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ABSTRACT

The cause of unexpectedly shallow seismic slip during the 2004 Sumatra-Andaman earth-
quake, which resulted in a devastating tsunami, is still under debate. One hypothesis is that
diagenetic strengthening of décollement-forming input sediments prior to subduction allows
shallow seismogenic behavior. We tested this hypothesis by measuring the frictional behavior
of input sediments, sampled offshore northern Sumatra during International Ocean Discovery
Program (I0DP) Expedition 362, in single-direct shear experiments. The input sediments
that have been correlated with the north Sumatra proto-décollement horizon are frictionally
unstable, indicating a seismogenic shallow décollement. These sediments are also frictionally
weak, which deviates from expected friction systematics but means that diagenetic strength-
ening is not required. Our observations indicate that threshold concentrations of amorphous
silica (=11 wt%), palagonite rims on glass fragments, and feldspar interspersed within weak,
smectite-bearing sediments entering the north Sumatra subduction zone may cause the in-
coming sediments to be frictionally unstable before subduction. This instability led to the
unexpectedly shallow coseismic slip during the 2004 Sumatra-Andaman earthquake and may

be valuable information for hazard assessments of other subduction margins.

INTRODUCTION

During the 2004 M,, 9.2 Sumatra-Andaman
subduction zone earthquake, the largest seis-
mic slip initiated offshore north Sumatra, and
the rupture propagated northward along strike
toward the Andaman Islands (Fig. 1A; Ammon
etal., 2005; Lay et al., 2005). Most slip models
agree on a large amount of shallow coseismic
slip, suggesting that the trenchmost area of the
fault offshore northern Sumatra participated in
the mainshock (e.g., Lay et al., 2005; Banerjee
et al., 2007; Rhie et al., 2007). The result was
a large-magnitude earthquake and devastating
tsunami, making it imperative to examine how
this could occur.

Diagenetic processes such as quartz precipi-
tation, smectite-illite transformation, and pore
pressure dissipation in the proto-décollement
have been suggested as the cause of the shallow
seismogenesis at Sumatra (Hiipers et al., 2017),
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by strengthening the sediments and inducing
unstable sliding (Moore and Saffer, 2001; Triit-
ner et al., 2015). This view contrasts with the
seismogenic zone model, where completion of
these processes is only expected after subduc-
tion to depths of several kilometers (5-10 km;
Hyndman et al., 1997). Although the hypothesis
of strengthened input material by Hiipers et al.
(2017) is consistent with sediment strengthen-
ing by burial-related dewatering and lithifica-
tion (Gulick et al., 2011; Geersen et al., 2013;
Stevens et al., 2021), friction data are necessary
for verification.

We performed laboratory friction experiments,
combined with mineral composition and poros-
ity measurements, on input sediments recovered
between 1250 and 1360 m below seafloor (mbsf)
at Site U1480, drilled during International Ocean
Discovery Program (IODP) Expedition 362
(McNeill et al., 2017). The site is located 225 km
seaward of the north Sumatran deformation front,
where the largest coseismic slip occurred during
the mainshock of the 2004 earthquake. The target
depth interval comprises lithostratigraphic unit

III, which has been correlated with the seaward
extension of a high-amplitude negative-polarity
(HANP) seismic reflector interpreted to represent
the proto-décollement horizon (Fig. 1B; Dean
et al., 2010). In the absence of available fault zone
material, subduction zone input sediments pro-
vide key information on the shallow megathrust
(Underwood, 2007; Stanislowski et al., 2022);
therefore, we evaluated the mechanical charac-
teristics of the proto-décollement sediments and
their implications for the possibility of a shallow
seismogenic zone.

