmark (Condie & Andre-
wartha, 2008).

INTERPRETATION AND DISCUSSION

An update to the age model of Site U1461

The comprehensive age model of Site U1461 by
Courtillat ef al. (2020) proposes continuous sedi-
mentation between Marine Isotope Stage 2
(MIS2) to MIS5d. The MIS2 glacial is assigned
to the interval between 14.01 m and 16.53 m
and the interval between 16.53 m and 18.65 m
corresponds to the period between MIS3 to
MIS5d. This interpretation contradicts data pre-
sented by Ishiwa et al. (2019b), which shows
that the age of sediments at 15.42 m is already
exceeding the radiocarbon dating limit (>40 ka).
Sediments below this depth must therefore be
older than MIS2 but younger than 290 ka, as
indicated by the first occurrence datum of E.
huxleyi at 18.65 m (Fig. 2).

The sedimentary composition of carbonates
found between 15.42 m and 18.6 m is charac-
terized by the abundance of ooids (Fig. 3). Con-
sidering the sea-level variability during this
period (Fig. 2), the shallow water depth neces-
sary for ooid formation (<10 m) (Simone, 1980)
existed only briefly during the later stages of
the MIS6 lowstand. This assignment is consis-
tent with a positive peak in oxygen isotope val-
ues of G. menardii (16.53 m) and the benthic
foraminifera assemblage, which indicate glacial
conditions and a shallow marine depositional
environment, respectively (Courtillat et al.,
2020). An assignment of MIS6 age for the inter-
val conflicts with the interpretation of Courtillat
et al. (2020), who report a hiatus just below the
E. huxleyi datum from 330 to 120 ka (MIS5d to
MIS10) based, inter alia, on the absence of Glo-
bigerinoides ruber pink at Site U1461. However,
considering the near absence of planktonic

foraminifera in the ooid-rich sections (Courtillat
et al., 2020), the absence of G. ruber pink might
be a facies effect rather than representing a real
gap in sedimentation. The resulting age model
presented here implies that one hiatus at ca
15 m is separating MIS2 from MIS6 while
another hiatus just below the E. huxleyi datum
at ca 18.65 m is separating MIS6 from MIS10
sediments (Fig. 2).

A more extensive age model, including the
upper 1000 m (ca 6 Ma), was recently published
for Site U1461 (He et al., 2021). Below the radio-
carbon age limit, extending down to 100 m
depth, the presented age-depth relationship is
based on lithological properties. It is proposed
that light-coloured aragonitic sections correlate
to arid glacial conditions, whereas relatively
dark-coloured calcitic sediments form during
humid interglacial periods. Following this
assumption, glacial and interglacial periods are
assigned consecutively based on the repeated
occurrence of colour changes observed in core
(He et al.,, 2021). The age model of He et al
(2021) thereby ignores the existence of biostrati-
graphic datums (Gallagher et al., 2017b; Cour-
tillat et al.,, 2020) and the occurrence of
extended periods of non-deposition at Site
U1461 (Courtillat et al., 2020). In effect, result-
ing ages of He et al. (2021) contradict those pre-
sented here and by Courtillat et al. (2020).

Depositional environment

At Site U1461, XRF-based climate proxies indi-
cate a depositional environment characterized
by alternating arid glacial and humid inter-
glacial conditions during the last ca 500 kyr
(Fig. 2). Sedimentological data show that arid
intervals are dominated by aragonite-needle
mud and non-skeletal grains, while humid peri-
ods are characterized by bioclastic calcite domi-
nated sediments with a higher siliciclastic
fraction (Fig. 2). This confirms observations of
Hallenberger et al. (2019) who showed that a
rapid increase in fluvial runoff at 10 ka led to a
shelf-wide cessation of the precipitation and
deposition of inorganic aragonite. Before 10 ka,
during the Last Glacial Maximum (LGM) and
post-LGM sea-level rise, the formation of inor-
ganic aragonite was facilitated by an arid cli-
mate, a lack of fluvial influx and an associated
elevated aragonite saturation state (Hallenberger
et al., 2019). After 10 ka, shelf sedimentation
was instead of predominantly calcitic mineral-
ogy and of biogenic origin (James et al., 2004;
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Hallenberger et al., 2019). Data presented here
implies a strong association between regional
climate and the general mode of production of
shelf carbonates, extending back to at least
500 ka.

