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Key Points 6 

 Thermal modelling suggests diagenetic dehydration transformations are complete 7 

within the basal sediments prior to subduction/accretion 8 

 The dehydration fluid source from basal sediments is theoretically large enough to 9 

generate a pre-décollement reflection polarity reversal 10 

 Décollement depth at the deformation front may be driven by the interplay between 11 

lithology, hydrology, and temperature driven sediment dehydration and cementation 12 

 13 

Abstract 14 

Shallow slip on the plate-boundary fault during the 2004 Mw 9.2 Aceh-Andaman 15 

Earthquake, offshore North Sumatra, has been linked to thick incoming sediments on the 16 

oceanic plate with advanced diagenetic and sediment property changes at the depths of plate 17 

boundary fault development. We couple age control, physical and thermal property 18 

measurements from International Ocean Discovery Program (IODP) drilling with 19 

multichannel seismic reflection data to reconstruct the thermal structure and evolution of the 20 

incoming sediment column, up to the point of accretion/subduction. Lithospheric thermal 21 

rejuvenation around 58 Ma is required to explain anomalously high heat flux at IODP Site 22 

U1480, and heat flux within the trench is suppressed by very high sediment accumulation 23 

rates during development of a thick trench wedge. Accumulation of up to ~4.5 km of thick 24 

Nicobar Fan and trench wedge sediments produces temperatures >150 °C within the basal 25 

sediments where the décollement develops, resulting in total pre-subduction diagenetic 26 

dehydration of basal sediments. The smectite-illite transformation within these basal 27 

sediments produces sufficient fluid to explain a polarity reversal on a pre-décollement 28 

reflector. We suggest that the boundary between basal-pelagic and siliclastic-fan sediments 29 

has trapped fluid over the last ~1 Myr, as a result of primary lithological properties, 30 



diagenetic fluid release and cementation, controlling décollement formation at this weakened 31 

level. Pre-subduction dehydration of large portions of the accreted sediment column 32 

strengthens the décollement beneath the prism, extending co-seismic velocity-weakening 33 

behaviour close to the trench, which may occur at other subduction zones with similar 34 

sediment compositions, thicknesses and/or temperatures. 35 

Plain Language Summary 36 

In 2004, the plate boundary at the Sumatra subduction zone was ruptured by a very large 37 

earthquake. During the earthquake, plate-boundary-fault slip extended unusually far out into 38 

the Indian Ocean, causing seafloor uplift in deep water that contributed to the damage caused 39 

by the tsunami. Sediments on the incoming plate reach up to 5 km in thickness near the 40 

earthquake epicenter. We use data from International Ocean Discovery Program drilling of 41 

these sediments and seismic reflection data to show that the deepest sediments are heated to 42 

temperatures of >150℃. This drives chemical transformations within minerals that make up 43 

the sediments: Minerals lose chemically bound water as they are heated and transformed. 44 

This water travels upwards, and is trapped if it meets an impermeable barrier. Observations 45 

from seismic data provide an estimate of where and how much water is trapped. Our 46 

modelling shows that sufficient water is produced within the last 1 Myr, and that over longer 47 

time periods the water has escaped. The interplay between an impermeable barrier and the 48 

expulsion of fluids from the sediments affects the level at which the plate boundary forms, 49 

and has implications for its behavior during an earthquake. 50 

1 Introduction 51 

Understanding the earthquake potential of subduction zones is critical for assessing their seismic and 52 

tsunamigenic hazard and risk. Megathrust earthquakes at subduction zones rupture the plate boundary 53 

fault, or décollement, and nucleate within the seismogenic zone that is often regarded as pressure-54 

temperature controlled (e.g. Hyndman et al., 1997). In accretionary subduction zones (where the 55 

largest earthquakes tend to be generated), the seismogenic zone has been traditionally thought to 56 

occur beneath the forearc basin (e.g. Byrne et al., 1988; Wang and Hu, 2006; Wells, 2003), however 57 

recent earthquakes such as Sumatra-Andaman 2004 and Tohoku-oki 2011 indicate much shallower 58 

ruptures extending beneath part or all of the accretionary wedge/outer forearc towards the trench 59 

(Simons et al., 2011). 60 

The frictional stability of the décollement at a subduction zone depends on dynamic geologic factors 61 

such as fluid pressure (e.g. Spinelli and Saffer, 2004; Ranero et al., 2008; Ellis et al., 2015), 62 

consolidation state of the surrounding material, and the mineralogy of fault zone materials (Fagereng 63 



and Toy, 2011). Scholz (1998) defined a frictional stability parameter from a rate- and state-variable 64 

friction law that depends on material properties and effective normal stress. The friction law is 65 

derived from experimental laboratory studies of artificial faults in largely homogeneous materials 66 

(e.g. Lockner and Byerlee, 1986; Dieterich, 1972; Rabinowicz, 1958). Seismogenesis is limited to the 67 

décollement that exhibits velocity-weakening behaviour (a negative frictional stability parameter 𝜁) 68 

(Scholz, 1998, 2019). The limits (up- and down-dip) to seismic behaviour are the transitions from 69 

velocity-weakening (seismic slip) to velocity-strengthening (stable-sliding). Determining real 70 

frictional properties for the material of and around the décollement at depth in the dynamic 71 

environment of a subduction zone remains extremely difficult since the seismogenic décollement is 72 

typically 5-40 km below seafloor.  73 

Various studies have attempted to estimate the width and position of the seismogenic zone at 74 

subduction zones, where earthquakes can initiate, often by modelling the thermal regime and 75 

comparing the results to observed seismicity/earthquake rupture zones where available, with similar 76 

methods used for forecasting where no historic ruptures have occurred (e.g. Hyndman and Wang, 77 

1993 (Cascadia); Hyndman et al., 1995 (Nankai); Hippchen and Hyndman, 2008 and Klingelhoefer et 78 

al., 2010 (Sumatra); Smith et al., 2013 (Makran); Gutscher et al., 2016 (Ryukyu)). Seismic imaging 79 

techniques are used to define the geometry of the subducting slab and sediment thickness (at the 80 

deformation front), and parameters such as convergence rate and plate age, are employed to match the 81 

results to seafloor heat flux measurements. Seafloor heat flux values are estimated by shallow heat 82 

probe measurements, borehole measurements and/or derived from bottom-simulating-reflectors of gas 83 

hydrates. The seismogenic zone is proposed to lie between the 150 and 350 °C isotherms (Hyndman 84 

et al., 1997), where 350 °C is the downdip limit at the onset of the brittle-ductile transition (Scholz, 85 

2019).  86 

A key driver to link seismogenesis and thermal state is that thermally-controlled diagenetic and low-87 

grade metamorphic reactions occurring during burial change the frictional properties of sediments 88 

(e.g. Vrolijk, 1990). Potential reactions include the smectite to illite transition (e.g. Saffer et al., 89 

2008); the opal to quartz transition (Spinelli and Underwood, 2004); carbonate and zeolite 90 

cementation; and hydrocarbon maturation (Moore and Saffer, 2001). These processes consolidate 91 

sediments, release fluids and alter sediment frictional properties; they are estimated from laboratory 92 

studies to take place over intervals between ~50 and 175 °C (e.g. Ernst, 1990; Mizutani, 1970; Pytte 93 

and Reynolds, 1989). In most subduction zones, such temperatures are reached some distance 94 

landward of the deformation front, below the forearc. Total completion of these reactions may release 95 

volumes of fluid up to 29 % of the original mineral volume for opal and 40 % for smectite (Hüpers et 96 

al., 2017).  97 



The temperature of the décollement sediments (or the sediment-basement interface; sometimes the 98 

position of the décollement) depends on sediment burial history. Where the sediment column is 99 

sufficiently thick on the incoming plate, basal sediments have been proposed to reach the 100 

temperatures of these diagenetic and low-grade-metamorphic reactions, before sediments enter the 101 

subduction zone (e.g. Spinelli and Underwood, 2004; Ike et al., 2008; Smith et al., 2013; Hüpers et 102 

al., 2017). This has led to the hypothesis that thick input sediments can bring the change from 103 

velocity-strengthening (stable-sliding) to velocity-weakening (seismic slip) (the updip limit of 104 

seismogenesis) further updip, by drawing the onset of mineral transformations and associated 105 

cementation seaward and increasing the potential seismogenic width and thus earthquake magnitude 106 