EXPERIMENTAL METHODS

We performed laboratory friction experi-
ments on eight different samples from the tar-
geted depth interval in a GIESA RSS single-
direct shear device at room temperature, under
in situ effective normal stresses, and samples
saturated with simulated seawater (Fig. S1 in the
Supplemental Material'; e.g., Stanislowski et al.,
2022). X-ray diffraction (XRD) measurements
were made postexpedition following the dou-
ble-identification method of Vogt et al. (2002),
showing that the noncalcareous samples con-
sisted of 28—64 wt% phyllosilicate minerals,
13-36 wt% quartz + feldspar, and 0-20 wt%
nearly amorphous silica; the calcareous samples
had a calcite content of >90 wt%. The samples
were tested as powders (grain size <125 pm)
and where possible as intact specimens with no
predefined shear plane (Fig. 2). Powdered sam-
ples were mixed with simulated seawater and
consolidated at their estimated in situ effective
normal stress (~11-14 MPa) for >20 h, after
the change in thickness became negligible, indi-
cating full pore-pressure dissipation. In each
experiment, the samples were sheared in three
successive phases: (1) at a constant velocity V of
10 pm/s for ~5 mm sample displacement (x) to
establish a steady-state coefficient of sliding fric-

'Supplemental Material. Extended methods description, additional data figures, microstructural images, and description of the microstructural images. Please visit
https://doi.org/10.1130/GEOL.S.28299347 to access the supplemental material; contact editing @ geosociety.org with any questions.
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Figure 1. (A) Map of north-
ern Sumatra subduction
zone, showing rupture
zone of 2004 earthquake
(orange patch) and loca-
tion of International
Ocean Discovery Pro-
gram (IODP) Site U1480
(red dot). Red and white
arrows indicate conver-
gence and subduction
vectors (cm/yr). Yellow
line shows location of
seismic lines BGR06-102
and BGR06-101 in panel B.
(B) Seismic lines BGR06-
102 and BGRO06-101.
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Figure 2. Lithostratigraphic column (modified from McNeill et al., 2017; mbsf—meters below seafloor; tuff.—tuffaceous), coefficient of sliding
friction p from phase of plate rate (5 cm/yr) shearing, rate-dependent friction parameter a-b for all sliding velocities, porosity, and specific
mineral contents for tested samples.
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tion (p), (2) at a slow velocity (5.3 cm/yr) simi-
lar to the plate convergence rate for x = 2 mm,
and (3) in a sequence of threefold increasing
velocity steps in the range of 0.003-30 pm/s
for x = 0.7 mm per velocity step (Fig. S1). The
apparent coefficient of sliding friction (u) was
calculated from the ratio of the continuously
measured shear stress to the applied effective
normal stress. Cohesion was therefore included
in p, but it was also measured separately (Fig.
S2). The frictional response to a velocity step
was quantified by inverse modeling using the
MATLAB code RSFit3000 to obtain the veloc-
ity-dependent friction parameter a-b = Ap/
AlnV (Skarbek and Savage, 2019) (Fig. 2; see
also Supplemental Material). Positive values
of a-b indicate velocity-strengthening behavior
associated with stable slip, whereas negative val-
ues indicate velocity-weakening behavior that,
in combination with sufficiently compliant fault
surroundings, is required for slip instability and
favors coseismic slip (Dieterich, 1981; Marone,
1998; Scholz, 1998). Sample porosity was mea-
sured postexpedition on seawater-saturated con-
solidated powders by determining the change
in mass after oven drying for >24 h at 105 °C
(Supplemental Material). Postmortem samples
were imaged by scanning electron microscopy
(SEM) in backscatter mode, and in some cases
by energy-dispersive X-ray spectroscopy (EDS).

MECHANICAL AND PHYSICAL
PROPERTIES

Steady-state coefficients of sliding friction
measured at plate-rate shearing velocity ranged
between p = 0.18-0.69 (Fig. 2). Friction coef-
ficients from the initial (run-in) phase at 10 pm/s

A

[]Slip Instabilities

were slightly lower (0.14-0.62) and followed
the same pattern with depth as those measured
at the plate rate (Fig. S3). The highest value was
found for the powdered calcareous samples, and
the lowest values were found for powdered mud-
stone from 1309 mbsf (core sample 60R-1) and
red silty clay with ash from 1312 mbsf (60R-
3). Minor lithification is indicated by cohesion
values of 190-990 kPa (Fig. S2).

