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Abstract. Surficial marine sediments are an important source of nutrients for productivity and biodiversity, yet the
biogeochemistry of these sediments is poorly known in Australia. Seabed samples were collected at .350 locations in
Australia’s western, northern and eastern continental margins during Federal Government surveys (2007–14). Parameters

analysed included measures of organic matter (OM) source (d13C, d15N and C :N ratios), concentration (percentage total
organic carbon, %TOC, and surface area-normalised TOC, OC : SA) and bioavailability (chlorin indices, total reactive
chlorins, total oxygen uptake, total sediment metabolism (TSM), sediment oxygen demand (SOD) and SOD and TSM

normalised against TOC). The aim of the present study was to summarise these biogeochemical ‘baseline’ data and make
contextualised inferences about processes that govern the observed concentrations. The OM was primarily from marine
sources and the OC : SA broadly reflected water column productivity (based on Moderate Resolution Imaging Spectro-
radiometer, MODIS). Approximately 40% of sediments were organic poor by global standards, reflecting seawater

oligotrophy;,12%were organic rich due to benthic production, highwater column productivity and pockmark formation.
OM freshness varied due to pigment degradation inwater columns and dilutionwith refractoryOM in reworked sediments.
d15N values confirmed the importance of N2 fixation to Timor Sea productivity, and point to recycling of fixed nitrogen

within food chains in Western Australia.
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Introduction

Background

Modern ocean sediments cover ,70% of the Earth’s surface
(Dutkiewicz et al. 2015). These sediments comprise the largest
carbon (C) reservoir on the planet and the reactive components

play a key role in controlling atmospheric oxygen (O2) and
carbon dioxide (CO2) concentrations on time scales of thou-
sands of years (Sundquist 1985). Marine primary production

accounts for,50% of the global annual CO2 uptake (Field et al.
1998; Sabine et al. 2004; Falkowski 2012), and up to 17% of the
organic matter (OM) that is synthesised settles to the benthic
layer (Wollast 1991; Bacon et al. 1994), where it supports a

broad range of benthic organisms (McCallum et al. 2013). For
example, the biodiversity of polychaetes and crustaceans in
sediments between 35 and 138S along Australia’s western coast

showed strong correlations with estimated net productivity and

OM flux to the sediments (McCallum et al. 2015). Management
of the deep sea and benthic biodiversity is an Australian

Government (e.g. Commonwealth of Australia 2002) and
international priority with support from the Parties to the Con-
vention on Biological Diversity and the United Nations (Bax

et al. 2016).
Australia has one of the three largest marine jurisdictions in

theworld covering an area of,14� 106 km2 of ocean (Symonds
et al. 2009) and incorporating a diverse range of geomorphic

features that span water depths from,200 m (continental shelf)
to ,7000 m (deep ocean trenches; Heap and Harris 2008).
Australian ocean waters are generally oligotrophic (Hobday

et al. 2006), very nitrogen (N) limited (Thompson et al.

2011a, 2011b) and are recognised for a high abundance of N2-
fixing cyanobacteria (Drexel 2007) that have a high iron (Fe)

requirement (Rubin et al. 2011). However, there are almost no
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previous studies that allow a large-scale perspective on the role

of N2 fixation in the regional N cycle. Indeed, despite playing
fundamental roles in global biogeochemical cycling and benthic
biodiversity, there is little basic information on seabed biogeo-
chemical properties over most of Australia’s marine jurisdiction

(outside of coastal waters). For example, there were only three
samples with total organic carbon (TOC) measurements from
the Australian continental margin in the global seabed dataset of

,5600 samples compiled by Seiter et al. (2004). Similarly, a
global dataset of ,2300 d15N values had scant information for
the Australian continental margin (Tesdal et al. 2013). Both

global datasets had notable deficits of information in the
Australian tropics, which is recognised for globally significant
levels of biodiversity (Tittensor et al. 2010).

Over the past decade, Geoscience Australia (GA) has under-

taken several geophysical seabed mapping surveys for Austra-
lian Federal Government programs (Table 1). Although the
predominant focus of these surveys was energy security and

CO2 sequestration, sedimentology, biology and geochemistry
data were also collected as environmental baselines to improve
our understanding of seafloor environments and redress some of

the regional and global data gaps. The aim of the present study
was to summarise the biogeochemical ‘baseline’ data collected
from more than 350 stations situated in the continental margins

of Australia and to make contextualised inferences about the
processes that govern the observed concentrations. These sta-
tions were primarily situated in the west and north, although
there was a small number of stations in the east. Emphasis was

placed on parameters that could be measured on samples
collected in quick succession to enhance the geophysical map-
ping programs and to complement contemporaneous collections

of physical and biological samples that were focused on

describing habitats and developing biodiversity surrogates

(McArthur et al. 2010; Radke et al. 2011a, 2011b; Huang
et al. 2012). The data are presented in conventional formats
and, where possible, against a background of global values.
Grain size and element data are also used to add context. The

datasets have been made publically available (see the reference
list in the Supplementary material).

The biogeochemical parameters considered in the present

study are summarised in Table 2 and comprise OM concentra-
tion (percentage total organic carbon, %TOC, and specific
surface area, SSA, normalised TOC concentrations, OC : SA),

source (d13C and d15N) and quality (chlorin indices (CIs), total
reactive chlorins (TRC), total oxygen uptake (TOU), total
sediment metabolism (TSM), sediment oxygen demand (SOD)
and SOD and TSM normalised against TOC) measures. Sedi-

ment percentage total organic carbon (%TOC) concentrations
are the most widely available sedimentary parameter for repre-
senting the flux of particulate OM (POM) to the sea floor (Seiter

et al. 2004; 2005), which exhibits significant regional variability
(Lutz et al. 2002). These concentrations can be a useful measure
of resources available to support benthic biota (Snelgrove et al.

1992) because positive relationships have been observed
between %TOC and benthic biodiversity (Snelgrove and
Butman 1994; Snelgrove et al. 1996). %TOC is often inversely

correlated with grain size (Mayer 1994; Keil et al. 1997)
because ,99% of sedimentary OM occurs in fine fractions
as discontinuous blebs on clay surfaces (Ransom et al. 1997).
A practical approach to comparing OM concentrations

between samples with different textures is to normalise against
SSA, which determines the abundance of OM-binding sites.
‘Typical’ coastal, shelf and upper slope sediments have OM

loadings of 0.5–1.1 mg TOC m�2 (Hedges and Keil 1995).

Table 1. Marine surveys undertaken by Geoscience Australia for Federal Government programs in the period 2007–14

OESP, Offshore Energy Security; NLECI, National Low Emission Coal Initiative; NCIP, National CO2 Infrastructure Plan; NERP, National Environmental

Research Program

Survey number Location Location abbreviation Survey dates Federal program

TAN0713A Lord Howe Rise LHR 7 October–22 November 2007 OESP

GA2476B West Australian Continental Margin WAM 25 October 2008–19 January 2009 OESP

SOL4934C Eastern Timor Sea ETS 27 August–24 September 2009 OESPJ

SOL5117D Eastern Timor Sea ETS 30 July–27 August 2010 OtherK

SS05/2011 North Perth Basin NPB 19 September–18 October 2011 OESP

GA0334E Rottnest Shelf RS 15–20 April 2012 NCIP

SOL5463F Joseph Bonaparte Gulf JBG 3–31 May 2012 NLECI

SOL5650G Western Timor Sea WTS 12 September–6 October 2012 NERP

SOL5754H Leveque Shelf LS 1–31 May 2013 NCIP

TAN1411I Caswell Sub-Basin CSB 9 October–10 November 2014 NCIP

AHeap et al. (2009).
BDaniell et al. (2010).
CHeap et al. (2010).
DAnderson et al. (2011).
ENicholas et al. (2012).
FCarroll et al. (2012).
GNichol et al. (2013).
HPicard et al. (2014).
IHoward et al. (2016).
JIn collaboration with the Australian Institute of Marine Science (AIMS).
KIn collaboration with AIMS and the Museum and Art Gallery of the Northern Territory.
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When used in conjunction, d13C values and C : N ratios of OM
can provide information about the sources (Meyers 1997).
Planktonic OM typically has C : N ratios of 5–10 and d13C

values ranging from �17 to �22%, whereas fresh terrestrial
OM usually has C : N ratios .20 and d13C signatures ranging
from�14 to�26% (Burdige 2006). The d15N values ofmarine

sedimentary OM provide insights into N sources and cycling,
and generally range from ,2.5 to 16.6% (Tesdal et al. 2013).

The need for lability indicators arises from the notion that

bulk OM concentrations (e.g. %TOC) reveal little about OM

quality (e.g. bioavailability). Organic matter quality pertains to
the degradability of OM (e.g. living biomass, plant and animal
detritus and black carbon) and pigments (Danovaro et al. 1995;

Tselepides et al. 2000), and reflects the propensity of sedimen-
taryOM towardsmineralisation (e.g. OMbreakdown to produce
CO2, H2O and nutrients; Schubert et al. 2005). Reactivity is a

function of the degree of alteration (or freshness) because the
availability of OM for further microbial degradation decreases
with ongoing decomposition (Schubert et al. 2005). Fresh OM

has degradation rates that are more than an order of magnitude

Table 2. Brief descriptions of the parameters used in the present study to assess organic matter (OM) sources, quantity and quality

VPDB, Vienna Pee Dee Belemnite; BOD, biological oxygen demand; DIC, dissolved inorganic carbon

Parameter and units Abbreviation Synopsis

Carbon isotopes (%) d13C The relative concentration of the carbon isotope 13C compared to themore abundant isotope 12C, expressed

relative to the carbon isotopic composition of a standard (VPDB). Provides information on OM sources:

planktonic OM typically has d13C values in the range from �17 to �22%, whereas fresh terrestrial OM

usually has values of �14 to �26% (Burdige, 2006). The effect of diagenesis is usually small (,2%)

(Meyers 1997).

Nitrogen isotopes (%) d15N The relative concentration of the nitrogen isotope 15N compared to the more abundant isotope 14N,

expressed relative to the nitrogen isotope composition of atmospheric nitrogen gas. An indicator of the

sources and transformations of nitrogen. Ranges from 2.5 to 16.6 inmarine sediments (Tesdal et al. 2013).

Diagenesis causes enrichment in 15N (Galbraith et al. 2008).