Additional evidence for the existence of these
two opposing carbonate factories can be found
in isotope data. Aragonite-rich sediments are
much heavier in oxygen and carbon isotopes as
compared with bioclastic calcitic carbonates
(Fig. 6). This trend is in part the result of differ-
ences in carbonate mineralogy. Aragonite pro-
duced by precipitation from seawater is
enriched in §'°C (+1.6%,) as compared to calcite
(Weber & Woodhead, 1969; Swart et al., 2009).
A similar, albeit smaller, fractionation has been
reported for oxygen isotopes of laboratory-grown
aragonite and calcite (+0.6%,) (Tarutani et al.,
1969).

However, differences in isotope values exceed
simple trends in mineralogy, indicating that addi-
tional factors influenced fractionation between
the different facies (Fig. 6). Further control is
enacted by the primary isotopic composition of
the seawater from which the carbonates precipi-
tate. On a global scale, the oxygen isotopic com-
position of seawater varies based on the polar ice
volume. Ice preferentially incorporates the light
oxygen isotope (*°0) resulting in an enrichment
in '®0 within the remaining water. This implies
higher expected oxygen isotope ratios of carbon-
ates formed during glacials as compared to inter-
glacials (Adkins et al., 2002). Thus, if data is to be
compared to present-day conditions, a shift of
approximately —0.19, for 10 m of glacioeustatic
sea-level fall needs to be applied to account for
the differences in ice-volume (Fig. 6) (Swart,
2015). This shift is most significant for shallow
marine ooids, which are thought to have formed
at Site U1461 during high amplitude sea-level
lowstands (=120 m).

Water temperature and variations thereof are a
well-known and important influence on the oxy-
gen isotopic composition of carbonates (Swart,
2015). At the NWS, sea surface temperatures are
reduced by up to 3°C during glacial periods in
comparison to warmer interglacials (Barrows &
Juggins, 2005). However, water depths are con-
siderably lower at the studied site during glacial
lowstands (<10 m). The overall reduction in gla-
cial temperatures at Site U1461 is therefore
potentially compensated by the coeval decrease
in water depth.

Locally, the balance of evaporation and pre-
cipitation further controls the isotopic
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composition. During evaporation, '°O is prefer-
entially removed from the seawater, resulting in
a heavier §'®0 signature. This response is also
known as ‘salinity effect’” due to the covariant
increase in seawater salinity (Swart et al., 2009).
Similarly, the carbon isotope ratio of seawater
likely increased during glacials due to the shal-
low and restricted nature of the depositional
environment. Fractionation occurs by photosyn-
thesis, which preferably incorporates light car-
bon (*2C) in organic matter (Lazar & Erez, 1992).
The remaining bicarbonate pool becomes
enriched in '°C resulting in a heavier carbon iso-
tope composition (Swart et al., 2009).

All of the above summarized trends are in
accordance with the proposed differences in
palaeoenvironment and climate between carbon-
ates which formed during humid interglacials
and arid glacials. Elevated salinity and a more
restricted seawater exchange during the forma-
tion of aragonite-rich sediments led to an
enrichment of heavy oxygen and carbon isotopes
as opposed to the interglacial hemipelagic and
calcite-rich sediments. This is in line with the
low sea-level and elevated alkalinity indicated
by the occurrence of superficial ooids. Similar
effects have been observed in coastal waters of
Qatar and the sedimentary record of the Great
Australian Bight, where measured 5'®0 and §'°C
become heavier with increasing restriction and
evaporation (Rivers et al., 2009, 2019).

In comparison to other contemporary shallow
marine tropical carbonates, ooids/peloids
described here display similar values to those
deposited across the present-day Great Bahama
Bank or the Kuwait Ramp (Fig. 6). This reinforces
the assumption that a more restricted environ-
ment characterized shallow marine conditions at
the NWS during glacials. Isotope data of ooids
and aragonite-needle mud further compares well
with similar sediments presently found at the
ocean floor across large parts of the NWS (Fig. 6).
This implies that the prevailing palaeoenviron-
mental conditions between stranded sediments of
late Pleistocene to Holocene age and older strata
studied here are comparable.