(e.g. Moore and Saffer, 2001; Saffer et al., 2008; Dean et al., 2010; Smith et al., 2012). Such a 107 

“shallow” rupture also increases the size of a potential tsunami as rupture extends into deeper water 108 

above the outer forearc. 109 

1.1 Tectonic Setting 110 

The Sunda subduction zone extends from Bali to the Andaman Islands, and forms by normal to 111 

oblique subduction of the Indo-Australian plate beneath the Sunda plate. In the north (offshore North 112 

Sumatra and the Nicobar Islands), the incoming plate sedimentary section reaches thicknesses > 5 km 113 

at the trench, thicker than most other accretionary margins, due to the presence of the Bengal-Nicobar 114 

Fan system. The succession was sampled on the oceanic plate, ~230 km seaward of the North 115 

Sumatra subduction zone by International Ocean Discovery Program (IODP) Expedition 362 116 

(McNeill et al., 2017) (Figs. 1 and 2). It is composed of thick Nicobar Fan deposits that range from 117 

clay to fine-grained sand, overlying a basal layer of pelagic and tuffaceous sediments. The sediments 118 

are mostly poorly consolidated and unlithified, except for the deepest intervals. IODP drilling also 119 

encountered intrusive and extrusive igneous intervals within the deepest units overlying oceanic 120 

basement at Site U1480; these units are ~10 Myr younger than the 68-Myr-old oceanic basement (Fig. 121 

3; Backman et al., 2019) and are probably associated with volcanic activity on the flanks of the Ninety 122 

East Ridge (NER). This has important implications for the thermal evolution of the sedimentary 123 

succession, which we explore in this paper. 124 

The 2004 Mw 9.2 Aceh-Andaman earthquake ruptured ~1600 km of the northern segment of the 125 

Sunda subduction zone. Coseismic slip during the earthquake reached far seaward beneath the 126 

accretionary wedge, and potentially to the trench (Bletery et al., 2016), and the extensive rupture and 127 

large coseismic slip resulted in a tsunami that claimed over 250 000 lives (Lay et al., 2005). Towards 128 

the southern end of the rupture zone, Dean et al. (2010) identified a high-amplitude, negative polarity 129 

(HANP) seismic reflector at depth within the incoming plate sediments, which is interpreted to 130 

develop into the plate boundary fault. We hereafter refer to the HANP as polarity reversal on reflector 131 

R11 (Fig. 2). Dean et al. (2010), Geersen et al. (2013) and Gulick et al. (2011) have argued that this 132 



seismic character indicates diagenetic fluid generation at depths of 2-3 km, occurring in the thick 133 

input sediments before subduction. The along-subduction zone extent of this reflector broadly 134 

corresponds to a region of unusual prism structure and morphology, interpreted to also result from 135 

unusual material and basal properties (e.g., McNeill and Henstock, 2014). Beneath the accretionary 136 

prism, the reflector becomes less reflective, suggesting fluids have been released along prism faults 137 

(Dean et al., 2010). 138 

IODP Expedition 362 identified reflector R11 as the downward transition from predominantly fan to 139 

pelagic sediments, and found geochemical evidence for recent release of fresh water at depth in the 140 

boreholes, interpreted as diagenetic fluid release having already started even >200 km from the 141 

subduction zone (Hüpers et al., 2017; McNeill et al., 2017). Hüpers et al. (2017) used thermal 142 

hydrogeologic modelling to show that these fluids were likely produced through dehydration of 143 

amorphous silica, where this reaction would be complete before the basal sediments reach the trench. 144 

They also predict that the smectite to illite clay dehydration reaction would be almost entirely 145 

complete before the basal sediments entered the subduction zone. This differs from other accretionary 146 

margins, e.g. Nankai and the Lesser Antilles/Barbados, where hydrogeologic models show that 147 

smectite dehydration at the level of the décollement begins and ceases below the forearc (Moore and 148 

Saffer, 2001; Saffer and Tobin, 2011). 149 

In this study, we build on the work of Hüpers et al. (2017) by investigating the thermal structure and 150 

evolution of the entire sediment section on the North Sumatra incoming plate between the NER and 151 

the subduction zone deformation front. We combine multichannel seismic (MCS) data with ground-152 

truthed material properties data from IODP sites in the input section of the subduction zone (Fig. 1) 153 

and use a time-varying thermal model (Hutnak and Fisher, 2007) to determine temperature on the 154 

seismic profiles through time offshore the rupture area of the 2004 earthquake, testing a range of 155 

parameters to examine uncertainties. Using this thermal history model we map the progression of 156 

diagenetic dehydration reactions through the sediment column during its deposition, and estimate the 157 

amount of fluid liberated from the basal sediments that underlie reflector R11. We subsequently test 158 

the likelihood of the unusually thick sedimentary section generating a shallow seismogenic updip 159 

limit and increased earthquake rupture area. 160 

2 Methods 161 

2.1 Datasets 162 

We use MCS data from the northern Wharton Basin (Fig. 1, Geersen et al., 2013; McNeill et al., 163 

2017) and core and log data from IODP Expedition 362 boreholes (Fig. 1, Dugan et al., 2017; 164 

McNeill et al., 2017). The seismic data are from Gaedicke (2007; cruise SO186-2 of the SEACAUSE 165 

campaign on FS Sonne, with data jointly owned by German and Indonesian institutions) and porosity, 166 



biostratigraphic and gamma ray data are from IODP Expedition 362 Sites U1480 and U1481. We also 167 

incorporate regional seafloor heat flux data, derived from the World Heat Flow Data Collection 168 

(Jessop, 2012). 169 

2.2 Sedimentary parameters 170 

Borehole sediment properties were correlated onto and along the seismic profiles, i.e. stratigraphic 171 

age and boundaries, lithology, velocity, porosity, natural gamma ray/radiogenic element composition, 172 

thermal properties and direct comparison of seismic with core and log properties. 173 

The subparallel, laterally-continuous seismic reflectors can be confidently traced along most of each 174 

seismic section (Fig 2). We interpret 14, roughly evenly-spaced reflectors R1-R14, in accordance with 175 

the interpretation of Pickering et al. (2020), and correlate these from the drill sites to the subduction 176 

zone deformation front and between the two profiles (using a third crossing seismic profile, not 177 

presented here). Reflector R11 is the horizon that develops into the HANP pre-décollement reflector 178 

of Dean et al. (2010). We interpolate the depth-converted positions of these reflectors at Site U1480 179 

(see below for velocity information) and apply ages from the borehole stratigraphy to provide 180 

chronology for the seismic stratigraphy, assuming that the reflectors are isochronous along the profile. 181 

Reflector R2 onlaps onto reflector R3 within the trench wedge, and is therefore not intercepted at the 182 

IODP drill sites further seaward,  we estimate an age for this reflector of ca. 1.0 Ma based on the 183 

average sediment accumulation rate through the trench and our depth-conversion of the reflectors. 184 

Reflector R13 is not resolvable in the seismic data at Site U1480, so is also excluded because its age 185 

cannot be reliably defined. 186 

Three major units A, B and C are interpreted (note these differ from the lithostratigraphic units of 187 

IODP Expedition 362). Unit A (Figs. 2 and 3), the wedge filling the subduction trench (the trench 188 

wedge), is ~2500 m thick at the deformation front, but only 140 m thick at Site U1480. It is composed 189 

of calcareous clays, fine grained sand, silty sand and clay, minor calcareous ooze and ash at the 190 

borehole location but these lithologies may differ in the trench, and it is bound by the seafloor (R1) 191 

and reflector R4. At the location of U1480 our Unit A corresponds to all of IODP Expedition 362 192 

lithostratigraphic Unit I and uppermost Subunit IIA. Unit B consists of Nicobar Fan thin- to medium-193 

bedded predominantly siliciclastic silts, clays, and fine-grained sands, bound by reflectors R4 and 194 

