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Abstract  13 

Oozes are the most widespread deep-sea sediment in the global ocean, but very little is 14 

known about how changes in their physical properties impact slope stability and related 15 

geohazards. Characterisation of the conditions that prime ooze rich slides has been 16 

hindered, as physical properties of sediments are modified by the effects of mass wasting. 17 

We here use 3D seismic reflection, geochemical, and petrophysical data acquired both 18 

within and adjacent to 13 large (up to c. 6330 km2 in area) submarine slides on the Exmouth 19 

Plateau, NW Shelf, Australia, to investigate how the pre-slide physical properties of oozes 20 

control slope failure and slide emplacement. Our integrated dataset allows us to detect 21 

potential slide surfaces within ooze successions; a crucial advance for improved submarine 22 

geohazard assessment. Moreover, we demonstrate that the interplay of tectonics, ocean 23 

current activity, and silica diagenesis can prime multiple slides on very low gradient slopes in 24 

tropical, oceanic basins. We argue that the diagenesis of silica-rich sediments must be 25 

accounted for in future submarine slope stability assessments. 26 
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Introduction 28 

Submarine landslides (slides) can trigger tsunami and threaten coastal communities, and 29 

damage economically critically seabed infrastructure (e.g., Carter et al., 2012; Clare et al., 30 

2014; Talling et al., 2014). It is now recognized that priming substrates to fail by post-31 

depositional processes is a crucial control on their development and evolution, and that 32 



instantaneous triggers, such as earthquakes, are not prerequisites for slide initiation 33 

(Masson et al., 2010; Talling et al., 2014; Urlaub et al., 2018). Such preconditioning appears 34 

to be particularly significant for calcareous oozes, with the biogenic constituents dominating 35 

such oozes having distinct geotechnical properties and failure behaviour, being highly 36 

compressible, water-rich, and prone to brittle inter-particle cementation. This potentially 37 

explains why large slides occur on unusually low-angle slopes (<2o) in areas of low sediment 38 

accumulation (<0.15 m/kyr) (e.g. Gatter et al., 2021; Urlaub et al., 2018). Despite their 39 

apparent significance, the pre-failure physical properties of ooze-rich slopes that ultimately 40 

fail remain poorly constrained (Urlaub et al., 2018), given: (i) difficulties in directly sampling 41 

and geophysically imaging the base of thick (100s m) slides; and (ii) slope failure modifies 42 

the slope’s pre-failure physical properties. 43 

Identifying potential failure or shear surfaces within sedimentary sequences is crucial for 44 

forecasting future events and modelling landslide motion (Locat et al., 2014). Previous 45 

studies have mostly focused on individual slides, specifically diatomaceous, rather than 46 

calcareous-ooze. Typically sampling has been from landslide debris; hence, any 47 

geotechnically-weak layers are unlikely to be preserved (Gatter et al., 2021; Locat et al., 48 

2014; Urlaub et al., 2018). Therefore, the pre-emplacement physical properties of sediments 49 

at basal shear surfaces remain poorly understood, given they are likely strongly modified as 50 

the slide evolves (Masson et al., 2010). An understanding of the processes and timescales 51 

for priming calcareous ooze-rich slides is crucial to improve geohazard assessments, 52 

particularly given calcareous oozes are the most widespread deep-sea lithology (>50%; see 53 

Dutkiewicz et al., 2020). 54 

We here integrate six time-migrated 3D seismic reflection datasets (16,189 km2; see 55 

Appendix S1 for details), a regional network of 2D seismic reflection profiles, and lithological, 56 

petrophysical, and geochemical data from Ocean Drilling Program (ODP) site 762 on the 57 

Exmouth Plateau, NW Shelf, Australia (Figure 1A) to answer the following questions: i) what 58 

are the physical properties of calcareous ooze, and can they explain the stratigraphic 59 

occurrence of the basal shear surfaces of large slides? ii) to what extent does silica 60 

diagenesis modify subsurface physical properties, and prime substrate for sliding?, and iii) 61 

how important are regional tectonic and oceanographic controls in the preconditioning of 62 

calcareous-ooze slides?  63 



Setting and Methods 64 

Seismic reflection data image 13 slides that cumulatively cover c. 6330 km2 within the Upper 65 