Arid glacials — shallow marine platforms

The exact depth range and conditions within
which tropical ooids form are an ongoing topic
of debate (Harris et al., 2019). However, most lit-
erature agrees on the necessity of very shallow
marine conditions (<5 mwd) and elevated alka-
linities to promote the growth of ooids (Simone,
1980; Harris et al., 2019). During high amplitude
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lowstands, including MIS12, MIS6 and MIS2,
Site U1461 (presently 127 mwd) was situated in
very shallow water depths (<10 mwd) and char-
acterized by an arid climate (Fig. 2). This cre-
ated suitable conditions for the lithification of
peloids and the development of ooids (Hallen-
berger et al., 2019). These conditions were short-
lived, which is expressed by the superficial nat-
ure of ooids and the limited extent of shallow
water deposits in seismic data (Platforms 1 and
2; Fig. 8). The close spatial association with
unconformities (U1 to U3; Fig. 8) further indi-
cates a low relative sea-level during the three
major episodes of ooid formation. In each case,
the seismic-reflection data reveals the existence
of an erosional surface landward of the ooid-
rich sections. Considering the present-day water
depth over the mid-ramp to outer ramp section
(Fig. 8), these parts of the shelf were only
exposed briefly during high amplitude low-
stands, such as MIS12, MIS6 and MIS2 (Miller
et al., 2005). The unconformities U3, U2 and U1l
are therefore interpreted to represent exposure
during the MIS12-lowstand, MIS6-lowstand and
MIS2-lowstand, respectively.

Benthic foraminifera, including A. gaimardii,
P. verriculata and E. craticulatum, are typically
present wherever ooids occur at Site U1461
(Courtillat et al., 2020). This fossil assemblage is
interpreted to represent shallow marine inner
ramp conditions, thereby supporting the pro-
posed origin of ooids (Courtillat et al., 2020).
The pervasive co-occurrence of these benthic
foraminifera further indicates that ooids formed
in situ, rather than being transported to Site
U1461.

The oldest ooids recorded in this study
formed on a small-scale progradational platform
(Platform 1). The age of this platform is inter-
preted to be equivalent to MIS12, which repre-
sents a prolonged period of low sea-level (—120
mwd; Miller et al., 2005) and mostly arid cli-
mate (Stuut et al., 2014). The end of the plat-
form development is marked by the deposition
of a thin layer of grainstone (Facies 4). The ori-
gin of these sediments is somewhat ambiguous,
because it represents a singularity within the
studied core (Fig. 3). Climate records indicate
that humid conditions already prevailed near
the end of the MIS12 lowstand (Fig. 2) (Stuut
et al., 2014). The resulting palaeoenvironment
might have been analogous to the present-day
inner ramp, where sedimentation is character-
ized by a similar assemblage of coarse skeletal
sands (Dix, 1989; James et al., 2004). Thus, if

glacioeustatic sea-level rise lags changes in cli-
mate, parts of the mid-ramp to outer ramp might
be briefly transformed into depositional environ-
ments, which resemble present-day inner ramp
conditions at the NWS.

Following MIS12, ooids only reoccur at Site
U1461 within much younger sediments depos-
ited during the MIS6 glacial (Fig. 2). This lack
of active ooid production at the studied site is
attributed to the sea-level evolution, which
results in water depths persistently above 10 m
during MIS11 to MIS7 (Fig. 2) (Miller et al.,
2005). During the MIS6 lowstand, shallow mar-
ine ooids developed again at Site U1461. These
deposits formed on top of a small-scale platform
(Platform 2), which displays a strong resem-
blance in position and size to the older MIS12
platform (Fig. 8). This appears reasonable, con-
sidering the similar palaesoenvironmental condi-
tions present, including a low water depth
(<10 m) and arid climate (Fig. 2). An important
difference between the two platforms is repre-
sented by their respective age of formation. The
MIS12 platform (Platform 1) exhibits shallow
marine carbonate production during a single gla-
cial lowstand. In contrast, Platform 3 exhibits an
amalgamation of sediments formed and depos-
ited during the MIS6 and MIS2 lowstand, with
an extended period of non-deposition in
between (Figs 2 and 9). The interpretation of
this hiatus is mainly based on published age
data for Site U1461. Additionally, low sedimen-
tation rates are indicated by the local occurrence
of intraclasts and stained non-skeletal grains
containing authigenic minerals such as pyrite
(Fig. S1). Similar stained deposits have been
described for the Central Southern Australian
Margin (James et al., 1997; Rivers et al., 2007).
There, they represent Pleistocene relict grains
currently stranded at the seafloor due to low
Holocene sedimentation rates (Rivers et al.,
2007). Landward of Site U1461, parts of Plat-
form 2 display signs of subaerial erosion and/or
karstification associated with the MIS2 lowstand
(U3; Fig. 8). Based on the development of the
relative sea-level, exposure was likely limited to
a short period during the Last Glacial Maximum
(LGM), when sea-level was at its lowest point of
—125 m (Yokoyama et al., 2001; Ishiwa et al,
2019a).