R11, which is ~1100 m thick at Site U1480 (our unit B corresponds to most of IODP 362 Subunit IIA, 195 

and all of subunits IIB and IIC) and ~1800 m thick at the deformation front. Unit C is the deepest, 196 

between reflector R11 and the top of oceanic basement (R14); at Site U1480 this is an ~150 m thick 197 

interval that consists of mostly pelagic claystones, minor chalk and tuffaceous material, includes 198 

semi-lithified and lithified materials and has a relative lack of terrigenous siliciclastic sediments (our 199 

Unit C corresponds to IODP 362 Units III-V in McNeill et al., 2017). The sediments of Unit C slowly 200 

accumulated over a period of ~50 Myr, whereas the overlying 1250 m of Units A and B (at Site 201 



U1480) accumulated rapidly over ~9 Myr (McNeill et al., 2017; Backman et al., 2019). The total 202 

sediment thickness changes from ~1400 m at Site U1480 to a maximum of ~5100 m at the 203 

deformation front on seismic profile 1 (Fig. 3), primarily due to thickening of Unit A. Shallow 204 

sediment accumulation rates therefore increase dramatically within Unit A as the plate approaches the 205 

subduction zone. 206 

2.3 Regional heat flow 207 

The oceanic crust on the profiles formed at ~70-60 Ma (Figure 1; Jacob et al., 2014). Inset C in Figure 208 

1 shows predicted surface heat flow based on the Stein and Stein (1992) oceanic plate cooling model, 209 

and available seafloor heat flux probe measurements from Jessop (2012) plotted against the age of the 210 

oceanic crust at their location (Müller et al., 2008), including from temperature measurements made in 211 

the IODP Expedition 362 boreholes (McNeill et al., 2017). There is significant scatter in the data, 212 

although there is some clustering around the predicted heat flux values. Plate cooling models (e.g., 213 

Stein and Stein, 1992) assume that all heat transfer is conductive, and do not account for heat transfer 214 

via convective water circulation. Seafloor probe heat flux measurements are also subject to factors 215 

that may bias measurements e.g. the tilt of the instrument as it enters the sediment and near surface 216 

effects such as local fluid flow at faults (Stein and Abbott, 1991). This is particularly important where 217 

oceanic basement rocks are exposed, or sediment cover is thin, and convection is strong (Stein and 218 

Abbott, 1991; Hutnak and Fisher, 2007), e.g. at the NER and may account for anomalously high heat 219 

flow values there (Fig. 1). Near Site U1480, the surface heat flux probe measurement from Jessop 220 

(2012) is 96.3 mWm-2. In contrast, advanced piston corer temperature tool (APCT-3) formation 221 

temperature measurements in Hole U1480E to a depth of ~200 mbsf (metres below seafloor) generate 222 

an estimated surface heat flux of 72.6 ± 5.1 and 75.0 ± 6.6 mWm-2, using a Bullard plot, and the 223 

temperature gradient and thermal conductivity, respectively with errors given at the 95% confidence 224 

interval. There are numerous faults within the sedimentary column in the Expedition 362 borehole 225 

area (e.g., Geersen et al., 2015; Stevens et al., 2020) that could generate anomalous heat flow values, 226 

but Site U1480 is >500 m away from the nearest seismically resolvable fault. We therefore argue that 227 

the heat flux estimates generated from the borehole APCT-3 measurements are more reliable than the 228 

seafloor measurements. We test our thermal models at Site U1480 against these different estimates, 229 

however in the absence of a series of drilling-controlled heat flux measurements towards the 230 

deformation front, we also compare our model results with the seafloor probe measurements from 231 

Jessop (2012). 232 

2.4 Thermal modelling and input parameters: Time-Depth Conversion, Thermal 233 

Rejuvenation and Radiogenic Heat Production 234 

Thermal models of the sedimentary section were constructed using the SlugSed one-dimensional fluid 235 

and heat transport modelling software coded in MATLAB (Hutnak and Fisher, 2007). This model 236 



uses accumulation rates of sediment layers, where the sediment-basement interface subsides and 237 

creates accommodation space in which sediment accumulates and compacts by a user-specified 238 

porosity-depth function. We define the sedimentary layers between the seafloor (reflector R1) and 239 

reflector R14 (excluding reflectors R2 and R13, see above), and use a porosity-depth function derived 240 

from the measurements made at Site U1480. We construct one-dimensional models at broadly evenly-241 

spaced localities along each seismic profile (approximately 1000 common depth points (CDPs) apart, 242 

where CDP spacing is 6.25 m). At each model locality, we depth-convert interpreted horizons to 243 

return sedimentary layer thicknesses in metres. Depth conversion was performed on horizon picks (as 244 

opposed to applied to the entire MCS data – we only required horizon depths at discrete locations) 245 

using interval velocities derived from the original seismic processing (at approximately 1000 CDP 246 

intervals). These velocities are not derived from tomographic studies, however they show gradual 247 

lateral changes, are consistent with the core-log-seismic integration following drilling at Sites U1480 248 

and U1481 (McNeill et al., 2017), and are similar to velocities determined nearer the trench (Qin and 249 

Sing, 2017). We clip the maximum seismic velocity within the sedimentary section to 4.5 kms-1, 250 

consistent with Qin and Singh (2017) and Ghosal et al. (2014). This produces a basement depth at the 251 

trench of ~10 km below sea level, consistent with Singh et al. (2012). Nevertheless, uncertainties in 252 

seismic velocity could be a source of error in our models, and therefore we test the effect of varying 253 

velocities by ± 15% which we consider exceeds the true error bounds (results for ± 15% velocities are 254 

presented in the supporting information). 255 

Each one-dimensional model is stressed as the simulated sedimentary layers accumulate between the 256 

seafloor and a subsiding sediment-basement-interface where an evolving basal heat flux is applied. 257 

We apply a heat flux that decays with a 1/√time relationship, based on the Stein and Stein (1992) 258 

thermal model for the oceanic lithosphere. In this study, our focus is on the thermal state of the 259 

sediments (as opposed to the shallow oceanic crust). So although there are other lithospheric cooling 260 

models available (e.g., McKenzie et al., 2005), the good fit between the Stein and Stein (1992) model 261 

and global seafloor heat flux measurements suggests it is appropriate for our study. 262 

Extrusive igneous intervals at Site U1480 (Unit IV, Fig. 3C) that are ~10 Myr younger than the 68 Ma 263 

oceanic basement (McNeill et al., 2017; Backman et al., 2019) indicate active magmatism at the NER 264 

~58 Ma. We suggest that such magmatism is related to a melting event that occurred after formation 265 

of the oceanic lithosphere. We have tested the effect of a thermal rejuvenation of the lithosphere at 266 

58 Ma, i.e., an increase in/reset of the basal heat flux to the level expected at the formation of the 267 

oceanic basement that affects the thermal evolution of the sedimentary section. We assume a melting 268 

event at the NER influences locations within ~100 km of the NER flank (~275 km from the NER 269 

center), based on typical plate thicknesses. 270 



The Expedition 362 results provide ground truth of sediment material properties that we incorporate 271 

into the model. We use core porosity data and thermal conductivity measurements from Site U1480 to 272 

define bulk thermal conductivity for the sediment column. The thermal conductivity measurements 273 

for most of the core samples (particularly mud and calcareous samples) can be fit either to a porosity-274 

controlled geometric mean model (e.g., Lovell, 1985; Fig. S4) using a sediment grain thermal 275 

conductivity of 3.0 W m-1K-1 and a bulk conductivity defined by the proportion of solid sediment 276 

grains to pore fluid, or with no clear depth trend or correlation with porosity. We used the geometric 277 

mean for the models presented here, but also tested how surficial heat flux is affected by using an 278 

average of the core measurements as a single bulk conductivity throughout the sediment column (see 279 

supporting information Text S1.5 and Fig. S5). 280 

The modelled sediments are thermally equilibrated between the sediment-basement interface and the 281 

seafloor, which is held at a constant temperature of 1.25 °C from IODP seafloor measurements 282 