Total organic carbon and

total nitrogen

TOC, TN TOC and TN refer to the amount of organic carbon and total nitrogen in sediments respectively. The%TOC

of global seabed sediment ranges from ,0.01 to ,20%, with a median concentration of 0.62% and a

25th–75th percentile range of 0.34–1.22% (Fig. 3a; Seiter et al., 2004). The percentage TN (%TN) of

seabed sediment ranges from,0.03 to 1.2% (Burdige, 2007). These concentrations are controlled by OM

supply to the sea floor, degradation rates, mineral interactions and dilution from inorganic phases (Seiter

et al. 2005). TOC (and TN) concentrations are usually inversely correlated with grain size (Mayer 1994).

Surface area-normalised

TOC (mg m�2)

OC : SA TOC concentrations normalised against the specific surface area of sediments. Coastal, shelf and upper

slope sediments typically have OC : SA ratios in the range 0.5–1.1 mg TOCm�2 (Hedges and Keil 1995).

Carbon to nitrogen ratio C :N ratio The C :N ratio is calculated from the ratio of TOC to TN in marine sediments. An indicator of OM sources

and the quality (degradation state) of the bulk OM pool: planktonic OM typically has C :N ratios of 5–10

(5–7 in fresh planktonic OM; Emery and Uchupy 1984) and fresh terrestrial OM usually has C :N ratios

.20 (Burdige 2006). There is an assumption that increasing N (and decreasing C :N ratios) equates to

higher nutritional value and preferential mineralisation, although N may become incorporated in recal-

citrant compounds (for a review, see Herman et al. 1999).

Sediment oxygen demand

(mmol O2 g
�1 day�1)

SOD Concentration of O2 consumed by organic constituents of surface sediment samples (of known volume)

incubated in the dark in seawater in BOD bottles. Potentially reflects OM reactivity. Chemical

oxidation of reduced species, including sulfides, ferrous iron and ammonia, can lead to higher SOD

than is due to OM.

Normalised SOD (mmol

O2 mol C)

nSOD SOD normalised against the TOC concentration indicating the amount of O2 consumed relative to the

carbon content. An indicator of the proportion of labile OM in bulk sedimentary OM (Ferguson et al.

2003).

Total sediment metabo-

lism (mmol g�1 day�1)

TSM Amount of DIC produced by mineralisation of OM over ,24 h in containers filled to completion with

sediment and incubated in the dark. Indicator of the quantity of labile bulk OM. Adsorption of labile OM

minerals or preservation of chlorins within their organicmatrices may lead to an underestimation of labile

OM by this method.

Reaction rate coefficient

of TSM (year�1)

kTSM TSMnormalised against the TOCconcentrations as an indicator of bulkOM reactivity. Adsorption of labile

OM minerals or preservation of chlorins within their organic matrices may lead to underestimation of

labile OM by this method.

Total oxygen uptake

(mmol m�2 day�1)

TOU Concentration of O2 consumed by surface sediment cores incubated in the dark as an indicator of

benthic carbon mineralisation (Glud 2008). Shown to correlate with the rate of OM input to the seabed

(Henrichs 1992).

Chlorin index CI The ratio of chlorophyll-a and its degradation products that are transformed to inert forms upon reaction

withHCl to those that are already inert (Schubert et al.2005). Ranges from0.2 in fresh chlorophyll to 1.0 in

chemically inert materials. Index of the degradation state of the pigment pool or the proportion of the

pigment pool that is labile.

Total reactive chlorins

(mg g�1)

TRC Concentration of sedimentary pigments that are labile. Calculated from the expression 1 –CI� total chlorin

(Radke et al. 2015).
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higher than those of refractory OM (4 days–0.33 years v. 1–440
years; Stephens et al. 1997) and is considered more important in
benthic metabolism (Ferguson et al. 2003) and invertebrate

nutrition (Danovaro et al. 1995).

Study areas

Geological context

Therewere nine surveys across eight study areas (Fig. 1). The
study areas represent a diverse set of climatic and geological

a

Rottnest Shelf (RS)

West Australian Margin (WAM)

Western Timor Sea (WTS) North Perth Basin (NPB)

Lord Howe Rise (LHR)

Leveque Shelf (LS)

Caswell Sub-basin (CSB)

Eastern Timor Sea (ETS)

Joseph Bonaparte Gulf (JBG)Direction of current flow

(a) (b)

(c) (d ) b

c

Fig. 1. Map of the study areas with enlargedmaps showing areas in (a)WesternAustralia (WA), (b) northern Australia and (c) Eastern Australia, as indicated

by the boxed areas in (d). NT, Northern Territory, Qld, Queensland; NSW, New South Wales; Vic., Victoria; Tas., Tasmania; SA, South Australia.
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conditions, and spanned water depths from ,20 to ,5000 m
(Table 3). The Western Timor Sea (WTS), Eastern Timor Sea

(ETS) and Joseph Bonaparte Gulf (JBG) study areas are situated
in water depths of ,200 m within the Joseph Bonaparte Gulf
proper, where the climate is tropical monsoonal. The Joseph

Bonaparte Gulf proper is a large, semi-enclosed basin (i.e. the
Bonaparte Basin) that was affected by eustatic changes in sea
level during theMid- to LateQuaternary (Yokoyama et al. 2000;

Nicholas et al. 2015) and has acted as a trap for fine sediments of
terrestrial riverine origin since the Paleozoic (Gunn 1988). The
WTS study area in the north-western part of the basin comprises
several banks and intervening soft sediment plains, which are

situated within the Oceanic Shoals Commonwealth Marine
Reserve (Nichol et al. 2013). The ETS has a complex seabed
geomorphology with the carbonate banks, ridges and valleys of

the Van Diemen Rise and Beagle Gulf and intervening soft
sediment plains (Heap et al. 2010; Anderson et al. 2011). The
JBG study area is situated in a low-relief paleo estuarine-to-

deltaic setting that was formed when sea levels were low to
transgressive (post Last GlacialMaximum;Nicholas et al. 2014,
2015). The region is currently described as a sediment-starved
shelf because it experiences little modern day sedimentation

(VanAndel andVeevers 1967), hence paleo estuarine-to-deltaic
geomorphic features are well preserved at the seabed. Seabeds
of the WTS, ETS and JBG are noted for extensive pockmark

fields (Heap et al. 2009; Nichol et al. 2013; Nicholas et al.

2014), which arise due to gas and fluid expulsion caused by the
degradation of buried OM. Taraxerol was detected in JBG

seabed sediments, which suggests that at least some of the
OM was derived from mangroves that were buried during the
post-glacial sea level rise (Nicholas et al. 2015).

The remaining six study areas were in open shelf and slope
regions. The Caswell Sub-basin (CSB) area is situated at water
depths of 83–448 m along the northern continental shelf and
slope, offshore from the Kimberley coast and downslope from

the Yampi Shelf, which is noted for active hydrocarbon seepage
(Rollet et al. 2006). The survey locations lie between the shallow
water areas, including Scott Reef, Ashmore and Cartier Islands

and Heywood Shoals (Howard et al. 2016). The Leveque Shelf
(LS), which is also situated in the northern continental margin, is
a carbonate-dominated shelf (.50%) with low-stand valleys,

terraces and seabed plains that were affected by Late Quaternary
sea level changes (Picard et al. 2014). The samples collected at
this locationwere fromwater depths that ranged from46 to 98m.
In the modern context, terrestrial sediment supply to the shelf is

nearly zero. Radiocarbon-dated bivalves and solitary corals from
this location point to significant reworking of early and mid-
Holocene biogenic carbonates within the veneer that overlies

carbonate rock (Nicholas et al. 2016).
The Western Australian Margin (WAM) study area pertains

to seabeds overlying a broad sweep of continental margin

inclusive of the Wallaby Plateau, Houtman Sub-basin and
Zeewick Sub-basin (Daniell et al. 2010) in climatic regimes
that range from marginal warm temperate to subtropical. The

sediment samples from this survey were deposited well below
the storm wave base (from 900 to ,4000 m) in relatively
quiescent settings. Sediment samples from the North Perth
Basin (NPB) survey were collected from water depths of

40–992 m inclusive of the shelf and slope. The Rottnest Shelf

(RS) area refers to two survey areas situated to the north and
south of Rottnest Island, offshore from Perth, in water depths

that ranged from 34 to 125 m (Nicholas et al. 2012; Borissova
et al. 2015). Fields of sand waves were common in water depths
of,34–50m, and rhodoliths and their fragments were abundant

in the recovered samples. The large grain sizes reflect the high
energy, open oceanic carbonate setting and the absence of
terrestrially derived material.

The Lord Howe Rise (LHR) is an elongate continental
fragment some 1600 km long and 400–500 km wide composed
of several basins and blocks that became separated from the
Australian continent due to rifting and sea floor spreading

during the Cretaceous (Willcox et al. 1980; Crawford et al.

2003; Bryan et al. 2012). Two areas were surveyed: one was
situated over the Capel and Faust Basins, and the other com-

prised the seabed of the Gifford Guyot seamount (Heap et al.

2009). Pelagic carbonate ooze, which was .70% CaCO3 and
composed of skeletal planktonic and benthic microfauna, was

abundant throughout the regions. A range of geomorphologies
was observed, such as dewatering polygonal cracks, plains and
volcanic peaks (Nichol et al. 2011).

Oceanography

The West Australian shelf is affected by tropical currents.
The south-east Indian Ocean between the north-west coast of

Australia and the Indonesian Archipelago is termed the Indo-
Australian Basin. The Indonesian Throughflow (ITF), which
flows through the Indonesian Seas towards northern Australia,

allows for the interoceanic exchange between the Pacific and
Indian oceans (Wijffels et al. 2002). This is a region of intense
summer rainfall, significant terrestrial run-off and some of the

lightest (warm and fresh ¼ low density) seawater on the planet
(Durack and Wijffels 2010). Two tropical water sources, one
from the equatorial Indian Ocean, via the South Java Current,
and the other from the equatorial Pacific Ocean, via the ITF, join

the westward flow of the South Equatorial Current in the top
100 m of the Indo-Australian Basin (Domingues et al. 2007).
The South Equatorial Current retroflects into the Eastern Gyral

Current and expands into the pole-ward flowing eastern bound-
ary flow of the Leeuwin Current. Unlike other eastern boundary
currents, such as the productive Humboldt and Benguela cur-

rents, the Leeuwin Current is a warm, downwelling boundary
current, which suppresses wind-driven upwelling and pelagic
productivity of the west coast of Australia (Feng et al. 2009). In
the north-west, productivity is strongly influenced by modest

upwelling associated with the El Niño–Southern Oscillation
(ENSO) and a positive phase of the Indian Ocean dipole
(Currie et al. 2013) producing considerable interannual

variability (Furnas 2007; Rousseaux et al. 2012). Productivity
is quite low on the mid-west coast (Waite et al. 2007a;
Lourey et al. 2013) and increases within warm core eddies