In contrast to Site U1461, well-developed
ooids are reported from core data of industry
well BHC4 and at IODP Site U1462 (Gallagher
et al., 2014, 2018). These locations are situated
100 km north-east of Site U1461, in shallower
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present-day water depths of about 80 m (Fig. 1).
During prolonged periods of intermediate low-
stand conditions, flat-topped aggradational to
progradational platforms developed across
extended parts of the contemporary mid-ramp
(Goktas et al., 2016; Gallagher et al., 2018).
Landward of Site U1461, the mid-ramp section
is comparatively narrow and characterized by
serrated and discontinuous reflectors (Fig 8).
These features, which are interpreted as karstifi-
cation, prevent a concise interpretation. How-
ever, the presence of structures including
internal downlap and progradation of single sig-
moidal reflectors can be observed (Platform 3;
Fig. 8). These structures might indicate the
development of a small-scale carbonate plat-
form, which lies between two unconformities
(U2 and U3). Both unconformities become con-
formable and merge towards the distal part of
the seismic section (CC2 and CC3). At Site
U1461, they are associated with the lowstand
deposits formed during MIS2 and MIS6 (Fig. 8).
Considering the palaeoenvironmental conditions
necessary for ooid formation on the NWS (Gal-
lagher et al., 2018; Hallenberger et al., 2019), the
platform likely developed during MIS3 to MIS4.
This period was characterized by prolonged
intermediate relative sea-level, shifting large
parts of the present-day mid-ramp section into
shallower water depths (Fig. 9). In addition, the
climate was arid during this period (Stuut et al.,
2014), favouring the formation of inorganic pre-
cipitated platform carbonates such as ooids
(Fig. 2). During consecutive lowstands, parts of
the shelf were exposed and subject to karstifica-
tion. This causes the high amplitude contrasts of
reflectors observed landward of Site U1461 as
well as on older platforms across the NWS
(Fig. 9) (Gallagher et al., 2014, 2018).

Arid glacials — hemipelagic sedimentation

The origin of aragonite-needle mud formed at
the NWS was linked to the occurrence of ‘whit-
ing’ events, comparable to those presently taking
place at the Bahamas or the Persian Gulf (Dix
et al., 2005; Hallenberger et al., 2019). This
interpretation agrees with the observed size and
shape of aragonite-needles (Fig. 4E), which indi-
cate formation by precipitation from seawater
rather than being derived from the breakdown of
calcareous algae (Macintyre & Reid, 1992). The
term ‘whiting’ is commonly applied to describe
metre-scale to kilometre-scale patches of milky-
white suspended material occurring predomi-
nantly in shallow marine tropical to subtropical
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environments (Broecker & Takahashi, 1966;
Shinn et al., 1989). Their exact origin is an
ongoing topic of debate, with most models
favouring either bio-induced or entirely inor-
ganic precipitation of aragonitic fine-material
close to the sea surface (Robbins & Blackwelder,
1992; Purkis et al., 2017). Suggested environ-
mental conditions include an elevated aragonite
saturation state, which is commonly the result
of shallow marine conditions and an arid cli-
mate (Shinn et al., 1989; Robbins & Blackwelder,
1992; Purkis et al., 2017). These conditions fit
the proposed palaeoenvironment of the NWS
during dry glacials (Fig. 2). Following modern
and past analogues (Shinn et al., 1989; Purkis
et al., 2017), the formation of aragonite-needle
mud at the NWS is proposed to have occurred
in very shallow marine conditions. However,
the NWS represents a truly open marine envi-
ronment with strong tidal currents and unim-
peded wave energy (Dix, 1989; James et al.,
2004). Therefore, much of the fine material was
likely transported off-shelf and settled in deeper
water. This is corroborated by the presence of
pelagic  skeletal grains including coccol-
ithophorids and  planktonic  foraminifera
(Fig. 4F). The depositional history of aragonite-
needle mud, including a shallow marine forma-
tion and subsequent export, is further reflected
in its benthic foraminiferal assemblage. The
dominant species, including C. lobatulus, G.
prageri and R. spinulos, are typical for mid-
ramp to outer ramp conditions (Courtillat et al.,
2020). In addition, P. pertusus and P. exigue
occur exclusively within the aragonite-needle
mud facies (Courtillat, 2019). Peneroplis per-
tusus typically occurs on the innermost carbon-
ate ramp and is often most abundant in
hypersaline environments (Parker & Gischler,
2015). In the Exmouth Gulf, on the inner ramp
of the NWS, P. pertusus and P. exigue are com-
mon and show an increased abundance towards
shallower water (Orpin et al., 1999). This sup-
ports the idea that aragonite needles precipitated
in hypersaline shallow-water environments but
were later exported to deeper water where they
mixed with pelagic carbonates.