Miocene and Recent interval of the Exmouth Plateau (Horizon H2 to the seabed; Figure 1B), 66 

which is equivalent to Seismic Unit 3 of Nugraha et al. (2018). ODP 762 and industrial 67 

boreholes indicate this interval comprises calcareous oozes (Nugraha et al., 2018). ODP 762 68 

is unaffected by sliding, but intersects an interval stratigraphically-equivalent to that hosting 69 

the slides, hence we are able to characterize the pre-failure stratigraphy (Figure 2A, 2B). We 70 

mapped three, age-constrained (see below) seismic horizons that define distinct changes in 71 

seismic facies and thus bound two seismic units (SU1-2): (i) H1 – intra-Upper Eocene; (ii) H2 72 

– the Late Miocene Unconformity (Haq et al., 1990; Nugraha et al., 2018); and (iii) H3 – an 73 

undated horizon that defines the top surface of the largest slide (Slide-1; 2,800 km2), which 74 

merges with H2 near the Exmouth Plateau Arch (Figure 1C). Variance attributes (see 75 

Appendix S2 for explanation) were generated to determine the extent and geometry of 76 

these seismic facies and inferred depositional bodies. Seismic reflection data were tied to 77 

petrophysical, lithological, and geochemical data from ODP 762, allowing us corelate seismic 78 

character and sediment properties (Haq et al., 1992; Scarselli et al., 2013). Velocity data 79 

from ODP 762 provide a proxy record of sediment overpressure (see method outlined by 80 

Dugan and Sheahan, 2012), whereas water content is used as a proxy for the sediment 81 

shear strength and compressibility (Urlaub et al., 2018).  82 

Results 83 

Horizon H1: Opal A-CT Conversion Boundary 84 

Horizon H1 defines the base of SU1 (Figure 1C). It is offset by numerous, low-throw (<20 ms 85 

TWT) polygonal faults that terminate at, or just below, H2 (Figure 1B, 2C). Well-log data 86 

reveal a distinct change in petrophysical properties downwards across H1, defined by a 87 

sharp increase in bulk density (from 1.80 g/cm3 to 2.17 g/cm3) and velocity (from 1.62 km/s 88 

to 1.86 km/s), and a decrease in porosity (from 58.0% to 42.5%) and water content (from 89 

30.0% to 20.7%) (Figure 1B). This dramatic downward change in physical properties is 90 

expressed in the seismic reflection data by a discrete, c. 40 ms TWT-thick package of high-91 

amplitude reflections, broadly defined at its top by a positive polarity event (i.e., a 92 

downward increase in acoustic impedance; Figure 1B, 2C). X-ray diffraction measurements 93 



(XRD) from ODP 762 also show that sediments above H1 have high concentrations of opal A, 94 

whereas below H1, the sediment has high concentrations of opal CT (Figure 1B). H1 95 

therefore corresponds to the opal A-CT conversion boundary (Haq et al., 1990; Nähr et al., 96 

1998).   97 

SU-1 - Lower Eocene to Upper Miocene chalk affected by silica diagenesis 98 

The basal part of SU-1 is enriched in clinoptilolite (Figure 1B), one of the most common 99 

authigenic silicate minerals in pelagic sediments (Nähr et al., 1998). SU1 transitions upwards 100 

from competent, hard chalk (Lower Eocene-Upper Eocene) to calcareous ooze (Upper 101 

Eocene-Middle Miocene) (Figure 1B), and it is deformed by the polygonal fault system 102 

offsetting H1 (Figure 1B, 2C). Data from ODP 762 show that the dissolved SiO2 content 103 

increases over a 50 m-thick interval near the top of SU-1 (Figure 1B). The dominant 104 

diagenetic process associated with SU-1 is therefore interpreted to be silica diagenesis, with 105 

the locally abundant clinoptilolite interpreted to be caused by the conversion of opal A to CT 106 

(Volpi et al., 2003). 107 

Horizon H2 – Late Miocene Unconformity and regional failure plane for slides  108 

H2 defines the base of SU2 (Figure 2C and Appendix S3 for Slides 2-13). The bases of all 13 109 

slides identified in this unit are on, or only 15-30 m above, H2. Well-log data from ODP 762 110 

indicate H2 corresponds to a major, biostratigraphically-defined unconformity, separating 111 

Late Eocene and Late Miocene deposits (Haq et al., 1990; Nugraha et al., 2018). H2 defines a 112 

sharp upward increase in terrigenous particles (e.g. quartz, feldspar, and clay), and 113 

nearshore coccolithophores (e.g. Braarudosphaera Bigelow), the latter being extremely 114 

unusual for deep-marine basinal sediments, and providing possible evidence for an abrupt 115 

change in the paleo-ocean current regime associated with Australia-Eurasia collision during 116 

the Late Miocene (Haq et al., 1990).  117 

Well-log data from ODP 762 also reveal a distinct change in petrophysical parameters across 118 