(McNeill et al., 2017). Basal sediments are heated by the geothermal gradient as the sediment column 283 

thickens. We also include radiogenic heat production from the sediments estimated from natural 284 

gamma downhole log measurements at Site U1481 (Fig. 4) using an existing method to convert 285 

natural gamma ray (NGR) API (American Petroleum Institute) counts (recorded by downhole NGR 286 

instruments) to heat production in μWm-3 (Bücker and Rybach, 1996). Core sample NGR 287 

measurements made at both Sites U1480 and U1481, support that radiogenic properties are similar 288 

between the sites. In our calculations of heat production, we exclude samples where the caliper is at 289 

maximum reach, i.e., where the borehole wall is washed out or collapsed. This risks excluding the 290 

NGR values of lithologies prone to being washed out, e.g., sandy sections, however, Site U1480 NGR 291 

core measurements suggest that NGR does not vary significantly with lithology or depth (Fig. S6). 292 

Our analysis of the NGR logs for Site U1481 indicates average radiogenic heat production values of 293 

1.37 and 1.54 μWm-3 for Units B and C, respectively. Unit A was not logged, but core NGR 294 

measurements on IODP lithostratigraphic Units I and II are similar to each other (varying between 20 295 

to 80 counts/s for Unit I and 30 to 90 counts/s for Unit II (McNeill et al., 2017)), suggesting Unit A 296 

probably produces a similar radiogenic heat to Unit B. 297 

For thermal capacity of sediment grains and seawater (not available from borehole data), we use data 298 

from an analogous environment where these measurements were made on similar lithologies (Goto 299 

and Matsubayashi, 2009). 300 

2.5 Dehydration calculations 301 

We run our 1D models to generate temperatures for the entire height of the sediment column at each 302 

model locality at 10000-year time steps. For reflectors R1 – R14 (where R1 is present-day seafloor, 303 

and R14 is top of basement; R13 is excluded) we extract time-depth and time-temperature history at 304 

each model location by tracing depositional history of these horizons through the model domain. We 305 



account for compaction by finding the ‘bulk-sediment-velocity’ from the harmonic mean of sediment-306 

grain- and pore-water-velocity (see Hutnak and Fisher, 2007). We then assess the progress of 307 

diagenetic, thermally-controlled mineral dehydration, by applying reaction kinetics to the temperature 308 

histories of each reflector. For the two-step process of amorphous silica dehydration, where opal-A is 309 

transformed to opal-CT, and opal-CT to quartz we use the kinetic expressions of Mizutani, (1970), in 310 

which the rate of change in the molar fractions of Opal-A (OA), and Opal-CT (OCT) abundance is 311 

given by equations 1a and 1b, respectively: 312 

𝜕𝑂𝐴

𝜕𝑡
= −𝐴𝑂𝐴 ∙ 𝑒

−
𝐸
𝑅𝑇 ∙ 𝑂𝐴 

Equation 1a 313 

𝜕𝑂𝐶𝑇

𝜕𝑡
= −𝐴𝐶𝑇 ∙ 𝑒

−
𝐸
𝑅𝑇 ∙ 𝑂𝐶𝑇 

Equation 1b 314 

Where OA and OCT are the mole fractions of Opal-A and Opal-CT from the previous time step (1 and 315 

0, respectively at the time of deposition), A is the frequency factor (AOA = 7.51×10-4 s-1 and AOCT = 316 

2.30×10-4 s-1), E is the activation energy (E = 6.69×104 J mol-1), R is the gas constant (J mol-1 K-1) and 317 

T is temperature (K). We then calculate the rate at which fluid volume is generated 318 

(Vsilica (unit volume s-1)) by these reactions using equation 2 (Kimura et al., 2012): 319 

𝑉silica = (
𝜕𝑂𝐴

𝜕𝑡
∙ (𝐻𝑂𝐴 − 𝐻𝑂𝐶𝑇) +

𝜕𝑂𝐶𝑇

𝜕𝑡
∙ (𝐻𝑂𝐶𝑇 − 𝐻𝑄𝑇𝑍)) ∙ 𝑂𝐴𝑖 ∙ ℎ ∙ (1 − 𝑛) ∙

𝜌𝑠𝑒𝑑
𝜌𝑖𝑤

 

Equation 2 320 

Where H is water content of the three silica phases (2.1-12.1 wt% for Opal-A, average 7.3 wt%; 1.0-321 

8.9 wt% for Opal-CT, average 5.5 wt% (Day and Jones, 2008) and 0.4 wt% for Quartz (QTZ) 322 

(Graetsch, 1994)), OAi is the initial content of opal-A in the bulk sediment (we use a value of 18 wt%, 323 

which Hüpers et al. (2017) showed is required to explain pore water freshening at Site U1480), n is 324 

porosity, h is the thickness of the dehydrating sediment column; ρsed is the density of sediment grains, 325 

and ρiw is the density of interlayer water (we assume 2700 and 1030 kg m-3, respectively). For the 326 

smectite to illite transformation, separately we apply both the reaction kinetic derived by Huang et al. 327 

(1993) from laboratory experiments at high temperatures, and a range of potassium ion concentrations 328 

(T = 250-325℃, [K+] = 100-3000 mM) (equation 3a); and the reaction kinetic derived by Pytte and 329 

Reynolds (1989), which incorporates a synthesis of field data, and fitted to observations of the 330 

reaction progress from a wide range of thermal histories in different geological settings, with peak 331 

temperatures from 70-250℃ and sediment ages ranging from ca. 10 yr to 300 Myr (equation 3b): 332 



𝜕𝑆

𝜕𝑡Huang
= −𝐴𝑆−Huang ∙ 𝑒

−
𝐸
𝑅𝑇 ∙ 𝑆2 ∙ [𝐾+] 

Equation 3a 333 

𝜕𝑆

𝜕𝑡Pytte
= −𝐴𝑆−Pytte ∙ 𝑒

−
𝐸
𝑅𝑇 ∙ 𝑆5 ∙ (

[𝐾+]

[𝑁𝑎+]
) 

Equation 3b 334 

Where 𝑆 is the molar fraction of smectite in the Illite-Smectite (I/S) mixed layer from the previous 335 

time step (we assume S = 0.8 at the time of deposition), and AS is the frequency factor (AS-Huang = 336 

8.08×104 s-1, AS-Pytte = 5.2×107 s-1). In our application of equation 3a we use a value of 2 mM for [K+], 337 

as indicated by the shipboard geochemical measurements of pore waters at Site U1480 (McNeill et al., 338 

2017). In equation 3b, [K+]/[Na+] varies with temperature in the relationship: 339 

[𝐾+]

[𝑁𝑎+]
= 74.2 ∙ 𝑒

−2490
𝑇  

Equation 3c 340 

This assumes that the ratio [K+]/[Na+] is in equilibrium with K-feldspar (Pytte and Reynolds, 1989). 341 

To assess the volume of water expelled by the smectite to illite transformation, we apply equation 4 342 

(Saffer and McKiernan, 2009): 343 

𝑉smectite =
𝜕𝑆

𝜕𝑡
∙

𝐻𝑆
1 − 𝐻𝑆

∙ 𝑆𝑖 ∙ ℎ ∙ (1 − 𝑛) ∙
𝜌𝑠𝑒𝑑
𝜌𝑖𝑤

 

Equation 4 344 

Here HS is the water content of smectite (we assume HS = 20 wt%, where the smectite water interlayer 345 

basal d-spacing is 15 Å (Bird, 1984)), and Si is the initial mass fraction of smectite in the bulk 346 

sediment. We separately tested rate parameters from equations 3a and 3b to assess the impact of using 347 

the Huang et al. (1993) and Pytte and Reynolds (1989) reaction kinetics, respectively. The IODP 348 

Expedition 362 results indicate the bulk sediment is composed of 65 wt% clays (McNeill et al., 2017), 349 

where we assume 80% is smectite (from S = 0.8 in I/S mixed layer). This is consistent with the 350 

measurements of Rosenberger et al. (2020) at Site U1480. However, we acknowledge that their 351 

measurements at Site U1481 showed a lower proportion of smectite, which would reduce the fluid 352 

expulsion rates by a factor of 2. It has been suggested that oven drying of samples may produce 353 

artificially high porosity results (Brown et al., 2001); Brown and Ransom (1996) defined a porosity 354 

correction which we choose not to use. The Brown and Ransom (1996) correction would increase the 355 

grain-to-pore-space ratio, i.e. increase the value of (1 - n) in equation 4, so in that respect our 356 

calculations likely underestimate the released fluid volume. 357 



In addition to assessing the progression of dehydration reactions at individual reflectors (e.g., at 358 