The oldest sequence of aragonitic micrite
deposited at Site U1461 is represented by a
20 m thick interval, which is matched to MIS10,
an extended period of intermediate to low sea-
level and arid conditions (Fig. 2) (Stuut et al.,
2014; Courtillat et al., 2020). Seismic-reflection
data reveals equivalent thicknesses achieved
over large parts of the studied outer ramp to
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Fig. 9. The evolution of the present-day mid-ramp to outer ramp at Site U1461 over the last 200 kyr in response
to climate and glacioeustatic sea-level changes (Miller et al., 2005). (Marine Isotope Stage — MIS — 6) Large parts
of the shelf were exposed during lowstand conditions resulting in karstification and subaerial erosion (U2). During
the later stages of MIS6, an arid climate and shallow marine conditions led to superficial ooid and peloid forma-
tion at Site U1461. (MIS5). The MIS5 interglacial is missing in core and seismic, suggesting a prolonged hiatus.
(MIS3/4) This extended period was characterized by an arid climate and intermediate sea-levels, when a shallow-
marine flat-topped platform developed landward of Site U1461. (MIS2) The lowstand conditions present during
the Last Glacial Maximum (LGM) led to a second pulse of superficial ooid formation at Site U1461. The platform
that developed during MIS3/4 was exposed and subject to karstification (U3). (Post-LGM Transgression) Arago-
nitic mud composed of fine needles formed and deposited over large parts of the shelf during the post-LGM trans-
gression. Deposition post-dates sea-level rise, which progressively flooded larger areas of the Northwest Shelf
(NWS). (Holocene) After 10 ka, sedimentation switched rapidly into a mixture of pelagic and benthic skeletal frag-
ments with a calcitic mineralogy. This change was associated with increased humidity and terrigenous material
influx (Hallenberger et al., 2019). In contrast, large parts of the present-day mid-ramp preserve minor or no active

sedimentation during this period (James et al., 2004).

mid-ramp section, indicating a potentially large
accumulation of hemipelagic sediments during
glacial periods (Fig. 8). However, the exact con-
ditions of deposition, especially in relation to
the sea-level evolution, remain ambiguous due
to a lack of age constraint (Fig. 2). The timing of
hemipelagic glacial carbonate deposition is bet-
ter constrained for the well-dated late Pleis-
tocene to Holocene aragonite-needle mud
deposited at Site U1461. This 1 m thick interval
formed during the last post-glacial transgression
when the shelf became increasingly submerged
(Fig. 9). The resulting transgressive deposits
cover large areas of the mid to outer ramp, as
shown by the present-day distribution of
stranded aragonite mud (Dix et al., 2005).
Considering the palaeoenvironment, ‘whiting’
related aragonite-needle mud likely formed dur-
ing all arid lowstands and transgressions. Yet,
several glacial stages are missing at Site U1461,
including MIS3 and MIS4 (Fig. 2). During glacial
lowstands, limited amounts of the shelf were
covered by water (Ward et al., 2013). Given that
present-day ‘whitings’; largely occur over shal-
low parts of the platform (Shinn et al., 1989; Pur-
kis et al., 2017), the production of aragonite mud
might have been limited. The lower relative sea-
level also meant that large parts of the sub-
merged shelf were affected by unimpeded wave
energy and strong tidal currents. It is therefore
feasible that newly formed aragonite mud was
exported into deeper water, potentially bypass-
ing the shelf entirely. Similar processes have
been described for the Middle Miocene carbon-
ate ramp of the Great Bahama Bank. There,
shallow-water aragonite needles are interpreted
to have been actively exported into deeper water
by hydrodynamic processes (Turpin et al., 2011).