(Thompson et al. 2007).
The east Australia coastline is influenced by the East Aus-

tralian Current (EAC), which is the western boundary current of

the South Pacific subtropical gyre (Ridgway and Dunn 2003).
This western boundary current carries warm, salty and low-
nutrient water south along the east coast of Australia between
,15 and 318S (Mata et al. 2000). The more productive regions

of Australia’s Exclusive Economic Zone (EEZ) include the
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northern continental shelves along the Gulf of Carpentaria and
around to the Kimberley (Condie and Dunn 2006; Furnas and

Carpenter 2016). The Leeuwin Current and the EAC have
generally lower levels of productivity (Hanson et al. 2005;
Thompson et al. 2011a; Everett and Doblin 2015), despite the

existence of hot spots (Rossi et al. 2014; Brieva et al. 2015). The
more productive regions ofAustralia’s EEZ include the northern
continental shelves along the Gulf of Carpentaria and around to

the Kimberley (Rothlisberg et al. 1994). However, chlorophyll-
a (Chl-a) concentrations estimated from satellites can be locally
increased due to the migration of eddies, and these concentra-
tions are generally higher than surrounding waters in autumn

and winter (Huang and Feng 2015). In the regions of relatively
high surface Chl-a, nitrate levels are typically zero (Thompson
et al. 2011b). In both boundary currents, surface nitrate con-

centrations are generally below 0.5 mmol L�1 in summer and
the mean (�s.d.) NO3

� : PO4
3� ratio is,4� 2. This is far below

the Redfield ratio (Redfield 1958), indicating strong nitrate

limitation for primary production (Thompson et al. 2009;
Raes et al. 2015).

Materials and methods

Field and laboratory

Samples of seafloor sediment were collected using Smith-
McIntyre grabs (maximum surface area 0.1 m2), Shipek grabs
(maximum surface area 0.042 m2) or two sizes of box cores

(maximum surface areas 0.02 and 0.25 m2) depending on the
grain size characteristics of the seabed environments. Informa-
tion on the methods used to extract the sediments from the sea
floor is reported on a station-by-station basis with the individual

datasets (see reference list in the Supplementarymaterial). From
a single sample of recovered seabed, subsamples were extracted
using cut off 20-mL Terumo syringes that were inserted to

depths of 2 cm and then put into containers that were designated
for the following analyses: (1) chlorin analyses; (2) TSM and
solid-phase organic and inorganic elements; and (3) SOD.

Samples for grain size (and infauna) were also taken from col-
located sediment grab samples and are described herein. The
field and laboratory methods undertaken on Subsamples 1–3

and grain size are summarised in Table 4, and described in detail
in Radke et al. (2015). The upper 2 cm of sediment was the focus
of our investigation because, at least in the deep sea, 80% of
organisms live in this horizon (Pfannkuche and Thiel 1987).

Moreover, this is the approximate depth horizon of many GA
samples used to populate the Marine Sediments (MARS) data-
base (see http://dbforms.ga.gov.au/pls/www/npm.mars.search).

At a more limited number of stations during some surveys (due
to logistical constraints), core barrels were also pushed into the
sediment surfaces to extract sediment for core incubation

experiments. Different experimental set-ups were used for core
incubations undertaken in surveys before 2010 (LHR and
WAM) and after 2011 (WTS, LS and CSB), as described below.

LHR and WAM

Sediment cores (and overlying water) were collected by
hand-pushing 84-mm diameter polyvinyl chloride (PVC) tubes
into the surface of a box core sample. Once in the sediment, the

core liners were sealed at the bottom with plastic plugs fitted

with O-rings. Respective sediment depths and water heights of
120–210 and 60–95 mm (LHR) and 0.14–0.19 and 0.7–0.125 m

(WAM) were obtained in the core barrels. Gas-tight lids fitted
with O-rings were used to seal the top of each core barrel after an
initial preincubation period of 4–6 h. The lids were fitted on the

underside with magnetic stirrers that rotated (,20 rpm) when a
second magnet situated on top of the lid was driven by a small
motor. The motor was situated centrally between four cores in a

Waeco portable fridge, which was used as the incubator. The
cores were incubated in the dark and at near in situ temperatures
for ,3 days (LHR; 3–48C) and 1.1–2.5 days (WAM; 2–38C).
Dissolved oxygen concentrations of the water overlying the

sediment cores were measured at approximately 4-h intervals
using a HACH HQ40D meter and LDO Intellical probes. The
probes passed through the O-ring-sealed holes in the core lids

and were held in the incubation water for the duration of the
incubation. The accuracy of the probes wasn �0.1 mg L�1 for
oxygen concentrations over the range 0–8 mg L�1. Triplicate

samples for dissolved inorganic carbon (DIC) were collected at
the beginning and end of the incubations. TheDIC samples were
filtered through 0.45-mm disposable filters into 3-mL gas-tight
containers Exetainer’s (Labco) that had been precharged with

0.025 mL of saturated mercuric chloride solution (to poison the
samples). The DIC samples were stored in the refrigerator until
analysis.

WTS, LS and CSB

Two cylindrical cores of sediment were extracted from

Smith-McIntyre grabs, Shipek grabs or box cores by hand-
pushing polycarbonate tubes (,180 mm long, 45 mm in dia-
meter) into the captured sediment. The core barrels were sealed

at the bottom using 30 mm long plugs that were fitted with two
o-rings. The sediment–water interfaces of the sediment cores
were pumped to a height of 8 cm from the top of the polycar-
bonate cylinders using a caulking gun. The empty space above

the sediment was gently filled with seawater that had been
filtered to 0.2 mm. The volume of the incubating water in each
core was ,118 mL after emplacement of lids and magnetic

stirring devices. The coreswere placed in an incubation chamber
filled with filtered seawater (0.2 mm). The chamber was made of
black Perspex, andwas 385mmwide, 410mm long and 335mm

deep. The chamber was subdivided into four separate compart-
ments, each of which had a separate lid and space for four cores.
Throughout the experiment, aquarium pumps circulated water
around the chamber through openings near the base of the

compartments. After an initial equilibration period of 3 h, gas-
tight fitted lids were applied to the core barrels and the incuba-
tions were initiated. Cores were incubated in the dark for,4 h at

,258C. The lids were fitted on the undersides with Presens
oxygen sensor spots (PreSens Precision Sensing GmbH,
Regensburg, Germany). Oxygen measurements were taken at

,30-min intervals for 4 h by applying Sensor Type PSt3
(PreSens Precision Sensing GmbH), which was connected by
polymer optical fibre to a fibre oxygen transmitter (Fibrox 3,

PreSens Precision Sensing GmbH), to a purpose-built indenta-
tion in the lid adjacent to the sensor spot. Prior to the survey, the
sensors were calibrated using sodium sulphite solution
(,0.2 M) for the zero point and air saturated with water for

100% O2. The accuracy of the measurements was �0.4% at

Seabed geochemistry compilation for Australia Marine and Freshwater Research G

http://dbforms.ga.gov.au/pls/www/npm.mars.search


20.9% O2. Duplicate samples for DIC were taken at the begin-
ning and end of each incubation experiment by the methods
described above. As samples were withdrawn, they were
replaced with an equivalent amount of incubator water.

DIC concentrations were determined using an AS-C3 DIC
analyser (Apollo SciTech) with an infrared-based CO2 detector
(Li-Cor 7000) at GA using certified reference material for

oceanic CO2 measurements as a standard (Scripps Institute of
Oceanography; Batch 97). Oxygen and total carbon dioxide
(TCO2) fluxes were calculated from the slopes of the linear

regressions against time.

Data analysis

Upper water column particulate organic carbon (POC) and

Chl-awere estimated for each station fromModerate Resolution
Imaging Spectroradiometer (MODIS) Aqua satellite images
(Table 3). These MODIS images have a spatial resolution of

,1 kmandwere processed usingNASA’s SeaDas software. The
Stramski algorithm was used for POC (Stramski et al. 2008).
The Stramski POC algorithm has reasonably good performance
from oligotrophic (Case 1)waters to eutrophic coastal upwelling

areas (Case 2 waters; Stramski et al. 2008). The POC con-
centrations were extracted from all the available data, which
included 36 monthly images from January 2009 to December

2011. To obtain statistics for global POC, we averaged the
monthly AquaMODIS POC imageries, with a spatial resolution
of ,4 km, between January 2009 and December 2011 down-

loaded from the NASA’s website (http://oceancolor.gsfc.nasa.
gov/cgi/browse.pl, accessed 5 November 2015). For Chl-a, the
processing algorithm was the Ocean Chlorophyll 3 (OC3)
algorithm (O’Reilly et al. 1998). The OC3 Chl-a algorithm was

designed for Case 1 waters and is not accurate for Case 2 waters.
Case 2 waters usually only occur in very limited coastal areas on
the Australian continental shelf, including some embayments

Table 4. Summary of field and laboratory methods used to prepare and analyse geochemistry subsamples and grain size samples

DIC, dissolved inorganic carbon; XRF, X-ray fluorescence; ICP-AES, inductively coupled plasma–atomic emission spectrometry; BET, Brunauer–Emmett–

Teller; MS, mass spectrometry; TOC, total organic carbon; TN, total nitrogen; BOD, biological oxygen demand

Subsample Field processing Laboratory processing Parameter

1 6.5-mL surface sediment (0–2 cm) was syringed into

preweighed plastic containers. Samples were

wrapped in aluminium foil and immediately frozen.

Weight loss after freeze drying 1a: wet/dry

weights

Triple extraction in 100% acetone after freeze drying and

grinding (under low light). Analysis by fluorimetry both

before and after the addition of,4 drops of 36%HCl (to

convert chlorins to phaeophytin). Based on the method

of Schubert et al. (2005).

1b: chlorins

2 Surface sediment (0–2 cm) was syringed into four

Falcon vials. Pore waters were removed from three

vials within 30 min of collection by centrifugation

(3622g, 6 min, 258C). Residual sediment was frozen

for transport to the laboratory. Salinity, temperature

and pH were measured on pore waters. Pore waters

were then filtered (0.45 mm) into 3-mL gas-tight

vials (precharged with 25 mL of HgCl2; t¼ 0

sample). The procedurewas repeated on porewaters

extracted from sediments in the fourth vial, which

was incubated for,24 h at sea surface temperatures

(t¼ 1). All samples were refrigerated before

laboratory analysis for DIC.

Freeze-dry, grind in tungsten carbide mill, and analyse

using X-Ray Fluorescence and ICP-AES at Geoscience

Australia.