R11/the décollement level), by running the depositional history of each reflector through these 359 

equations, we reconstruct the dehydration state (in terms of rate of fluid expulsion per unit volume for 360 

silica/smectite) of the entire incoming sediment section at specific time steps e.g., prior to deposition 361 

of the Nicobar Fan, immediately before development of the trench wedge, and at the present day (see 362 

section 3.3).  363 

3 Results 364 

3.1 Initial thermal model tests 365 

The primary variables in our model are: sediment accumulation rate; radiogenic heat production; and 366 

timing of the imposed basal heat flux. Sediment accumulation rates are controlled by our seismic 367 

interpretation and the age model (Fig. 3). The effect of variation in sediment accumulation rates is 368 

tested through the application of ± 15 % picked velocities within the sediment column in time-depth 369 

conversion (see section 2.4). To test the effects of radiogenic heat production within the sediment 370 

column and rejuvenation of the basal heat flux, we ran repeat one-dimensional models at the location 371 

of Site U1480. We compare our temperature and surface heat flux results from repeat model runs with 372 

IODP measurements, to assess their validity and derive a best estimate. The IODP measurements 373 

indicate that the geothermal gradient within the shallowest ~200 m of sediments at Site U1480 is 374 

~44.4 °C km-1 with a surface heat flux of 72.6 ± 5.1 mW.m-2 (lower estimate) (McNeill et al., 2017). 375 

Extrapolation of this thermal gradient down to basement depths suggests a temperature at the 376 

sediment-basement interface at Site U1480 of ~60 °C. 377 

An initial model stressed over 11 periods of sediment accumulation defined by the seismic reflectors, 378 

applying no radiogenic heat production within the sediment column and using a basal heat flux 379 

decaying from the basement age of 68 Ma predicts a present-day seafloor heat flux of 62 mWm-2.  380 

This is consistent with the predictions of the Stein and Stein (1992) model, but is lower than the 381 

borehole-derived estimation, indicating additional processes are required to generate higher heat flux. 382 

We therefore tested the effects of radiogenic heat production and lithospheric thermal rejuvenation on 383 

surface heat flux. 384 

We applied a sediment radiogenic heat production value of 1.3 μW.m-3 throughout the sediment 385 

column, based on NGR log data (average derived value, see above, Fig. 4). This results in a present 386 

day seafloor heat flux of 63 mWm-2. Due to the remaining significant discrepancy with the lower 387 

borehole-derived estimate of 72.6±5.1 mW.m-2, we assessed what level of radiogenic heat production 388 

within the sediment column would be required to match our model output to the borehole-derived 389 

estimate. Only when ~9 μW.m-3 radiogenic heat production is applied throughout the sediment 390 

column do we attain a surface heat flux value of 72.6 mW.m-2 (all other parameters unchanged). This 391 



far exceeds heat production values typical of any sediment type (e.g. siltstones 1.8 μWm-3) (Rybach, 392 

1986) including those encountered at Site U1480, and equates to a NGR API reading of 570 (Bücker 393 

and Rybach, 1996) whereas measured values at Site U1481 are < 150 API (Fig. 4). We conclude that 394 

radiogenic heat production within the sediment column makes only a minor contribution to the 395 

resulting thermal structure and seafloor heat flux. 396 

We assume that 1.3 μW.m-3 is a good approximation of radiogenic heat produced within the sediment 397 

column, and subsequently tested the effect of a perturbation to the imposed basal heat flux. During the 398 

course of the model (which starts at a basement age of 68 Ma) we reset the basal heat flux to the 399 

initial value (510 mW.m-2, Stein and Stein, 1992) at 58 Ma – representing the effect of lithospheric 400 

rejuvenation coeval with volcanic lava flows in Unit IV at Site U1480 (Backman et al., 2019). This 401 

‘thermal rejuvenation’ generates a final surface heat flux of 68 mW m-2 at the location of Site U1480, 402 

which is now within the 95% confidence level of the lower borehole-derived heat flux estimate (72.6 403 

± 5.1 mW.m-2). The combination of thermal rejuvenation and sediment radiogenic heat production 404 

results in a basement temperature of 56.6°C (average thermal gradient ~42°C km-1). These results are 405 

generally consistent with Hüpers et al. (2017) (~60°C at the base of IODP lithostratigraphic Unit III 406 

and a geothermal gradient of 44.4°C.km-1). Therefore, we suggest lithospheric thermal rejuvenation 407 

played a key role in the thermal history of the sediments currently at and near to the location of Site 408 

U1480, in a similar mechanism to that recognised for Hawaii by Detrick and Crough, (1978). 409 

3.2 Burial history 410 

Following the model tests described above, we apply a best estimate of parameters to the entire 411 

incoming sediment section and model its time evolution as it approaches the subduction zone. 412 

Sediment accumulation rates increase towards the deformation front controlled by the increasing 413 

thickness of seismic packages between reflectors. Radiogenic heat production through the sediment 414 

column is based on the measured NGR log values. A lithospheric thermal rejuvenation event is 415 

applied to all model localities within 100 km of the NER. 416 

We highlight the results from 3 localities on seismic profile 1: at 68 km (Site U1480), 195 km (Pseudo 417 

site 1) and 290 km (Pseudo site 2) along-profile (232, 100 and 5 km from the deformation front, 418 

respectively) (Fig. 5, locations on Fig. 2). In Figure 5 we present the burial and temperature history, 419 

and dehydration reaction progression at the R11 or pre-décollement level since the deposition of R11 420 

at 9.3 Ma. Pseudo site 1 is the position at which R11’s reflection polarity becomes reversed; and 421 

Pseudo site 2 is our closest model to the deformation front. Lateral variation in the sediment thickness 422 

between seismic reflectors results in different sediment accumulation rates for some time periods (i.e., 423 

the gradients of the burial depth curves in Fig. 5A-C) between the three pseudo site localities. Seismic 424 

velocities within the deepest sediments close to the deformation front are the least certain, so potential 425 

errors in the time-depth conversion are highest here.  426 



3.3 Temperature structure and progression of mineral dehydration through the sediment 427 

column 428 

From the sediment column temperatures generated by our models at each model locality, we 429 

reconstruct a two-dimensional (2D) grid of temperatures for the entire incoming sedimentary section 430 

at specific time steps (Fig. 6), specifically: 9.3 Ma (R11), onset of Nicobar Fan deposition; 2.2 Ma 431 

(R4), onset of main trench wedge deposition; 1.0 Ma (R2), the approximate time of maximum fluid 432 

generation beneath R11 at Pseudo site 2 due to clay mineral dehydration (based on the Pytte and 433 

Reynolds (1989) kinetic); and the present day (R1). Accumulation of the >2 km thick trench wedge is 434 

largely responsible for the high basal temperatures close to the deformation front, reaching >100°C. 435 