H2, with bulk density increasing downward from 1.60 g/cm3 to 1.85 g/cm3, and porosity 119 

decreasing downward from 80% to 58.5% (Figure 1B). The extremely low density and 120 

velocity response below H2 indicates that abnormally high overpressure may have been 121 

trapped below this horizon (Figure 1B; Dugan and Sheahan, 2012; Tingay et al., 2009). 122 

Conversely, the locally low porosity response at the same level may indicate H2 is over-123 



compacted, with an extremely low permeability compared to the underlying sediment 124 

(Figure 1B). It is these sharp changes in petrophysical properties that result in H2 being 125 

expressed by a high-amplitude, negative polarity seismic reflection (Figure 1B). Another 126 

petrophysically-distinct layer, Hs (c.10 m thick), immediately above H2 (Figure 1B), is 127 

characterized by an upward decrease in Vp from 1.7 km/s and 1.52 km/s, and an increase in 128 

water content from 30% to 48.5% (Figure 1B). The extremely low velocity response at the 129 

level of Hs indicates possible underpressure at this horizon, whereas the high-water content 130 

response indicates Hs has higher compressibility and lower shear strength.  131 

Seismic Unit 2: Slide-prone calcareous ooze interval affected by polygonal faulting and 132 

dewatering 133 

SU2 contains pure calcareous ooze (Late Miocene-present) (Figure 1B) and is dominated by 134 

chaotic seismic facies of highly variable amplitude. The exception to this being near ODP 762, 135 

where continuous, low-amplitude reflections occur (Figure 1C). We interpret that the 136 

chaotic and continuous seismic facies represent slide (e.g., Bull et al., 2009) and background 137 

slope deposits, respectively. We now focus on Slide-1, the largest and best-imaged slide, to 138 

investigate the role of substrate preconditioning and triggering of the slides on the Exmouth 139 

Plateau (Figure 2A, 2B). 140 

Below Slide-1, H1 is crosscut by numerous polygonal faults that tip-out upward at or near its 141 

basal shear surface (i.e., H2; Figure 3A, 3B). H3 defines the top of Slide-1 and is a high-142 

amplitude, negative polarity reflection (Figure 3A). Directly beneath H2 are numerous high-143 

amplitude, wavy reflections that are developed close to the upper termination of the faults 144 

(Figure 3A). In planform, these reflections define sub-circular (<100 m in diameter) to 145 

elliptical (100-500 m long-axis length) depressions (Figure 3C), interpreted as sediment 146 

accumulation (e.g. Paganoni et al., 2019). The high-amplitude wavy reflections resemble 147 

zones of sediment accumulation due to fluid expulsion or gas migration as observed 148 

elsewhere on the Exmouth Plateau (Foschi and Cartwright, 2020; Paganoni et al., 2019). The 149 

spatial relationships between the sediment accumulation and the upper tips of polygonal 150 

faults suggest the fluids driving the formation of the former migrated along the latter.  151 

Discussion and Conclusion 152 

Controls on the formation of a regional failure surface and slide emplacement 153 



Compared with H2, the c. 10 m-thick Hs is characterized by relatively high-water content 154 

(and hence low shear strength and high compressibility) and a low acoustic velocity, both 155 

indicative of overpressure (Figure 4B). The geotechnical contrast between impermeable 156 

strata underlying the regional H2 unconformity and the overlying water-saturated, over-157 

pressured ooze of SU2, created a weak layer, providing ideal conditions for slope failure, 158 

even on very low angle slopes. We propose this explains why all thirteen slides share a 159 

stratigraphically-equivalent failure surface, with Hs ultimately being locally entrained by the 160 

slides.  161 

A similar diagnosis was made in the shallower water Finneidfjord, Norway where multiple, 162 

asynchronous fjord-flank slides share a regional failure plane, above which a low density, 163 

over-pressured layer was deposited (L’Heureux et al., 2012). While the source of the weak 164 

layer was terrestrially-derived mud and not deep water calcareous ooze, the similarity of a 165 

highly compressible fluid-charged mud overlying an impermeable basal layer is striking. 166 

Overpressure in Finneidfjord is related to the infiltration of meteoric groundwater. However, 167 

such terrestrially-linked charging is not possible in the deep water setting of the Exmouth 168 

Plateau, thus we discuss alternative mechanisms for overpressure development and 169 

subsequent slope failure.  170 

Silica diagenesis as a primer for slope instability and failure, and slide emplacement 171 