2a: major, trace

and rare earth

elements

Freeze-dry, grind in tungsten carbide mill and analyse

using the Carbonate Bomb method (Müller and

Gastner 1971).

2b: bulk carbonate

Freeze dry, heat slowly to 3508C (,12 h) and then

analyse using five-point BET (Geoscience Australia).

2c: specific

surface area

Freeze dry and then grind samples, followed by acid

removal of carbonates andMS (Environmental Isotopes

Pty Ltd). Back correct for carbonates.

2d: TOC, TN and

C and N isotopes

Pore water DIC determined using a DIC analyser and

infrared-based CO2 detector (Geoscience Australia).

CO2 production rates calculated by concentration

differences ((t¼ 1) – (t¼ 0)) over the incubation period,

after correction for CaCO3 fluxes. Results are expressed

on a per gram dry weight basis using data from 1a.

2e: total sediment

metabolism

3 Bulk subsample (6.5 mL) of surface sediment

(0–2 cm) incubated in 310 mL of filtered (0.2 mm)

seawater in BOD bottles for ,24 h in the dark at

sea surface temperatures. Dissolved oxygen

concentrations (and saturation values) were

measured at the start and finish of the incubations.

The method is based on that of Ferguson et al.

(2003).

Results expressed on a per gram dry weight basis using

data from 1a.

Sediment oxygen

demand

Collocated grab Approximate top 2 cm of sediment was spooned into

a labelled bag.

Percentages of mud, sand and gravel were determined

from standard mesh sieves. Volumetric grain size

curves were constructed for the ,2-mm particles from

laser particle size analysis.

Sediment grain

size

H Marine and Freshwater Research L. Radke et al.
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and estuaries (Lee and Hu 2006; Matsushita et al. 2012).
However, waters in parts of the Joseph Bonaparte Gulf proper

can be classified as Case 2 in the Australian winter. The Chl-a
concentrations were extracted from 83 monthly images
(October 2007 to August 2014) comprising the total time period

of all the surveys (Table 1). Similarly, the global statistics for
Chl-a were obtained from the temporal average of the monthly
Aqua MODIS Chl-a images (OC3 algorithm) between October

2007 and August 2014 (which is the range of dates of the
surveys).

The parameters (Table 5) all had unequal variances and were
not always normally distributed. Moreover, there were different

sample sizes among the regions. Therefore a Kruskal–Wallis
rank sum test was used to compare differences in the means of
the variables among regions and for multiple comparisons. All

tests were implemented in R, ver. 3.1.0 (R Foundation for
Statistical Computing, Vienna, Austria). Principal components
analyses (PCA) were undertaken on the data using the computer

software program STATISTICA (Release 12) (StatSoft, Tulsa,
OK, USA) to identify significant relationships among andmajor
gradients in organic and some inorganic elemental constituents
of the sediment matrix. Individual elements were tested for

normality and were log or square root transformed to approxi-
mate normality as required. Two correlation matrices (product–
moment correlations) of selected variables were also undertaken

in STATISTICA (Release 12) comprising the complete data
matrix and one in which the semi-enclosed shelf sediments were
removed (JBG, ETS, WTS). Relationships were otherwise

explored using box-and-whisker diagrams and two-way
scatterplots.

Results

Grain size and mineralogy

The mineralogical composition and texture of the sediments are
summarised in Fig. 2 and Table 3. WTS sediments ranged in

composition from silica (SiO2) dominated to calcium carbonate
(CaCO3) dominated, and are noted for high concentrations ofAl.
Sediment textures were predominantly muddy sandy gravel,
gravelly muddy sands or muds. The ETS sediments ranged from

siliclastics to carbonates, but were predominantly gravelly
muddy sands in texture. The sediment found in the JBG region
was uniformly gravelly muddy sands containing,50%CaCO3.

CSB seabed sediment samples were primarily carbonates
(.85%) that fell into gravelly muddy sand textural classes. LS
sediments were dominated by carbonate gravelly sands. WAM

sediments were predominantly mud and sandy mud in texture.
NPB shelf sediments consisted of slightly gravelly sand,
whereas those from the slopewere composed of slightly gravelly

sandy mud. Samples from the slope had higher proportions of
silt and fine sand than those on the shelf. RS sediments were
predominantly carbonates and textures were either gravelly
sands or sandy gravels. Carbonate sandy muds were found

across the LHR region.

Organic carbon, C :N ratios and d13C and d15N values

TOC concentrations ranged from 0.02 to 2% (Fig. 3a). The

medians of almost half the samples were below the lower
quartile (0.34) of a large global dataset (Seiter et al. 2004).

Regionally, the %TOC was greater in WTS sediments than in
any other sample location (Kruskal–Wallis one-way analysis of

variance (ANOVA) on ranks, P # 0.05). The 25th percentile
range of the WTS region exceeded the 75th percentile range of
all other regions (Fig. 3a). The single highest TOC concentra-

tion, 2.9%, was observed at a depth of 1982 m in WAM. This
sample (considered an outlier and not shown) also had the lowest
carbonate concentration in the dataset (2.3%), and presumably

was collected from below the carbonate compensation depth.
Themedian%TOC values of sediments from JBG, LS, CSB and
RS were all below the lower quartile of the global dataset.

A review by Burdige (2006) found five broad groups of

OC : SA loadings on particles inmarine sediments, and these are
all evident in the Australian dataset (Fig. 4a). These concentra-
tions ranged from 0.1 to 12.6 mg m�2 (Fig. 3b). Sediments with

the lowest OM loadings were found in JBG, with concentrations
lower than all other regions except CSB and WAM (Kruskal–
Wallis one-way ANOVA on ranks, P# 0.05). The highest OM

loadings were found in RS samples, although the distributions
were not significantly different from those of the ETS and NPB.
WTS, LS and NPB sediments had OC : SA loadings in a range
considered normal for continental shelf sediments (Hedges and

Keil 1995). There was a general trend of increasing OC : SA
loadings with higher MODIS POC (R2 ¼ 0.03, P ¼ 0.004) and
Chl-a concentrations (R2 ¼ 0.01, P ¼ 0.029; Fig. 4b, c).

The d13C values and C :N ratios ranged from �17.3 to
�25.5% (Fig. 3c) and from 5.5 to 15.8 (Fig. 3d) respectively
and were generally consistent with marine phytoplankton

(Fig. 5a). The highest C :N ratios occurred in the CSB, RS,
JBG, NPB and LS sediments, although there was overlap with
other regions (Table 5). Lowest C :N ratios occurred in the deep

ocean sediments of the LHR andWAM. The LHR samples were
also generallymore enriched in 13C relative to the other samples,
although not significantly different from LS and WAM. The
total nitrogen (TN) concentrations were consistent with the

normal range for marine sediments (,0.03–1.2%; Burdige
2007; Table 5; Fig. 3e). TN was tightly coupled (R2 ¼ 0.98)
with TOC, with a slope that corresponded to a molar C : N ratio

of 7.69 (Fig. 5b). Largest y-intercepts in the TN–TOC couplet
were evident in LHR, JBG and WAM sediments (Fig. 5b).

The d15N values of sedimentary OM had a wide range (1.7–

11) and showed considerable interregional variability (Fig. 3f).
The samples from around Australia had a median d15N value of
5.93 (n ¼ 359), whereas the global dataset (Tesdal et al. 2013)
had a significantly greater mean value of 6.58 (Kruskal–Wallis

one-wayANOVAon ranks,P, 0.001; n¼ 2176). Regionswith
median values that lay outside the global 25th–75th percentile
range included WTS and JBG (lower) and WAM and LHR

(higher). However, ETS had some of the lowest d15N values in
the dataset. Indeed, the WTS and LHR had the lowest and
highest values respectively. There was a distinctive spatial

pattern in the isotope signatures, with values ,6% occurring
at latitudes of ,12 to 138S, and higher values elsewhere
(Fig. 5c). The d15N values and Fe described a negative expo-

nential relationship (d15N ¼ 7.885e(�0.0000262�Fe), R2 ¼ 0.29,
P , 0.0001) across all data, and the R2 of this relationship was
improved (0.36) if the outlying sample from WAM (6A) was
excluded from the analysis. There was an inverse linear rela-

tionship between d15N values and Fe inWTS and ETS samples,

Seabed geochemistry compilation for Australia Marine and Freshwater Research I



T
a
b
le
5
.

M
ea
n
(±
s.
d
.)
v
a
lu
es

fo
r
d
if
fe
re
n
t
p
a
ra
m
et
er
s
in

ea
ch

re
g
io
n
,
a
n
d
in

th
e
co
m
p
le
te

d
a
ta
se
t

N
u
m
b
er
s
in

p
ar
en
th
es
es

in
d
ic
at
e
th
e
n
u
m
b
er

o
f
sa
m
p
le
s
fr
o
m

w
h
ic
h
m
ea
n
�
s.
d
.
v
al
u
es

w
er
e
ca
lc
u
la
te
d
.
W
it
h
in

ro
w
s,
v
al
u
es

w
it
h
d
if
fe
re
n
t
su
p
er
sc
ri
p
t
le
tt
er
s
d
if
fe
r
si
g
n
if
ic
an
tl
y
(P

,
0
.0
5
,
K
ru
sk
al
–
W
al
li
s
te
st
).
W
T
S
,

W
es
te
rn
T
im

o
r
S
ea
;R

S
,R

o
tt
n
es
tS

h
el
f;
N
P
B
,N

o
rt
h
P
er
th
B
as
in
;L

S
,L

ev
eq
u
e
S
h
el
f;
L
H
R
,L

o
rd

H
o
w
e
R
is
e;
JB

G
,J
o
se
p
h
B
o
n
ap
ar
te
G
u
lf
;E

T
S
,E

as
te
rn

T
im

o
r
S
ea
;C

S
B
,C

as
w
el
lS

u
b
-b
as
in
;W

A
M
,W

es
tA

u
st
ra
li
an

M
ar
g
in
;

N
/A
,n
o
t
ap
p
li
ca
b
le
;
k T

S
M
,r
ea
ct
io
n
ra
te
co
ef
fi
ci
en
t
o
f
to
ta
l
se
d
im

en
t
m
et
ab
o
li
sm

(T
S
M
);
S
O
D
,
se
d
im

en
t
o
x
y
g
en

d
em

an
d
;
n
S
O
D
,
S
O
D
n
o
rm

al
is
ed

ag
ai
n
st
th
e
to
ta
l
o
rg
an
ic
ca
rb
o
n
(T
O
C
)
co
n
ce
n
tr
at
io
n
;
T
O
U
,t
o
ta
l
o
x
y
g
en

u
p
ta
k
e;
T
N
,
to
ta
l
n
it
ro
g
en
;
T
R
C
,
to
ta
l
re
ac
ti
v
e
ch
lo
ri
n
s