However, from Pseudo site 1 to the deformation front, temperatures of ~100°C are already reached 436 

within basal sediments that underlie R11, before the start of trench wedge deposition (Fig. 6C). For 437 

each time step we also extract the surface heat flux across seismic profile 1 (Fig. 6A). As expected, 438 

surface heat flux is much higher where we apply a thermal rejuvenation. The surface heat flux is 439 

generally consistent with predictions of the Stein and Stein (1992) model, with some variation related 440 

to basement topography. However, during the development of the trench wedge, where trench wedge 441 

sediments are thickest (~250 km along-profile towards the deformation front), there is a significant 442 

decrease in the surface heat flow and deviation from the global values due to the blanketing effect of 443 

the young sediments (also see Fig. S5). 444 

Figure 5 D-E shows the molar fraction change for the modelled dehydration reactions for Site U1480 445 

and for Pseudo sites 1 and 2. The associated rate of fluid expulsion due to these mineral reactions is 446 

presented in Figure 5 G-I. At Site U1480 our results suggest that the opal to quartz reaction is still 447 

ongoing, with a maximum fluid production rate due to silica dehydration of ~0.2×10-15 s-1 (per unit 448 

volume of bulk sediment) ca. 1.7 Ma, consistent with Hüpers et al. (2017), since when this process 449 

becomes the largest fluid source. Our calculations also imply that the smectite-illite reaction has yet to 450 

begin at Site U1480, consistent with Hüpers et al. (2017). At Pseudo site 1, the modeled opal-quartz 451 

reaction is complete by the present-day. Compaction remains the largest source of fluid release 452 

throughout burial history at this location, however, the smectite-illite reaction starts around the onset 453 

of trench-sediment deposition (2.2 Ma). Higher sediment accumulation rates earlier in the burial 454 

history of Pseudo site 2 (and associated early more rapid increase in temperature) leads to earlier 455 

onset and completion (prior to trench wedge development) of the opal-quartz reaction (Fig. 5F). The 456 

smectite-illite reaction begins just before the onset of trench wedge development, and accelerates 457 

rapidly at 2.2 Ma, becoming by far the dominant fluid source over the most recent time periods. The 458 

Pytte and Reynolds (1989) kinetic suggests that fluid expulsion from the smectite to illite 459 

transformation peaks ca. 1.0 Ma (the approximate age of reflector R2), whereas the Huang et al. 460 

(1993) kinetic suggests it peaks within the last 200 kyr (Fig. 5I). 461 



Our reconstructions of the dehydration state of the incoming sediment section are presented in Figures 462 

7 (for smectite dehydration, Pytte and Reynolds (1989) kinetic (see Fig. S8 for results using the 463 

Huang et al. (1993) kinetic)) and S7 (for silica dehydration). Some fluid is produced through 464 

amorphous silica dehydration within the basal sediments in the present day around the location of Site 465 

U1480 (Hüpers et al., 2017). However, towards the deformation front, and particularly near where 466 

R11 becomes reversed polarity, silica dehydration predominantly occurs shallower than R11, ~1-2 km 467 

below the seafloor (even when ±15% velocities are used in the seismic time-depth conversion). Our 468 

results suggest diachronous completion of the silica dehydration reaction within the basal sediments 469 

that underlie R11, where burial activated the reaction progressively further seaward, with the reaction 470 

complete in the furthest seaward of these sediments (~250 km) shortly after 2.2 Ma.  471 

In contrast, our reconstructions for smectite dehydration suggest that this reaction was only just 472 

beginning within basal sediments at 2.2 Ma. We calculate that, approximately halfway through the 473 

deposition of the current trench wedge sediments at 1.0 Ma, fluid expulsion from smectite 474 

dehydration was focussed at the R11 (or pre-décollement) level, (dashed line in Figs. 7C-E (at zero 475 

depth in B)), in the region where we observe reversed polarity on the reflector in the present day. Our 476 

reconstruction for the present day indicates that, by this time, beneath the trench wedge, smectite 477 

dehydration has progressed to the sediments immediately above R11 (Fig. 7E). This implies that the 478 

basal sediments currently at the deformation front are fully dehydrated, before entering the subduction 479 

zone. Figure 7A shows the corresponding thickness of fluid produced by the basal sediments 480 

(underlying R11, dashed line) along seismic profile 1 (a cumulative plot of the total fluid from the 481 

reaction, showing the contribution from each time period is shown in Fig. 8D). We calculate that, 482 

where R11 polarity is reversed, similar thicknesses of fluid are generated in the period from 1.0 Ma to 483 

the present compared to the much longer 9.3-2.2 Ma period, and that ca. 50% more fluid is generated 484 

in the 1.0 Ma to present day period than the 2.2-1.0 Ma period. These results suggest a very strong 485 

correlation between where fluid is being generated by smectite dehydration in the last 1 Myr and the 486 

region of reversed polarity on reflector R11 (the pre-décollement reflector). This correlation is even 487 

more pronounced when we apply the Huang et al. (1993) reaction kinetic (Fig. 8C) and remains 488 

robust when ±15 % velocities are used in the seismic time-depth conversion (Figs. S8-S12). 489 

4 Discussion 490 

4.1 Heat flux across the incoming section 491 

We compared our model results to regional measurements of seafloor heat flux, by extracting heat 492 

flux across the shallowest 2 m of sediment from each 1D model used to build the 2D thermal structure 493 

of the incoming sediment section (Fig. 6A). The thermal rejuvenation event applied within 100 km of 494 

the flank of the NER increases heat flux values above those expected for the plate age (Stein and 495 

Stein, 1992). From ~125 – 250 km along-profile, our results (60 – 63 mWm-2) match the expected 496 



values (61.8 mWm-2) and the closest probe measurement (61 mWm-1, Jessop (2012), Fig. 1B). 497 

However, within 40 km of the deformation front, seafloor heat flux from our models decreases 498 

slightly within the last 2.2 Ma. The high sediment accumulation rates (SAR), especially within the 499 

trench (≥1000 m Myr-1, Fig. 3, S5I), suppress the surficial heat flux relative to the basal input (Fig. 500 

S5). At Site U1480, maximum SARs ~225 m Myr-1 between 2.6 and 1.7 Ma suppress the seafloor 501 

heat flux by only around 1.3%, and after the SAR slows to <20 m Myr-1 at 1.7 Ma, the heat flux 502 

rebounds. At Pseudo Site 1, higher SARs since 2.2 Ma (up to 400 m Myr-1) result in ~2.5% 503 

suppression, by the present day. At Pseudo Site 2, where SARs are much greater since 2.2 Ma 504 

(~1000-1700 m Myr-1), the present-day model seafloor heat flux is suppressed by ~15% (Fig. S5C) (or 505 

17.5% using a constant bulk sediment conductivity).  506 

Hutnak and Fisher (2007) modelled that sediment accumulation rates of 500 m Myr-1 may suppress 507 

the surface heat flux by as much as 32%, and Hutchison (1985) suggests that a SAR of 1000 m Myr-1 508 

would suppress the heat flux by as much as 55%. However, these studies used a constant SAR over 10 509 

to 20 Myr. Harris et al. (2020) suggested that, at the Cascadia margin, a SAR of ~1300 m Myr-1 over 510 

~3 Myr suppresses surface heat flux by >50%, but 10 Myrs is still significantly longer than any period 511 

of such high sediment accumulation in our study. For example, at Pseudo Site 2, our highest SAR 512 

(1740 m Myr-1) persists for only 0.5 Myr between 2.2 and 1.7 Ma, after which the SAR slows 513 

significantly allowing seafloor heat flux to rebound, but not return to equilibrium with the basal input, 514 

and then the heat flux continues to decrease. The variable SAR throughout the deposition of the 515 

Nicobar Fan and accumulation of the trench wedge, produces multiple instances of seafloor heat flux 516 

suppression and rebound (Fig. S5). Should the high SARs within the trench continue into the future 517 

(e.g., on the timescales used by Hutchison (1985) and Hutnak and Fisher (2007)), we would expect 518 

much greater suppression of the seafloor heat flux. Heat probe measurements at/near the deformation 519 

front elsewhere on the Sumatran margin indicate even lower values (Fig. 1; Jessop, 2012) than 520 

implied by our models. We suggest that such low values are from measurements taken in areas where: 521 

the SAR has been high and more consistent over a longer period; there is anomalously low basal heat 522 

flux; or there has been recent slope failure. Slope failure is common close to the steep outer forearc of 523 

the Sumatra margin (Tappin et al., 2007), and may have deposited sediment thicker than the probe 524 

penetration depth (e.g. 5-10 m), effectively blanketing the seafloor at the point of measurement, the 525 

instantaneous SAR would be extremely high compared to the longer term average, disproportionally 526 

suppressing heat flux to the seafloor. We also note that radiogenic heat production within the 527 

sediment column offsets the suppressing effect of sedimentation e.g., by ~6% at the deformation front 528 

(within the last 2 Myr), consistent with Hutchison (1985). 529 

4.2 Mechanisms for trapping of diagenetic fluids and explanation of seismic properties 530 



Full waveform inversion analysis of seismic data within our area (Qin and Singh, 2017) indicates high 531 