In addition, fine material that formed and depos-
ited during periods of intermediate sea-level was
potentially remobilized during consecutive low-
stands. For example, whiting-related aragonite
mud that was deposited on the present-day outer
ramp during MIS3 and MIS4 would have been
transported offshore after the following glacioeu-
static sea-level fall during MIS2. Evidence of this
process is shown by prominent onlap structures
seaward of Site U1461 that might indicate the
presence of material that was deposited during
the LGM (Fig. 8). In addition to winnowing,
aragonite-needle mud might have been reworked
by bioturbation due to bottom grazing organisms.
This is suggested by the composition of faecal
pellets, which are almost entirely composed of
small needles identical to those in the aragonitic
mudstones (Fig. 4D and F).

Humid interglacials
Today, sedimentation across the NWS is mostly
limited to an outer ramp pelagic ridge and the
inner ramp. The absence of Holocene sedimenta-
tion is thought to be caused by a combination of
low primary productivity and a constant rework-
ing of sediment by unimpeded currents, storm
waves and a strong seaward flow of saline bot-
tom waters (James et al., 2004; Dix et al., 2005).
At Site U1461, a relatively thick succession of
Holocene strata is present (Figs 3 and 9). Based
on their composition, these sediments are com-
parable to the pelagic sands, which are presently
accumulating along the outer ramp of the NWS
where they form a linear sediment ridge follow-
ing the continental margin (Jones, 1973; James
et al., 2004). However, the lateral extent of this
20 km wide ridge is not matched in the seismic
line (Fig. 8). Instead, Holocene sediments
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blanket large areas of the mid-ramp to outer
ramp (Fig. 8). The presence of this thick
sequence of Holocene strata may be due to the
proximity of Barrow Island and adjacent ele-
vated areas (Fig. 1). Modelling results suggest
that these seabed features strongly modify cur-
rent energy, resulting in a highly heterogeneous
distribution of bottom stress across the sur-
rounding shelf (Condie et al., 2006; Condie &
Andrewartha, 2008). At Site U1461, seabed
geometry acts as a local baffle, greatly reducing
bottom stress across the mid-ramp to outer ramp
(Condie et al., 2006; Condie & Andrewartha,
2008). Simultaneously, current energy is
enhanced across other parts of the shelf. This is
exemplified by the presence of a contemporane-
ous subaquatic sediment-wave field located
8 km north-east of Site U1461 (Belde et al.,
2017). These bedforms are composed of coarse
material and occur in areas where the current
energy is comparatively high (Belde et al,
2017). The dominant orientation of dune crests
(north-west/south-east) further implies that sedi-
ment is actively transported into the direction of
the studied site (Belde et al., 2017), where it
then settles due to the strong decrease in current
energy (Condie & Andrewartha, 2008). There-
fore, significant sediment accumulation occurred
in parts of the mid-ramp to outer ramp during
interglacials whenever sufficient shelter was pre-
sent.

However, these conditions are not likely to
have existed during every interglacial in the last
500 kyr, because sediments formed during inter-
glacial highstands are relatively uncommon. At
Site U1461, MIS11 is the only other interglacial
stage with a thickness of bioclastic-rich sedi-
ments comparable to Holocene deposits. During
the Holocene and MIS11, upwelling periods con-
nected to productivity maxima have been
reported offshore Cape Range, Northwest Aus-
tralia (Spooner et al., 2011). These maxima are
related to a reduction in mixed layer thickness
due to an enhanced Australian Summer Mon-
soon (Spooner et al., 2011). Nevertheless, ele-
vated primary productivity is not likely to be the
main factor determining enhanced sedimentation
during interglacials on the mid-ramp to outer
ramp. If this were the case, ‘low-productivity’
interglacials would be characterized by fluvial
derived terrigenous material accumulation. Yet,
such condensed sections are not present at Site
U1461 (Fig. 3). The presence of interglacial sedi-
mentation is instead proposed to be dominantly
controlled by local changes in current strength.