P
ar
am

et
er

L
H
R

W
A
M

E
T
S

N
P
B

R
S

JB
G

W
T
S

L
S

C
S
B

A
ll
d
at
a

A
l
(m

g
k
g
�
1
)

3
6
1
3
�
7
4
8
(1
8
)a
b

8
3
2
4
�
2
1
7
6
A
(7
)b
c
d

1
0
9
3
5
�
5
5
8
0
(1
2
3
)c

4
5
1
9
�
3
1
7
1
(2
1
)a
b

1
1
4
2
�
9
9
4
(1
2
)a

1
2
5
0
7
�
1
8
7
6
(1
0
)c
d

3
5
6
3
2
�
1
6
0
2
4
(5
8
)d

3
9
4
1
�
1
7
6
1
(5
5
)a
b

4
8
2
8
�
2
8
7
4
(3
2
)a
b

1
2
3
2
1
�
1
3
4
7
3
(3
3
6
)

C
h
lo
ri
n
in
d
ex

0
.8
�
0
.1

(1
8
)c

0
.9
2
�
0
.0
9
(3
0
)c

0
.6
9
�
0
.1
6
(1
2
0
)b

0
.5
3
�
0
.2
3
(2
1
)a
b

0
.2
1
�
0
.0
4
(1
2
)a

0
.7
2
�
0
.0
3
(1
0
)b
c

0
.7
9
�
0
.1
0
(5
7
)c

0
.6
8
�
0
.0
7
(5
2
)b

0
.6
6
�
0
.1
2
(3
2
)b

0
.7
1
�
0
.1
8
(3
5
1
)

C
:N

ra
ti
o

6
.4
�
0
.5

(1
8
)a

7
.9
�
2
.1

(2
6
)a
b
c
d

7
.9
�
0
.7

(1
2
2
)b
c

8
.5
�
0
.8

(2
1
)c
d
e

8
.8
�
1
.1

(1
1
)d
e

8
.7
�
0
.3

(9
)e

7
.8
�
0
.6

(5
8
)b

8
.1
�
0
.5

(5
4
)b
c
d
e

9
.2
�
1
.8

(3
2
)d
e

8
.0
�
1
.1

(3
5
1
)

d
1
3
C
(%

)
�
1
8
.9
�
0
.6

(1
8
)d

�
1
9
.7
�
0
.7

(2
6
)b
c
d

�
1
9
.9
�
0
.6

(1
2
3
)b

�
2
0
.1
�
0
.5

(2
1
)a
b

�
2
1
.5
�
1
.5

(1
2
)a

�
1
9
.9
�
0
.3

(1
0
)a
b
c

�
1
9
.8
�
0
.5

(5
8
)b
c

�
1
9
.6
�
0
.5

(5
4
)c
d

�
1
9
.7
�
0
.4

(3
2
)b
c

�
1
9
.8
�
0
.7

(3
5
4
)

d
1
5
N
(%

)
1
0
.5
�
0
.3

(1
8
)d

8
.8
�
0
.7

(2
6
)c
d

5
.3
�
1
.1

(1
2
2
)b

7
.0
�
1
.0

(1
9
)c
d

6
.0
�
0
.6

(1
0
)b
c

4
.8
�
0
.4

(9
)a
b

4
.3
�
0
.9

(5
8
)a

7
.3
�
0
.5

(5
4
)c
d

6
.7
�
1
.1

(3
2
)c

6
.2
�
1
.9

(3
4
8
)

F
e
(m

g
k
g
�
1
)

2
8
8
0
�
5
0
7
(1
8
)a

4
6
2
1
�
1
0
8
2
A
(8
)a
b

1
0
1
4
2
�
3
8
2
3
(1
2
3
)b

3
2
7
2
�
1
6
3
0
(2
1
)a

1
0
7
7
�
3
8
2
3
(1
2
)a

1
2
9
0
9
�
2
3
3
5
(1
0
)b
c

2
3
0
7
2
�
8
6
0
7
(5
8
)c

4
3
1
7
�
7
5
2
(5
5
)a

6
1
8
3
�
8
5
8
4
(3
2
)a

9
8
6
8
�
8
4
0
9
(3
3
6
)

k T
S
M
(d
ay

�
1
)

0
.1
3
�
0
.0
4
(1
4
)a
b

0
.1
0
�
0
.0
6
(7
)a
b

0
.2
9
�
0
.3
1
(1
1
1
)b

0
.5
3
�
0
.5
8
(2
0
)b
c

N
/A

0
.4
4
�
0
.1
4
(8
)b
c

0
.0
7
�
0
.0
8
(5
5
)a

0
.5
7
�
0
.3
9
(4
8
)c

1
.0
�
0
.8

(3
2
)c

0
.3
8
�
0
.4
7
(2
9
5
)

S
O
D

(m
m
o
l
g
�
1
d
ay

�
1
)

N
/A

N
/A

2
.2
�
1
.3

(1
2
4
)c

0
.6
�
0
.4

(2
1
)a

0
.6
�
0
.5

(1
2
)a
b

1
.9
�
0
.4

(1
0
)b
c

1
.1
�
0
.6

(5
8
)a
b

1
.3
�
1
.3

(5
5
)a
b

1
.1
�
0
.7

(3
2
)a
b

1
.1
�
0
.7

(3
4
1
)

n
S
O
D

(m
m
o
l
O
2

m
o
l
C
�
1
)

N
/A

N
/A

0
.0
2
5
�
0
.0
1
7
(1
2
3
)b

0
.0
0
9
�
0
.0
0
9
(2
1
)a

0
.0
1
3
�
0
.0
1
8
(1
2
)a
b

0
.0
2
6
�
0
.0
0
9
(9
)b

0
.0
0
4
�
0
.0
0
3
(5
6
)a

0
.0
2
4
�
0
.0
4
7
(5
1
)b

0
.0
2
1
�
0
.0
1
7
(3
1
)b

0
.0
1
7
�
0
.0
2
4
(3
5
2
)

T
O
C
(%

)
0
.2
6
�
0
.0
6
(1
8
)a
b

0
.4
5
�
0
.5
3
(2
6
)a
b
c

0
.3
4
�
0
.1
8
(1
2
3
)b

0
.3
4
�
0
.1
9
(2
1
)a
b

0
.2
6
�
0
.2
2
(1
2
)a
b

0
.2
6
�
0
.0
8
(9
)a
b

0
.8
0
�
0
.3
6
(5
8
)c

0
.2
2
�
0
.1
3
(5
5
)a

0
.2
1
�
0
.1
4
(3
2
)a

0
.3
8
�
0
.3
1
(3
5
4
)

T
O
C
(m

g
m

�
2
)

N
/A

0
.3
0
�
0
.1
4
(2
6
)a
b
c

1
.6
7
�
2
.1
4
(1
2
3
)e

1
.1
5
�
1
.0
4
(2
1
)c
d
e

2
.6
2
�
2
.2
7
(1
2
)d
e

0
.2
8
�
0
.0
6
(9
)a
b

0
.6
0
�
0
.3
4
(5
7
)b
c

0
.6
6
�
0
.3
4
(5
5
)c
d

0
.3
3
�
0
.1
2
(3
2
)a

1
.1
�
1
.5

(3
3
5
)

T
O
U

(m
m
o
l
m

�
2
d
ay

�
1
)

0
.4
�
0
.1

(1
1
)a

0
.3
�
0
.2

(8
)a
b

N
/A

N
/A

N
/A

N
/A

2
8
.2
�
1
1
.1

(2
6
)d

2
3
.0
�
7
.2

(1
1
)c
d

1
5
.2
�
4
.1

(2
6
)b
c

1
7
.0
�
1
2
.6

(8
0
)

T
N
(%

)
0
.0
4
�
0
.0
1
(1
8
)a
b

0
.0
7
�
0
.0
7
(2
6
)a
b
c

0
.0
5
�
0
.0
3
(1
2
2
)b

0
.0
5
�
0
.0
3
(2
1
)a
b

0
.0
4
�
0
.0
3
(1
1
)a
b

0
.0
3
�
0
.0
1
(1
1
)a
b

0
.1
2
�
0
.0
5
(5
8
)c

0
.0
3
�
0
.0
2
(5
5
)a

0
.0
3
�
0
.0
2
(3
2
)a

0
.0
6
�
0
.0
5
(3
5
2
)

T
R
C
(m
g
g
�
1
)

,
0
.1

(1
8
)a

,
0
.1

(2
6
)a
b

0
.4
2
�
0
.5
4
(1
2
2
)c

0
.4
9
�
0
.6
4
(2
1
)b
c

2
.7
5
�
1
.8
8
(1
2
)d

0
.3
2
�
0
.1
7
(1
0
)b
c
d

0
.7
3
�
0
.5
2
(5
7
)d

0
.3
2
�
0
.2
9
(5
5
)c

0
.8
0
�
0
.7
1
(3
2
)c
d

0
.5
2
�
0
.7
5
(3
3
2
)

T
S
M

(m
m
o
l
g
�
1
d
ay

�
1
)

0
.0
8
�
0
.0
2
(1
4
)a

0
.1
0
�
0
.0
7
(6
)a
b

0
.2
2
�
0
.1
8
(1
0
8
)b

0
.2
5
�
0
.1
0
(2
0
)b
c
d

N
/A

0
.2
3
�
0
.1
2
(9
)a
b
c
d

0
.9
6
�
0
.9
4
(5
6
)d

0
.2
6
�
0
.1
5
(4
9
)b
c

0
.3
8
�
0
.2
1
(3
2
)c
d

0
.3
8
�
0
.5
2
(2
9
4
)

A
A
n
o
u
tl
ie
r
(S
ta
ti
o
n
6
A
)
w
as

re
m
o
v
ed

fr
o
m

th
e
st
at
is
ti
ca
l
ca
lc
u
la
ti
o
n
s
fo
r
al
l
el
em

en
ts
.

J Marine and Freshwater Research L. Radke et al.



and the slope of the decline of d15N with Fe was steeper in ETS
sediments (Fig. 5d).

Organic matter reactivity

TOU and TSM fluxes ranged from 0.1 to 39.4 mmol m�2 day�1

and from ,0.0 to 0.004 mmol g�1 day�1 respectively. These
fluxes were generally highest in WTS and lowest in WAM and

LHR. The reaction rate coefficient of TSM (kTSM) values ranged
from ,0.01 to 3.7 day�1 and were significantly higher in CSB
andLS than in all other regions (except NPB and JBG). SOD and
normalised SOD (nSOD) fluxes ranged from ,0.001 to

0.006 mmol g�1 day�1 and from ,1.0 to 129 mmol g�1 day�1

respectively. ETS SODs were higher than those of all other
regions except JBG, and the lowest SODs occurred in the NPB.