P wave velocities (>4 km s-1) through sediment Unit C (underlying reflector R11) close to the 532 

deformation front. To reconcile these high background velocities with the polarity reversal and high 533 

amplitude of reflector R11 in seismic reflection data, these authors suggest that the reflector 534 

represents a thin (70-80 m) layer anomalously high porosity (~30%, >20% higher than the 535 

background level) containing overpressured fluid. This agrees with the ~80 m thick freshening 536 

anomaly and increased porosity interval detected at R11 depth at Site U1480 by Hüpers et al. (2017). 537 

We suggest that a mobilised fluid source of ‘thickness’ 20-25 m (30% of 70-80 m) could be trapped at 538 

the R11 level and explain the polarity reversal.  539 

Based on our results (Fig. 8), we estimate that, since 9.3 Ma, fluid well in excess of 20-25 m thickness 540 

has been generated by compaction and dehydration of the sediments below R11 along most of the 541 

length of seismic profile 1 (Fig. 8E), where compaction and the dehydration of smectite as it 542 

transforms to illite are the key fluid sources. Our calculations may even underestimate expelled fluid 543 

volumes from mineral dehydration, since we do not consider the expansion of mineral-bound water 544 

upon its release where its density decreases by ~5% (e.g. Bethke, 1986). However, reflection 545 

amplitude and polarity of R11 are only anomalously high and reversed within ~100 km of the 546 

deformation front (landward of Pseudo Site 1). If our calculations are accurate and any of the fluid 547 

generated seaward of Pseudo Site 1 was focussed into a layer at R11, much of it must have since been 548 

drained. Alternatively, Pseudo Site 1 marks the seaward limit of a process that causes trapping of fluid 549 

at R11. We propose that this process is cementation within the turbidite-rich sediments of the Nicobar 550 

Fan (Unit B) immediately overlying reflector R11. Silica and calcite ions are released as a by-product 551 

of the smectite-illite transformation and transferred from shales to sandstones by migration of pore 552 

waters, where they then produce quartz overgrowths and calcite cements at temperatures >60℃ 553 

(Boles and Franks, 1979). This process has frequently been invoked in the context of frictional 554 

properties at subduction zone décollements (e.g. Marone and Scholz, 1988; Ikari et al., 2007; Moore 555 

et al., 2007; Saffer et al., 2012). Our model of the smectite-illite transformation suggests that in the 556 

present day it is ongoing within the sediments immediately overlying R11, where the reflector’s 557 

polarity is reversed (Fig. 7E), and essentially complete in the underlying sediments. We suggest that 558 

fluid expelled from the pelagic claystone sediments of Unit C by compaction and the smectite-illite 559 

transformation since ca. 1.0 Ma are focussed (possibly facilitated by pervasive faulting throughout the 560 

incoming sediment section (related to the Indian Ocean diffuse plate boundary e.g. Geersen et al., 561 

2013; Stevens et al., 2020) where the faults are un-cemented) into a thin high-porosity layer at the 562 

R11 level. Above this level, concomitant cementation turbidite sands within the trench wedge and fan 563 

stratigraphy (and locally of cross-cutting fault planes) could create an impermeable seal preventing 564 

further upward migration. We also suggest that this supports the argument made by Geersen et al. 565 

(2013) that fault planes at R11 depth act as impermeable barriers. 566 



We suggest that in shallower parts of the sediment column above the present-day zone of smectite 567 

dehydration (<2000 mbsf, Fig. 7E) there is efficient draining of fluid to the seafloor: we observe no 568 

seismic evidence of fluid trapping in this interval, yet we predict recent fluid generation through silica 569 

dehydration (Fig. S7). Draining of fluid from the sediment column above R11 is likely facilitated by a 570 

combination of relatively porous and permeable (uncemented) fan and trench wedge sediments and 571 

pervasive faulting ((e.g., Geersen et al., 2015; Stevens et al., 2020). 572 

  573 

4.3 Thermal structure influence on décollement development and seismic behavior 574 

The position of the décollement in the outer forearc ranges in different locations from relatively 575 

shallow within the sediment section (e.g. the Mediterranean Ridge/Hellenic subduction zone, 576 

Westbrook and Reston, 2002), to the sediment-basement interface (e.g. central Sumatra, Cook et al., 577 

2014). Some margins also exhibit significant along-strike variation in the depth of the décollement 578 

e.g. along the Cascadia margin (e.g. Han et al., 2017), and south-central Chile margin (Olsen et al., 579 

2020). The position of décollement formation is thought to be dictated by preferential propagation 580 

through frictionally weak intervals in the incoming sediment column, and this control may be 581 

lithological, physical, hydrological or a combination (Underwood, 2007). 582 

The North Sumatran example studied here shows apparent combined lithological, diagenetic and 583 

hydrological properties controlling the position of décollement formation. Other examples worldwide 584 

include the frontal décollement at the Barbados accretionary prism which, from ocean drilling, forms 585 

along a frictionally weak radiolarian ooze layer, marking the lithological boundary between pelagic 586 

clays below and turbidites above (Moore, 1982; Housen et al., 1996). We note this stratigraphic 587 

position is equivalent to that in North Sumatra (boundary between pelagic and turbidite-rich fan 588 

sediments). The frontal Cascadia décollement offshore Washington forms in the deep sediment 589 

boundary between carbonate clays below and sandy turbidites above interpreted as a weak frictional 590 

layer and proposed to drive the observed landward vergence here (Gutscher et al., 2001; Adam et al., 591 

2004). In general in Cascadia, the position and properties of the décollement have been linked to 592 

forearc structure (MacKay et al., 1992; MacKay, 1995; Han et al., 2017).  593 

For North Sumatra, we suggest that the depth of the décollement at the deformation front is 594 

specifically controlled by the enhancement of a pre-existing lithological boundary deep (~4000 mbsf 595 

close to the deformation front) within the incoming sediments. We propose that rapid accumulation of 596 

~2 km of sediment within the trench produces high temperatures in the basal sediments generating 597 

and expelling mineral-bound fluid through the smectite-illite transformation and leading to quartz 598 

overgrowth and calcite cementation in overlying sands. Liberated fluids get focused within a thin high 599 

porosity layer close to the boundary between the pelagic sediments (Unit C) below and Nicobar Fan 600 

sediments (Unit B) above, where cemented sand intervals act as an impermeable cap. This could 601 



generate high pore fluid pressure within the layer (e.g. Spinelli and Underwood, 2004), which would 602 

reduce the effective stress and enhance frictional weakness (Scholz, 1998), which could then be 603 

exploited by the initiating décollement. This subsequently promotes low basal shear stress along a 604 

stratigraphically deep frontal décollement, hypothesized to lead to formation of landward-vergent 605 

structures in the outermost prism (Dean et al., 2010; McNeill and Henstock, 2014) 606 

Globally, décollement seismic reflectivity and polarity are interpreted as showing presence/absence of 607 

change in physical properties across the décollement, either in terms of relative consolidation or pore 608 

pressure. For example, in Costa Rica and Nankai-Muroto, the décollement beneath the outer prism is 609 

marked by high amplitude, reversed polarity reflections, interpreted as high pore fluid pressures 610 

generated by diagenetic dehydration (Bangs et al., 2004; Ranero et al., 2008) representing the outer 611 

aseismic section of the plate boundary fault. The seismic properties are similar to those found in the 612 

input section offshore North Sumatra outboard of the subduction zone. In the case of North Sumatra, 613 

we show that the deepest 1-1.5 km of the sediment column has probably completed the smectite-illite 614 

transformation (Figs. 5, 7) and most diagenetic fluids have been generated and escaped prior to 615 

subduction. Therefore, once these sediments are accreted or subducted they do not provide a source of 616 

diagenetic fluid to resupply the décollement and are largely already quartz-cemented. In the North 617 

Sumatra outer prism, the décollement quickly loses its reflection amplitude and reverse polarity 618 

landward of the deformation front suggesting fluid rapidly escapes, for example along active prism 619 

thrust faults (Dean et al., 2010). This would remove or reduce fluid overpressure at the décollement, 620 

increasing plate coupling and promoting strain accumulation; and pervasive quartz-cementation in 621 

sands close to the décollement level would act to promote velocity-weakening behavior (e.g. Ikari et 622 

al., 2007). We interpret the décollement to have seismogenic potential at this point (Spinelli and 623 