Under present-day conditions, seabed stress in
the Dampier Island area may vary by an order of
magnitude on a kilometre-scale (Condie &
Andrewartha, 2008). This heterogeneity is likely
to adjust as a response to past variations in the
underlying seafloor morphology. During inter-
glacials where strata are missing (MIS5, MIS7
and MIS9), the mid-ramp to outer ramp section
was likely subjected to strong currents which led
to off-shelf or along-shelf transportation of sedi-
ment. In this regard, the NWS may be compared
to the ‘shaved shelf’ of the Great Australian
Bight, where Holocene skeletal carbonates are
transported off-shelf during the Holocene (James
et al., 1994; Rivers et al., 2007). Additionally,
past interglacial sediments are potentially remo-
bilized or eroded after their initial deposition
during consecutive lowstands. Evidence for this
process can be found in the more proximal parts
of MIS11 deposits, where seismic data indicates
the existence of karstification and erosion of time
equivalent sediments (Fig. 8).

Implications

Facies belts on shallow marine tropical ramps
often display a typical transition from oolitic
grainstone into skeletal packstone followed by
outer ramp mudstone, representing an increas-
ing distance from the shore and a progressive
decrease in energy (e.g. Tucker & Wright, 1990).
At a cursory glance, the presented successions
observed in core could therefore be interpreted
as simple transgressive or regressive trends,
expressing the vertical stacking of laterally adja-
cent facies (“Walther’s Law”). Instead, this study
reveals the existence of two mutually exclusive
carbonate factories, which switch cyclically in
accord with orbital controlled changes in regio-
nal climate. During arid glacials, abiotic pro-
cesses result in the formation of aragonite-
needle mud and non-skeletal grains. By contrast,
humid interglacials are characterized by con-
densed accumulation of biotic calcite.

In addition, glacioeustatic changes in sea-level
modify depositional patterns. Fluctuations in rel-
ative sea-level may result in the exposure or
drowning of previously active small-scale plat-
forms, the remobilization of fine-grained carbon-
ates during regressions, or the deposition of large
amounts of transgressive sediments blanketing
previous lowstand deposits. Thus, a strong allo-
genic control is present at the NWS. Autogenic
factors are further known to influence sedimen-
tary systems and may result in the creation of
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complex and repetitive stratigraphy (Burgess &
Wright, 2003; Burgess, 2006). At the studied parts
of the mid-ramp to outer ramp, observed auto-
genic control is largely limited to local differ-
ences in the bottom stress resulting in sediment
trapping downcurrent of bathymetric highs.

In summary, the presented research on the
NWS indicates a predictable cyclicity in carbon-
ate sedimentation as a response to (mostly) cli-
mate forcing, a connection which may be
present in ancient carbonate ramps developed
during icehouse climates. These observations
have implications for the creation and evalua-
tion of reservoir models concerning similar sys-
tems. During glacial lowstands, shallow marine
platforms developed repeatedly on the present-
day outer and mid-ramp (Fig. 8). Depending on
their diagenetic pathway, these deposits may
yield considerable porosities and therefore rep-
resent potential exploration targets. Especially
early meteoric overprint has been shown to be
highly effective in creating high porosities, a
process which was observed in comparable plat-
forms studied at the NWS (Gallagher et al,
2018). During transgression, these platforms
readily drown and are blanketed by hemipelagic
sediments, including aragonite-needle mud and
calcitic bioclastic carbonates. Throughout early
diagenesis, these fine-grained sediments will
lose considerable amounts of porosity due to
compaction and/or aragonite-to-calcite transfor-
mation (Melim et al., 2002). Beginning trends of
the preferential removal of (micro)porosity can
already be observed in the upper 70 m of Site
U1461 (Fig. 7). Thus, a trap may form over large
parts of the observed ramp system, including
the glacial-lowstand platforms.