0 1.00.80.60.40.2

1.
0

0.
8

0.
6

0.
4

0.
2

0 1

0

0.2

0.4

0.6

0.8

Eastern Timor Sea (ETS)
Joseph Bonaparte Gulf (JBG)
Lord Howe Rise (LHR)
Leveque Shelf (LS)

West Australian Margin (WAM)
Western Timor Sea (WTS)

MUD SAND

GRAVEL

0

0

0

Rottnest Shelf (RS)

20

40

60

80

10
0

20

40

60

80

100

20406080100

mG msG

gM gmS

G

sG

gS

(g)M, M (g)sM, sM (g)mS, mS

(g)S, 

North Perth Basin (NPB)

Caswell Sub-basin (CSB)

G
mG
msG
sG
gM

gmS
gS

(g)S
(g)sM
(g)mS
(g)S
M
sM
mS
S Sand

Muddy sand
Sandy mud
Mud
Slightly gravelly sand
Slightly gravelly muddy sand
Slightly gravelly sandy mud
Slighty gravelly sand
Gravelly sand
Gravelly muddy sand
Gravelly mud
Sandy gravel
Muddy sandy gravel
Muddy gravel
Gravel

C
aO

 (%
) S

iO
2  (%

)

Al2O3 (�10; %)

G
ra

ve
l (

%
) S

and (%
)

Mud (%)

(a)

S

(b)

Fig. 2. (a) CaO–Al2O3–SiO2 triplot indicative of carbonate, clay and quartz mineralogy respectively. Al2O3 is multiplied by

a factor of 10 to enhance the clay signal. (b) Simplified Folk (1954) sediment classification and grain size categories. This

diagram does not discriminate between mud and gravelly mud, sandy mud and slightly gravelly sandy mud, slightly gravelly

muddy sand and muddy sand, and slightly gravelly sand and sand, which differentiate between 5, 0.01 and 0.0% gravel.

Seabed geochemistry compilation for Australia Marine and Freshwater Research K



JBG

CSB

ETS
NPB

WTS

0 0

4

20

1

400

0 2 3 4 05 0

WAM

CSB

NPB

ETS
JBG
WTS

NPB

LHR

ETS

WTS

NPB

JBG

CSB

RS

LS

CSB
NPB

JBG
WTS

WAM

JBG
LHR

WAM

NPB
WTS

NPB

LHR

WAM
ETS

WTS

NPB
LHR

CSB
ETS

WTS

ETS
WTS
WAM
LHR

NPB
JBG

CSB
RS

LS

C:N ratio

(a)

0

JBG
ETS
NPB

WAM
CSB

LHR
LS

0.1 0.3

RS

WTS

(a)
(a)

JBG
ETS
NPB

WAM
CSB

LHR
LS

�21�24

RS

WTS

(a)

WAM

LHR

CSB

LS

WTS

0 10 20 30 40

(a)

�1 0 1 2 3 4

LHR

WAM

ETS

JBG

NPB

LS

CSB

WTS

(a b)
(b)

(a b c)
(b c)
(b c d)
(b c)

(c d)
(d)

(a b c d)
(b)
(b c)
(b c d e)

(c d e)
(e)

(d e)
(d e)

(a b)
(a b)
(a b)

(a b)
(b)

(a b c)
(c)

(d)

(c d)

(b c)

(a b)

(d)

(c d)

(b c)

(b c d)

(a b c d)

(b)

(a)

(a b)

WTS

WAM

LHR

ETS

JBG

WTS

0 1 2 3

NPB

LS

(c)

(c)

(b c)

(b c)

(b)

(a b)

(a b)

(a)

0.050 0.10 0.15

(c)

(b c)

(a b)

(a b)

(a b)

(a b)

(a)

JBG

CSB

WTS

ETS

LS

NPB

RS

(a)

(a)

(a b)

(b)

(b)

(b)

(b)

100 120

Chlorin index

RS

LS
ETS

LHR

0.4 0.8

2 6 8 10

60 80

0.2

0.6 1.0

(a)
(a b)

(b)
(b)

(b)
(b c)

(c)

(c)
(c)

0.2

6

LS
ETS

CSB
RS

(b c)

(c d)
(d)

(a b)
(a)

(d)

(c)
(c)

(b c d)

RS RS

LS
LS

CSB WAM

JBG JBG

(a)
(a b)
(a b)
(a b)
(a b)

(b c d)
(c)
(c d)

(d)

(a b)

(a)
(a)
(a)
(a)

(a)
(b)
(b c)

(c)

20 000 40 000 60 000 20 000 40 000

(a) (b) (c)

(d ) (e) (f )

(g) (h) (i)

(j) (k) (l )

(m) (n) (o)

0.5

5 10 15

1.0 1.5 2.0

(a)
(a)
(a b)
(a b)
(a b)

(a b)
(b)

(a b c)
(c)

LS

RS
LHR

WAM

JBG

RS

ETS

LS

WTS

2 4 6 �188 10 12

(a)

(b c)

(c d e)

(e)

(d e)

(c d)

(a b)

(a b c)

RS
CSB

LS
WAM

(a)
(a b)

(b)
(b c)

(c)
(c d)
(c d)
(c d)

(d)

TOU (mmol m�2 day�1) TSM (mmol C g�1
 day�1) kTSM (day�1)

SOD (mmol O2  g
�1 day�1) nSOD (mmol O2 mol�1 C)

Total reactive chlorins (μg g�1) Al (mg kg�1) Fe (mg kg�1)

TOC (%)

TN (%)

δ13C (‰)

δ15N (‰)

OC:SA (mg C m�2)

Median25th–75th percentiles Non-outlier range Outlier

Fig. 3. Box-and-whisker diagrams showing the median, 25th–75th percentiles and outliers for the distributions of the

various parameters according to the study areas (WTS, Western Timor Sea; WAM, West Australian Margin; RS, Rottnest

Shelf; NPB, North Perth Basin; LS, Leveque Shelf; LHR, Lord Howe Rise; JBG, Joseph Bonaparte Gulf; ETS, Eastern

Timor Sea; CSB, Caswell Sub-basin). The shading in (a) and (f) denotes the 25th–50th percentile ranges of global datasets

for total organic carbon (%TOC); Seiter et al. 2004) and d15N (Tesdal et al. 2013). In (b), the shading pertains to the typical
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There was considerable overlap in the distribution of SOD in all

other regions. Samples fromWTS, NPB had lower nSODs than
samples from CSB, LS, ETS and JBG. RS samples fit into both
groups. Chlorin indices covered the known spectrum from 0.2 to

1.0 and were highest (lowest reactivity) in WAM, LHR, WTS
and JBG sediments and lowest (highest reactivity) in NPB and
RS sediments. There were no statistically significant differences
in the distribution CIs among JBG, ETS, LS, CSB and NPB

sediments. Reactive chlorin concentrations ranged from,0.1 to
6.6 mg g�1. Median concentrations were highest in RS sedi-
ments, although the concentrations were not significantly dif-

ferent from those in CSB and WTS sediments. Lowest
concentrations occurred in LHR and WAM sediments.

With the exception of the kTSM and nSOD, the OM quality

indicators were significantly correlated with water depth, and
the strongest relationship was with TOU (Table 6; Fig. 6). The
depth distribution of our ex situ TOU fluxes was generally

consistent with that of a global dataset (Fig. 5a). Over all sites,
there was an exponential rise in TOU as depth decreased
(Fig. 6a). The r-values describing the depth-related trends in
CIs, TRC, TSM, kTSM and TOUwere larger when the open shelf

and slope sediments (e.g. CSB, LHR, NPB, RS andWAM)were
considered independent of samples from the semi-enclosed
Joseph Bonaparte Gulf (WTS, ETS and JBG). The correlations

between the pigment measures (CIs and TRC) and MODIS
variables were also stronger.

Principal components analysis

The first four combined PCA axes explained ,72% of the
variance in the dataset (Table 7). Al, Fe, %TOC and percentage
total nitrogen (%TN) were inversely correlated with kTSM and

d15N on Axis 1 (PCA-1), which accounted for 32.8% of the

variance. This axis clearly delineates samples from the Joseph

Bonaparte Gulf (WTS, JBG and ETS) from the other sediments
on the basis of these higher element concentrations and lower
d15N values (Fig. 7a). Axis 2 (PCA-2) explained 15.6% of the

variance and captured the depth–degradability relationships
evident in Fig. 6 (Fig. 7b). The pigment indicators TRC and CIs
figured most prominently on this axis. Highest loadings for
SODs and nSODs occurred on Factor 3 (12.7%), whereas those

for OC : SA and TSM were on Factor 4.

Discussion

Organic carbon

The recent samples from around Australia had a median %TOC

of only 0.3%, less than half the global median (0.62%; Seiter
et al. 2004), highlighting that most Australian seabed sediments
are very low in OM by global standards (Fig. 3a). A global map
of %TOC shows highest concentrations along most western

continental margins (North and South America and Africa),
where upwelling is known to be intense, and lowest con-
centrations in open ocean (pelagic) settings and around the

whole of Australia (Seiter et al. 2004). Thus, in broad terms, the
global %TOC distribution reflects ocean and shelf productivity
patterns that are often oligotrophic around Australia (Longhurst

et al. 1995; Behrenfeld et al. 2005; Everett and Doblin 2015).
The oligotrophy of Australian shelf and ocean waters is due, in
part, to current patterns that direct nutrient-poor waters south-

wards from the tropics and subtropics and supress upwelling
along the western coast (for a review, see Hobday et al. 2006),
although sporadic upwelling events occur (Rossi et al. 2013a).
Australia also has a high proportion of nutrient-poor soils

(Orians and Milewski 2007) and highly variable rainfall, which
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means that there is little input of nutrients from terrestrial
sources. Indeed, global modelling studies suggest that the con-

tinental export of all forms of nutrients is lowest in Australia
(Seitzinger and Harrison 2005), with the exception of JBG river

catchments, which are recognised as small global hot spots in the
river yields of POC, as well as particulate N and phosphorus

(Seitzinger and Harrison 2005). Consistently, the WTS sedi-
ments derived from these catchments (mainly during Last
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Fig. 6. Water depth plotted against (a) total oxygen uptake (TOU), (b) total sediment metabolism (TSM), (c) sediment oxygen demand (SOD), (d) SOD

normalised against carbon (nSOD), (e) chlorin index, ( f ) total reactive chlorins, (g) C :N ratios and (h) reaction rate coefficients fromTSM(kTSM). Crosses in

(a) pertain to the in situ dataset used in Glud (2008). Shaded ellipses highlight linear trends in the open shelf and slope data.