Saffer, 2004; Ranero et al., 2008; Saffer et al., 2008; Ellis et al., 2015), within the outer part of the 624 

subduction zone (as also proposed by Dean et al., 2010; Gulick et al., 2011; Hüpers et al., 2017). The 625 

accretion of a thick, mostly dehydrated sediment column thus generates a strong and cohesive prism 626 

and décollement fault capable of transmitting elastic stress far seaward during an earthquake, 627 

widening the seismogenic zone and increasing the potential earthquake and tsunami magnitude (e.g. 628 

Spinelli and Saffer, 2004). 629 

Our findings support the hypothesis that the thickness of the incoming sediment column has 630 

significant implications for its thermal structure and the fluid budget both landward and seaward of 631 

the subduction zone deformation front, and the frictional behavior of the décollement (e.g., Spinelli 632 

and Underwood, 2004; Saffer et al., 2008). Other subduction zone margins with thick sediment inputs 633 

and/or increased temperatures/heat flow such as the Makran (Smith et al., 2013), and parts of the 634 

Cascadia (Hyndman et al., 1993; Salmi et al., 2017), Hikurangi (Ghisetti et al., 2016), Lesser Antilles 635 

and Hellenic margins (Underwood, 2007), may experience similar pre-subduction sediment 636 

dehydration and resulting décollement properties and seismogenic behaviour.  637 



5 Conclusions 638 

Ground-truthed sediment properties from IODP drilling, combined with multichannel seismic 639 

reflection data and seafloor heat flux measurements of the incoming sediments offshore North 640 

Sumatra, have allowed us to build a detailed model of the thermal structure and dehydration state of 641 

the incoming sediments. Our results indicate:  642 

(1) High temperatures within the deeply buried (~5.5 km) basal sediments reach 125-160°C at the 643 

~4.5 km depth of the décollement at the deformation front. This is predominantly due to gradual (but 644 

high rate) accumulation of the Nicobar Fan and trench wedge sediments; 645 

 (2) Anomalously high heat flux at Site U1480, ~230 km west of the subduction zone can be 646 

explained by thermal rejuvenation of the lithosphere ~10 Myr after its formation by magmatism 647 

associated with the Ninety East Ridge;  648 

(3) Anomalously low surficial heat flux within the trench is due to the suppressive effect of high rates 649 

of sediment accumulation; 650 

(4) Sediment radiogenic heat production has a largely negligible effect on the thermal state of the 651 

sediments, but may offset the effects of sedimentation on heat flux through the sediment column by 652 

up to 6% for the thickest sediments; 653 

(5) Dehydration over the last ~1 Myr of the basal sediments beneath the horizon that develops into the 654 

décollement generates a sufficient volume of fluid to explain the observed reflection polarity reversal 655 

of this horizon close to the deformation front, if these fluids are focussed and trapped into a 70-80 m 656 

thick high porosity layer;  657 

(6) Silica cementation coincident with the smectite-illite transformation occurs through the deepest 658 

(>2000 mbsf) sediments prior to their accretion/subduction. This acts to enhance prism cohesive 659 

strength and promote velocity-weakening behaviour at the décollement in the outer prism; 660 

(7) Offshore North Sumatra, combined lithological, diagenetic and hydrological properties appear to 661 

control the position of décollement formation deep in the sediment section and at a prominent 662 

stratigraphic boundary. Significant pre-subduction dehydration of the incoming sediments excludes 663 

these sediments as potential sources of diagenetic fluid within the prism. This impacts the fluid budget 664 

of the subduction zone as a whole, and results in the décollement beneath the prism being well-665 

drained and positioned within frictionally strong materials, which may extend the seismogenic zone 666 

close to the trench.  667 
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 939 

8 Figure Captions 940 

Figure 1. Regional tectonics, plate age and seafloor heat flux. A) Eastern Indian Ocean setting. 941 

Toothed line is Sumatra-Andaman subduction zone deformation front; bathymetry (2000 m contours) 942 

with Ninety East Ridge (NER); red box, location of (B). B) Age contours of oceanic crust (Jacob et 943 

al., 2014); red-white-blue points, seafloor heat flux measurements from Jessop (2012) in mWm-2; 944 

brown squares IODP sites, orange diamond and associated value show average surface heat flow at 945 

site U1480 calculated by IODP in mWm-2; black lines (1 and 2) are seismic profiles. SSZ – Sumatra 946 

subduction zone. C) Predicted basal heat flux from Stein and Stein (1992) model for cooling of 947 

oceanic crust (without any sedimentation efftects), with surface heat flux points from (B). Heat flux 948 

measurement colours indicate measured value relative to predicted value for plate age at site (of Stein 949 

and Stein, 1992); red=high; blue=low; white=close to predicted value. 950 

Figure 2. Interpretation of seismic profile 1, with Site U1480, reflectors R1-14 used for modelling, 951 

and major lithostratigraphic units. Note substantial increase in thickness of Unit A towards 952 

deformation front. 953 

Figure 3. Age information at Site U1480 and extrapolation to deformation front (DF). A) Age model 954 

for Site U1480 based on biostratigraphic tie points (Backman et al., 2019) and interpolated ages of 955 

reflectors R1 – R11 (extant at the drill site). R12 has interpolated age of 14.4 Ma; an age cannot be 956 



reliably defined for R13; R14 is top of oceanic basement (~68 Ma). B) Extrapolated age model for 957 

location at deformation front. Itallic numbers in (A) and (B) are sediment accumulation rates in 958 

m/Myr, bold itallic numbers = average sediment accumulation rates for each unit. C) Lower 959 

stratigraphic units at Site U1480, showing igneous intervals units; sediments overlying shallowest 960 

interval in Unit IV ~58 Ma. 961 

Figure 4. Natural Gamma Ray logging data for uncased intervals of sites U1480 and U1481 and 962 

conversion to radiogenic heat production based on method of Bücker and Rybach (1996). 963 

Figure 5. Burial history, thermal evolution and fluid release rate at reflector R11 (solid lines) and top 964 

basement (dashed lines) at Site U1480, Pseudo site 1 and Pseudo Site 2, over last 10 Myr (deposition 965 

of Nicobar Fan and trench wedge). A-C) Burial depth, porosity reduction and temperature change. D-966 

F) Change in molar fraction of hydrated mineral forms, opal and smectite. G-I) Dehydration fluid 967 

expulsion rate (unit volume s-1) from : compaction (porosity reduction); silica dehydration (Opal-968 

Quartz transformation) and smectite dehydration (smectite-illite transformation). Grey shaded area 969 

indicates time when trench wedge is developed (at Site U1480, trench wedge is not well developed). 970 

Figure 6. Thermal structure evolution of the incoming sediment column across seismic profile 1, and 971 

corresponding modelled seafloor heat flux. A) Seafloor heat flux model output at discrete time steps. 972 

Orange shaded area is zone where thermal rejuvenation was applied at 58 Ma. B-E) Thermal structure 973 

of sediment column through time. Solid lines are reflectors used in grid creation, dashed lines are 974 

positions of remaining reflectors for reference. PD = present day. 975 

Figure 7. Smectite dehydration state of the incoming sediment column across seismic profile 1, and 976 

corresponding fluid thickness generated based on the Pytte and Reynolds (1989) kinetic. A) Along-977 

profile fluid thickness from sediments underlying reflector R11 (dashed line in B-E) over discrete 978 

time steps and total. B-E) Instantaneous fluid production rate at specific timings. PD = present day. 979 

Figure 8. Cumulative total fluid expelled from sediments underlying reflector R11 along seismic 980 

profile 1 broken down into constituent sources. A) Amorphous silica dehydration B) Compaction 981 

(porosity-loss). C and D) Smectite dehydration as modelled by the Huang et al. (1993) and Pytte and 982 

Reynolds (1989) equations, respectively. E) Cumulative total, also showing temperatures at reflector 983 

R11 from 2.2 Ma.  984 
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