We suggest that the most likely source for overpressure relates to the generation and 172 

release of fluids during silica diagenesis, which is a well-known dehydration reaction (e.g., 173 

Davies et al., 2009; Volpi et al., 2003). The pronounced downward decrease in porosity and 174 

water content below H1 suggests a large amount of fluid was expelled from the opal A-CT 175 

conversion zone (Figure 4a, 4c; Davies and Clark, 2006). This fluid migrated upward, likely 176 

along polygonal faults (e.g. Davies et al., 2009; Gay et al., 2006; Lüdmann et al., 2022) and 177 

became trapped beneath the lower permeability Horizon H2, creating stratigraphically-178 

controlled overpressure and lowering the sediment shear strength (Figure 4B, C, D). 179 

Whether such fluid migration is steady and continuous, or intermittent, perhaps triggered 180 

by transient periods of seismicity, remains unclear (e.g. Embriaco et al., 2014). It is plausible 181 

that enhanced seismicity, as a result of the Australian and Eurasian plates colliding during 182 

the Early Miocene, could triggered fluid flow and maybe even slope failure (Nugraha et al., 183 

2018). Regardless, our findings support previous proposals of silica diagenesis priming 184 



relatively local submarine slope instability and the emplacement of small, single slide (c. 110 185 

km2 in area; Davies and Clark, 2006; Volpi et al., 2003). Our study is the first to identify this 186 

control in a tropical setting, and to show it can create a regional failure plane for multiple, 187 

large volume submarine landslides.  188 

Role of tectonics and paleo-oceanography in priming and dictating the location of slope 189 

failure  190 

During the Late Miocene, a global sea-level fall and the collision of the Australia and Eurasia 191 

Plates caused the Indonesian ocean gateway to narrow offshore north Australia (Nugraha et 192 

al., 2018). This caused an increase in the inflow of warm south Pacific waters, thus 193 

increasing the strength of the southward flowing Leeuwin Current and suppressing the deep 194 

northward-flowing Western Australia Current (Rai and Singh, 2001). These tectonically-195 

driven variations in ocean circulation fundamentally controlled the benthic and planktonic 196 

foraminiferal assemblages (Srinivasan, 1985), and hence the abrupt contrast in lithology and 197 

physical properties at H2 that subsequently primed submarine landslide failure depth and 198 

location. The interplay of multiple physical processes on slide preconditioning can thus be 199 

felt thousands, or even millions, of years after their activity has ceased (Gatter et al., 2020), 200 

thus cautioning against the simplistic linkage of sliding to an external trigger. We suggest 201 

that such a temporally-buffered connection likely exists for many other settings, where 202 

diverse tectonic, sedimentological and/or oceanographic process interactions create 203 

stratigraphically-constrained fluid sources, pathways, and permeability barriers (Gatter et al., 204 

2021; Gatter et al., 2020; L’Heureux et al., 2012). 205 

Figure Caption  206 

Figure 1. (A) Location of the study area. The red polygons and grey lines represent the 3D 207 

and 2D seismic reflection data, respectively. Ocean current pathways are modified by 208 

Nugraha et al. (2018). (B) Log-seismic integration at ODP 762. The lithology and age 209 

correlation is interpreted from the ODP 762 scientific report (Haq et al., 1990). Direct 210 

seismic to well ties between Bonaventure 3D and ODP 762 has been undertaken by Scarselli 211 

et al. (2013). (C) Regional composite seismic section across the study area showing the main 212 

tectonic elements and seismic units.  213 



Figure 2. (A) The seabed time structure map shows the location of the thirteen slides that 214 

have shaped the seabed of the study area. (B) Sketch of Figure 2A. (C) Seismic section across 215 

Slide-1 shows the key seismic horizons and seismic units.    216 

Figure 3. (A) Zoomed-in seismic section of Slide-1. (B) Variance time slice calculated c. 130 ms 217 

below Slide-1, revealing polygonal fault systems. (C) Variance time slice calculated c. 40 ms 218 

below Slide-1, showing pipe-like and crater-like structures. See the time slice location in 219 

Figure 3A. See the location of Figure 3 in Figure 2B.  220 

Figure 4. Schematic diagram showing the development of the slides. (A) Deposition of the 221 

siliceous chalk stage. (B) Vp and water content curves at the ODP 762 reveal the potential 222 

sliding surface (Hs). (C) Deposition of the calcareous oozes and opal A-CT (H1) conversion 223 

stage. (D) Deposition of the regionally distributed slides stage.   224 
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