Table 7. Variable scores for the first four axes of the principal components analysis, and transformations that were applied to the parameters to

achieve approximately normal distributions

The percentage variances explained by the axes are given in parentheses in the column headings. The highest scores for each variable are highlighted in bold.

kTSM, reaction rate coefficient of total sediment metabolism (TSM); SOD, sediment oxygen demand; nSOD, SOD normalised against the total organic carbon

(TOC) concentration; OC : SA, surface area-normalised total organic carbon (TOC); TRC, total reactive chlorins; %TN, percentage total nitrogen; %TOC,

percentage total organic carbon

Variable Transformation Factor 1 (�32.80%) Factor 2 (�15.60%) Factor 3 (�12.70%) Factor 4 (�10.90%)

Al log 20.9 �0.15 0.23 0.18

C :N ratio log 0.14 0.26 0.15 0.24

Chlorin index SR �0.46 20.75 0.06 0.2

d13C none 0.16 20.55 �0.35 0.21

d15N none 0.62 �0.42 �0.37 �0.17

Fe log 20.85 �0.17 0.27 0.22

kTSM log 0.69 0.07 0.27 0.36

nSOD SR 0.41 �0.21 0.79 �0.19

OC : SA log �0.15 0.3 �0.24 20.67

SOD log �0.34 �0.15 0.68 �0.45

TRC log �0.08 0.84 0.11 0.04

TSM log �0.22 0.37 0.01 0.66

%TN SR 20.89 0.09 �0.23 �0.09

%TOC log 20.89 0.05 �0.26 �0.13
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Glacial Maximum to early Holocene times; ,20–8 ka;

(Yokoyama et al. 2001) had the highest %TOC in the dataset
(Fig. 3a). The high%TOC is linked to elevated Al (Table 5), and
thus clay concentrations, as evidenced by large negative site
scores for WTS sediments on PCA-1 (Fig. 7a; Table 7). Despite

the elevated %TOC, WTS samples varied around the expected
values of riverine suspended sediments (0.7mgTOCm�2) when
TOC was normalised against SSA (Fig. 4a). Indeed, ,40% of

samples in the overall dataset were in the typical shelf range
when normalised against SSA (Fig. 3b). Therefore, the generally
low %TOC of Australian marine sediments reflects the pre-

dominance of coarse grain sizes (Fig. 2b), as well as seawater
oligotrophy.

SSA normalisation of TOC confirmed that ,40% of sam-

ples, across the full range of SSAs, were OM lean (Fig. 3b).
Indeed, at least 25% of samples from each region had OC : SA
ratios that were below the typical range (,0.5 mg TOC m�2;
Fig. 4b, c). The correlation between OC : SA and MODIS

parameters (Fig. 4b) highlights a direct relationship between
the OC : SA ratios and water column productivity that is proba-
bly due to variations in the POM flux to the sea floor. Deficien-

cies with the application of the OC3 Chl-a algorithm in the Case
2 waters (see ‘Materials andmethods’ section) may explain why
the correlation between OC : SA and MODIS POC was slightly

better than the correlation between OC : SA and MODIS Chl-a.
Correlations between MODIS-based parameters and %TOC
were not significant (see Fig. S1 available as Supplementary
material to this paper) due the reliance of %TOC on clay

concentrations (e.g. %TOC ¼ 1.7 � Al þ 0.17; R2 ¼ 0.53,
P , 0.001). Notwithstanding, the pattern of decapod species
richness along the west to north-west coast of Australia

(McCallum et al. 2013) was consistent with spatial variability

in %TOC reported herein.
Extremely low OC : SA loadings, similar to those com-

monly observed in deltaic or open ocean settings (e.g.
,0.15 mg TOC m�2; Burdige 2006), were observed in the

majority of samples from JBG, WAM and CSB (Fig. 4a). Very
low phytoplankton biomass likely explains the low OC : SA
loadings in CSB sediments (Fig. 4b, c). The lowOC : SA of JBG

sediments may be due to long oxygen exposure times (Hartnett
et al. 1998) that were initially caused by deltaic processes (e.g.
reworking causing re-exposure to oxygenated waters; Burdige

2005) during times of lower sea levels, but are now due to
extended periods of containment at the sediment–water inter-
face because of a lack of modern sedimentation. The WAM

comprised deep ocean sediments and thus the usual range of
hypotheses can be raised to explain the low concentrations
observed there, such as low productivity and lengthy sedimenta-
tions due to deep water columns, low accumulation rates, deep

O2 penetration into sediments and long O2 exposure times
(Hedges and Oades 1997).

Particle loadings .2 mg TOC m�2 are suggestive of large

OM loadings that can be indicative of high water column
productivity, bottom waters that are low in oxygen or both
(Burdige 2006). Large OM loadings in shallow RS (and like-

wise shallow NPB) sediments may reflect the widespread
occurrence of benthic microalgal films that were observed in
the area in towed video (Nicholas et al. 2012) and sediment
samples. Benthic Chl-a was,80 mg m�2 at 8 m (Forehead and

Thompson 2010), falling to,10mgm�2 at 80m (P. Thompson,
pers. obs.). Further analysis showed the pigments were .40%
fucoxanthin (mostly diatoms) and actively photosynthesising
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during daylight (Forehead and Thompson 2010). Excess OM
was also observed in some ETS sediments found on banks

within the euphotic zone (,60 m) and regionally high
b-diversity of infauna was observed at these depths (Radke
et al. 2015). Higher than monolayer-equivalent loadings can

also occur in course sediment fractions (,3 m2 g�1) due to the
occurrence of discrete OM debris (Keil et al. 1994). This was
likely the case in outer shelf channel and scree sediments in the

ETS (Fig. 4b), where subsurface gas efflux apparently facilitates
the upward translocation of buried intertidal sediment with
abundant discrete plant debris in the process of pockmark
formation (Radke et al. 2015). Surface water column POC

concentrations (MODIS estimated) higher than the 75th percen-
tile of the global range also accounts for some of the ‘excess’
OM we observed in ETS sediments (Fig. 4b, c).

C :N ratios and d13C and d15N values

TN and TOCwere tightly coupled in the dataset with a slope that
corresponded to a C :N ratio of 7.81 (Fig. 5b), which lies
between the Redfield ratio for planktonic OM (6.6; Redfield

1958) and most C : N ratios from surface sediments in open
ocean settings (e.g. 8–12; for a review, see Burdige 2006).
Indeed, most C :N ratios and d13C values were consistent with

the normal range of fresh to degraded marine plankton (5–12;
Emery and Uchupy 1984), although with the potential for
terrestrial soil inputs at some sites (Burdige 2006). The mean

(�s.d) value of �19.8 � 0.7% was quite low, suggesting the
plankton may have been mostly diatoms (Fry and Wainright
1991). In the ETS, C :N ratios ,7 were attributed to the
occurrence of highly labile OM resulting from benthic produc-

tion on carbonate banks that were situated within the euphotic
zone (,60 m; Radke et al. 2015). Given the low proportion of
reactive chlorins and the water depths .1000m (Fig. 6f), the

C :N ratios of 5–7 in LHR andWAM sediments probably do not
indicate the occurrence of fresh planktonic OM. Instead, the
large y-intercepts in the linear regression equation describing the

relationships between TN and TOC in LHR and WAM sedi-
ments point to the occurrence of inorganic N that is not coupled
to TOC (Fig. 5b). Indeed, inorganic N concentrations (likely
NH4

þ fixed on clays) are often substantial in organic-poor

sediments such as these (Schubert and Calvert 2001).
Organic-poor deep-sea sediments are also frequently

enriched in d15N (by 1–5%) relative to sinking particles

(Robinson et al. 2012). This enrichment may be due to the
preferential remineralisation of low d15N amino acids and the
retention of high d15N amino acids (Tesdal et al. 2013).

Consistently, organic-poor sediments from the LHR and
WAM had d15N values that were considerably elevated for the
dataset and were higher than the upper quartile of the global

dataset (Fig. 3f). Low oxygen zones are a feature of the Indian
Ocean north-west of Australia (Stramma et al. 2010; Thompson
et al. 2011b; Rossi et al. 2013b) and may contribute to the
anomalously high d15N values in WAM sediments at,258S (e.

g. Voss et al. 2001) where the mean (�s.d.) background isotopic
composition of subeuphotic nitrate is typically 6.6 � 0.7%
(Waite et al. 2007b, 2013). The d15N values of sinking fluxes are

often equal to the isotopic composition of subeuphotic nitrate
that is supplied to the euphotic zone by mixing or upwelling

assuming nitrate is fully utilised (Galbraith et al. 2008;
Robinson et al. 2012; Tesdal et al. 2013).

Large differences between the d15N values of subeuphotic
nitrate and diazotrophic biomass can provide a useful metric for
assessing the regional importance of N2 fixation toOMexported

to the seabed. Diazotrophic biomass typically has d15N values
ranging from �1 to �2% (Montoya 2007), whereas the mean
global isotopic signature of subeuphotic nitrate is ,5%
(Sigman et al. 1997). Our application of the isotopic mixing
model of Montoya et al. (2002) using 5 (global mean) and 6.6
(regional mean for Western Australia) as inputs for subeuphotic
nitrate (Waite et al. 2013) and �1.6 as the input for Trichodes-

mium (Raes et al. 2014) suggests that diazotrophic biomass
could contribute up to 50% of the N in sedimentary OM pools at
latitudes from 11 to 138S, coincident with the sharp decline in

d15N values inWTS, ETS and JBG sediments. Although pelagic
N2 fixation can be important further south (e.g. Raes et al. 2014),
it did not make a significant contribution to the benthic OM at

other locations in the present dataset. The apparently low
diazotrophic input into open-shelf sedimentary OM (RS,
WAM, LS, NPB, LHR and CSB) is matched by its clear lack
of transfer into mesozooplankton in these regions (Raes et al.

2014). This may imply that unicellular N2-fixing cyanobacteria
are rare or recycled within the upper layers of the water column
(as proposed by Raes et al. 2014), whereas the export flux is

dominated by rapidly sinking faecal pellets derived by meso-
zooplankton. As reviewed by Montoya (2007), faecal material
typically has d15N values similar to or slightly higher than their

food source, which is postulated to be mostly microplankton
(diatoms and dinoflagellates) across this region (Raes et al.

2014).