Changes in the carbon isotopic composition of
carbonates are often interpreted to reflect pertur-
bations in the global carbon cycle (Shackleton &
Pisias, 1985; Hayes et al., 1999). Data presented
here displays elevated §'°C values in glacials as
compared to interglacial deposits, for example, a
marked increase in 5'°C is observed at the tran-
sition from the LGM to the Holocene (Fig. 3). In
contrast, open ocean records from tropical lati-
tudes do not show the same signal, but rather
indicate little change in 8'°C of surface-marine
carbonates during this time (Peterson et al,
2014). Discrepancies between the open ocean
carbon isotope record and periplatform sites
have been documented previously for several
carbonate platform and ramp systems across the
world (Swart, 2008). These patterns are linked
to the variable mixing of neritic, relatively '°C-
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rich and aragonite-rich sediments with calcite-
rich, pelagic sediments representing a lighter
3'3C signature (Swart & Eberli, 2005; Swart,
2008). Generally, this is in accordance with the
observations at Site U1461, showing elevated
813C values in the neritic, aragonite-dominated
intervals (Fig. 3). However, Swart (2008) linked
the heavier carbon isotope values to periods of
relative sea-level highstands, arguing that arago-
nite export to deeper waters is increased when
the shelf is flooded (‘highstand shedding’). In
contrast, *C-rich, aragonitic sediments on the
NWS are produced and exported during arid
glacials and therefore out of phase with the car-
bonate platforms described by Swart (2008). The
NWS record demonstrates that changes in arid-
ity can be as effective as sea-level in controlling
carbon isotope variability in carbonate platform
settings. Thus, §'°C records in platform margin
carbonates should only be interpreted in combi-
nation with all available sedimentological data
to understand the underlying factors controlling
the observed carbonate system and its relation-
ship to the observed isotope signal.

CONCLUSIONS

The integration of core and seismic analysis
shows that non-skeletal aragonite-rich sediments
alternate with hemipelagic, calcite-rich sedi-
ments over the last 500 kyr at Site U1461. Regio-
nal climate is interpreted as the main control for
these two contrasting carbonate factories. During
periods of extended aridity (glacial stages) shelf
sedimentation was dominated by inorganic pre-
cipitated aragonite-needle mud and non-skeletal
grains.

At the studied site, most humid interglacials
during the last 500 kyr are characterized by
reduced sedimentation. However, the mid-shelf
to outer shelf section surrounding the area
north-west of Dampier Island preserves evidence
of sedimentation occurring during the Holocene
and Marine Isotope Stage 11 interglacial. At Site
U1461, these interglacials are represented by
biogenic-derived calcite with an elevated fluvial
influx from terrigenous sources. This presence
of thick interglacial units is related to adjacent
offshore barriers, which modified the otherwise
strong energy flux of tidal currents. As a result,
considerable amounts of sediment are trapped
downcurrent of bathymetric highs.

Large parts of the Northwest Shelf are at pre-
sent sediment-starved, indicating that shelf
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growth largely took place during arid glacials.
Considering the extensive size of the 600 km
wide shelf, aragonitic lowstand deposits poten-
tially constitute volumes that rival classic
highstand-systems such as the Bahamas. These
stacks of aragonitic sediment, either localized as
flat-topped platforms or widespread in the form
of aragonite-needle mud, have a large diagenetic
potential. The distribution and timing of sedi-
ments formed during arid glacials therefore has
important implications for the creation of car-
bonate ramp and carbonate reservoir models.
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Supporting Information

Additional information may be found in the online
version of this article:

Fig. S1. (A) Backscattered scanning electron micro-
scopy (BSE) imaging of a single non-skeletal grain
reveals the existence of a dense serrated cortex sur-
rounding the ooid. In plain sight, these ooids are
characterized by dark discoloration, U1461C-2H-5W-
44 cm, 15.84 m. (B) and (C) Based on energy disper-
sive X-ray spectroscope (EDX) elemental mapping, it
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can be determined that the dense areas of (A) predom-
inantly consist of iron (Fe) and sulphur (S), likely rep-
resenting the presence of pyrite.

Fig. S2. (A) The linear regression between porosity
and acoustic impedance displays a strong negative
relationship (r=-0.9, P=6.033 x 10719). (B) By com-
parison, there is no significant relationship between
grain density and acoustic impedance (r = —0.17, P >
0.05).
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Table S1. Oxygen and carbon isotope record mea-
sured on bulk sediment and non-skeletal grains. All
values are reported in per mil (%, relative to the
Vienna Pee Dee Belemnite (VPDB) according to the
delta notation. Depth is expressed as common metres
composition (CCSF-A).
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