Relative to global values, d15N values were low in Timor Sea
datasets from the Joseph Bonaparte Gulf (ETS, JBG andWTS),
suggesting a high component of diazotrophic N. This may be
due, in part, to the widespread occurrence of Trichodesmium,

because such colonies contribute an estimated 50% to the N of
POM in the region (Drexel 2007). Furthermore: (1) a diazo-
trophic community shift from unicellular forms towards Tri-

chodesmium was noted in the Timor Sea in a dataset that had
significant coverage in western and northern Australia (Raes
et al. 2014); and (2) the d15N values of ETS, JBG and WTS

sediments are in the range of those from other tropical Austra-
lian seabeds during a Trichodesmium bloom (e.g. 2.4–3.7%;
Burford et al. 2009). Trichodesmium and faecal pellets from
grazers such asMacrosettela (O’Neil and Roman 1994; O’Neil

et al. 1996) enable fixed N to be exported to the seabed with the
OM flux.

Trichodesmium have a high metabolic requirement for Fe

(Richier et al. 2012) and are actively able to dissolve it from
oxides and dust by cell-surface processes (Rubin et al. 2011).
Iron is most likely derived from dust over most of the study

areas (Jickells et al. 2005; Mackie et al. 2008; Radke et al.

2011b). The hyperbolic relationship of d15N with Fe (Fig. 5d)
suggests a limit on N2 fixation by Trichodesmium when Fe

supply is insufficient to contribute,5000 mg kg�1 to sediment
pools. Indeed, the inflection in the d15N data towards lower
values (less than ,6%) at ,5000 mg Fe kg�1 (Fig. 5d) may
mark a predominant source change for terrestrial elements from

dust to rivers. This change is clearly evident on PCA-1, where it
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separates sediments from the Joseph Bonaparte Gulf (WTS,
ETS, JBG) from those of open-shelf regions on the basis of

higher Al and Fe concentrations and lower d15N values (Fig. 7a;
Table 7). In the WTS, currents exceed the threshold speed for
mean grain size ,50% of the time (Porter-Smith et al. 2004).

Therefore, iron-rich particles of riverine origin could be resus-
pended from the sea floor and captured by Trichodesmium

filaments in the water column, potentially giving rise to diazo-

trophic N signals and the inverse correlation between Fe (and
Al) and d15N (Fig. 5d; Table 7). However, at least in the WTS,
the potential for a terrestrial OM contribution to the low d15N
values cannot be discounted because many d13C values and

C :N ratios are consistent with a soil source for theOM (Fig. 5a).
Moreover, the d15N signatures of WTS sediments decline
gradually to ,4%, not ,0% as in Trichodesmium, over the

range of measured Fe concentrations (Fig. 5d). By comparison,
the relationship between d15N and Fe concentrations in the ETS
is sharper and tends towards lower d15N values, and may thus

reflect more of a diazotrophic N signal than a soil signal.

OM reactivity

At regional scales, the reactivity of sedimentary OM tends to

vary inversely with water depth (Arndt et al. 2013), reflecting
the amount of degradation in the water column (Niggemann
et al. 2007). Such degradability–depth relationships often break

down at global scales (Arndt et al. 2013) but in situ TOU rates
show this trend (Fig. 6a; Glud 2008). In most open shelf sedi-
ments, water column alteration affects the composition of OM

freshness parameters in the ways we expect: with increasing
water depth, CIs generally increase and the magnitudes of TRC,
SOD, TOU and TSM decrease (Fig. 6; Table 6). These changes

with water depth are captured on PCA-2 (Fig. 6b) and constitute
a major source of variation in the data (Table 7). Significant
correlations between TRC and the mineralisation rate indicators
(TOU and TSM) suggest that rates of OM degradation are often

a function of the quantity of labile pigments (Table 6). Likewise,
the significant correlations between CIs and kTSM indicate that
quality changes in bulk OM pools are often related to quality

changes in sedimentary pigments. The diversity of Lebens-
spuren was positively correlated with the CIs of the LHR and
WAM datasets (Przeslawski et al. 2012), which have notably

low levels of reactive OM. Indeed, the preservation of such an
abundant and diverse suite of clearly defined invertebrate tracks
and traces in these deep-sea sediments probably reflects low
overall levels of biological activity on the assumption that

extensive bioturbation would obliterate the distinctiveness of
the track morphologies. The expected trend of increasing C :N
ratios with water depth (Fig. 6g) was not observed due to the

incorporation of inorganic N in organic-poor deep-sea sedi-
ments (discussed previously). Similarly, SOD and nSOD did not
correlate well with PCA-2 (OM lability), suggesting that this

parameter better reflects chemical oxygen demand than OM
lability in this dataset (Fig. 6c, d).

The organic-rich sediments of the RS and NPB were a

regional hot spot for pigment lability indicators due to the
abundance of microphytobenthos on the shallow euphotic sea-
floors (Fig. 3l, m). The CSB sediments also stand out as having
elevated labile OM concentrations, as evidenced by TOU, SOD,

nSOD, TRC and kTSM that were high relative to the water depths

(Fig. 6). Because laboratory-based core incubation experiments
tend to underestimate TOU by a factor of two to three compared

with fluxes measured at the seabed (Glud 2008), in situ TOU in
these sediments may be considerably elevated relative to global
rates. The occurrence of high-quality OM in CSB sediments,

which are predominantly sandy, occurs despite low decadal
MODIS-based water columnChl-a and POC concentrations and
OC : SA ratios indicative of OM poor sediments (Fig. 4b, c).

However, water column chlorophyll profiles in the nearby Sahul
Shelf have mid-water maxima that would not be captured by
satellite observations (McKinnon et al. 2011). Hence, the
comparisons with satellite data may not be appropriate in this

region. Likewise, intermittent high productivity events caused
by physical forcing are known to occur in the region (e.g.
McKinnon et al. 2011; Rossi et al. 2013a, 2014). The Sahul

Shoals, located to the east of the CSB stations at water depths of
30–40 m, are also a potential source of highly labile OM to the
CSB sediments that is derived from benthic production. The

Shoals have been likened to virtual oases because the TOU rates
measured there are quite elevated (73–173 mmol m�2 day�1;
D. Alongi, pers. comm.). It is possible that labile materials shed
from these reefs move westward in currents that are not strong

enough to mix regenerated metabolites into the surface layer of
the ocean. These results support the view of Boudreau et al.

(2001) that sandy continental shelf sediments such as these may

support higher levels of OM remineralisation than previously
thought.

Sediments from the Joseph Bonaparte Gulf proper (JBG,

ETS and WTS) had wide ranges for most of the OM quality
parameters (Fig. 3) and a lack of relationship with water depth
(Fig. 6), which was due to several factors. First, banks and

terraces rise tens of metres above soft sediment plains and
valleys in the region, bringing parts of the sea floor into contact
with the euphotic zone (,60 m) where they can form habitats
that are suitable for microphytobenthos, which are a source of

labile OM (Radke et al. 2015). Second, there was a wide
spectrum of water column productivities (MODIS POC) across
the region (Fig. 4b, c), which, due to the shallow water columns,

input varying amounts of labile OM into seabed sediments.
Third, the sediments are highly reworked and contain abundant
sediment-bound refractory TOC in the clay fractions, which

dilutes the labile OM (Fig. 7a; Table 7). Recent studies have
shown that clays can even bind reactive OM (including chlorins;
Niggemann et al. 2007) and shield it from degradation under
anaerobic conditions (Kennedy andWagner 2011; Lalonde et al.

2012; Barber et al. 2014). The WTS TSM results are a case in
point because these rates varied inversely with Fe (Fig. 8). The
TSM rates were determined on vials that were completely filled

with sediment and capped, and thusweremore likely affected by
anoxia than TOU determined from core incubation sediments,
which did not vary with Fe.

Summary and conclusions

The sediment surveys presented herein revealed considerable
spatial heterogeneity in the concentrations of sedimentary OM
that support benthic biodiversity in Australia’s marine juris-

diction. Australian marine sediments had%TOC concentrations
that were low by global standards, reflecting seawater
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oligotrophy and the predominance of coarse grain sizes

(Fig. 2b). The OC : SA ratios were positively correlated with
MODIS-estimated POC and Chl-a, highlighting a direct con-
nection between surface area-normalised sedimentary TOC

concentrations and water column productivity. Approximately
40% of samples had OC : SA ratios that were below the typical
shelf range (,0.5 mg TOC m�2), and these were spread across
the study areas, reflecting the generally low standing stocks

of phytoplankton and the low pelagic productivity of the
Australian EEZ. Organic-rich sediments occurred where
MODIS-estimated water column POC and Chl-a concentrations

were relatively high (ETS), where light conditions and sub-
strates were suitable for benthic algal growth (ETS, RS, NPB)
and in areas underlain by paleo-intertidal sediments in which

discrete OM can be brought to the surface through the process of
pockmark formation (ETS).

The higher d15N of sedimentary OM in the south-west
samples supports the contention that fixed N is recycled within

the water column at higher western latitudes (Raes et al. 2014).
Similarly, the d15N of sedimentary OM at 11–138S indepen-
dently confirms that N2 fixation is able to produce up to 50% of

POM at these northern latitudes (Raes et al. 2014). Moreover,
the strong link to Fe concentrations is consistent with the
physiology of N2 fixation.

In open shelf and slope areas (CSB, LHR, RS, NPB, WAM),
most parameters used to describe OM freshness varied with

water depth due to the alteration of pigments during transit
through water columns. In comparison, input of fine-grained
terrestrial sediment was a major control on freshness of sedi-

mentary OM pools in some semi-enclosed Joseph Bonaparte
Gulf (WTS, ETS, JBG) samples owingmainly to dilution caused
by the admixture of these highly reworked sedimentswith bound

refractory OM. Hot spots of OM lability coincided with benthic
algal production in euphotic organic-rich RS and ETS sedi-
ments, and likely with lateral inputs of labile OM, which was
also likely derived from benthic production, in subeuphotic

organic-poor CSB sediments.
In conclusion, the collection of ‘baseline’ biogeochemical

datasets during Federal Government surveys has redressed some

major regional and global data gaps and led to the generation of
knowledge about marine processes that support benthic diversi-
ty in Australia’s marine jurisdiction. The biogeochemistry of

benthic sediments in Australia’s marine jurisdiction is broadly
coupled to water column productivity and food chains. These
new data provide opportunities to improve deterministic models
of biogeochemical cycling and statistical models of benthic

biodiversity.

Supplementary material

A full list of data publications from the surveys (Table 1) with
links to the individual datasets is provided in the Supplementary

material. Fig. S1 is a plot showing %TOC v. (a) MODIS POC
and (b) Chl-a. The Supplementary material is available from the
journal online.
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