Our measurements of the parameter a-b
ranged from —0.003 to +0.012 (Fig. 2). The
mudstone from 1250 mbsf (54R-1) and chalk
from 1360 mbsf (65R-3) exhibited strictly veloc-
ity-strengthening behavior and stable sliding;
all other tested samples, which were collected
within the depth interval of 1309-1333 mbsf,
showed some velocity-weakening and/or stick-
slip sliding behavior, which is direct evidence of
frictional instability (Figs. 2 and 3A). The stress
drops of recorded slip instabilities ranged from 5
to 665 kPa and generally correlated with the slip
event speed increase, quantified as the ratio of
the average slip velocity V to the driving veloc-
ity V}, (Fig. 3C), where the average velocity was
calculated from the slip during the stress drop
and the duration of the stress drop. Exceptions to
this observed trend were some instabilities in the
ash-bearing silty clay from 1322 mbsf (60R-3).
Many of the events were instances of slow slip,
with V ~1 order of magnitude faster than V.

Porosities of the powdered samples were
relatively high (43%-54%) in the depth interval
from 1312 to 1333 mbsf (no measurement could
be made for the chalk at 1322 mbsf), which
coincided with the interval in which velocity
weakening and unstable sliding were observed.
Whereas the porosities of the other samples

54R-1 dark gray claystone -
54R-1 dark gray claystone -

(29%-32%) fell onto the normal compaction
trend (Hiipers et al., 2017), the high porosities
of this distinct depth interval clearly deviated
from the trend.

FRICTIONAL INSTABILITY OF
PROTO-DECOLLEMENT SEDIMENTS
Because we observed instances of velocity-
weakening behavior and/or stick-slip instabilities
under in situ conditions for all tested samples
from lithostratigraphic units III and IV (Figs. 2
and 3), the Sumatra input sediments that likely
host the shallow décollement are interpreted to be
frictionally unstable prior to subduction. In par-
ticular, the red silty clay with ash from 1312 mbsf
was frictionally unstable from near the plate rate
up to the maximum velocity tested in this study
(Fig. 3). Given that this was also the weakest
sample we tested (., = 0.18; Fig. 2), this lithol-
ogy may be the locus of décollement formation
and capable of coseismic slip at shallow depths.
Also notable were the intact samples of tuffa-
ceous sandstone from 1333 mbsf (unit IV), which
exhibited velocity-weakening behavior from the
plate rate through the entire tested velocity range,
and the chalk (61R-3) from 1322 mbsf (unit III),
which failed in stick-slip instabilities with rela-
tively large stress drops when driven at the plate
rate (Fig. 3). Although samples 60R-6 and 61R-1
(unit ITI) also exhibited (potentially) unstable slid-
ing behavior, it occurred when the driving veloc-
ity was at least one order of magnitude faster than
the plate rate (Fig. 3A). If these sediments were
to host plate-boundary slip, they would need to
be perturbed by a deeper-seated earthquake or a
slow slip event. Collectively, our findings sug-
gest that the seismogenic zone at Sumatra has no
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Figure 3. (A) Polarity of friction velocity dependence (a-b) and occurrences of slip instabilities as function of up-step driving velocity. Both
experiments (KS067, KS132) are shown for 60R-1, resulting in some overlapping symbols. Intact samples are shown with red shading;
a—sample contains amorphous SiO, (B) Stress drop as function of average stick-slip event velocity, normalized to load point velocity during

slip instabilities.
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Figure 4. (A) Backscattered electron (BSE) image of wide fine-grained Y shear along slipping
zone (above white dashed line) in sample 61R-1. Yellow box shows location of close-up image
in B and energy-dispersive X-ray spectroscopy (EDS) map in C. (B—-C) BSE and EDS images of
fragmented feldspar and palagonite (highlighted by white arrows in B) scattered in smectite-rich
gouge. In C, feldspar appears as light blue, palagonite as dark blue, and smectite-rich gouge
as red/purple. (D-E) BSE images of deformed sample 62R-5, showing (D) fractured feldspar
(Fsp) sheared out within clay-rich gouge with poorly developed fabric (dashed yellow lines),
and (E) fragmented feldspar bordered by very fine palagonite (Pal) in weakly foliated clay.
(F-G) BSE images of (F) clay-coated aggregates of powdered undeformed sample 60R-6, and
(G) flakes of clay and powdery palagonite in powdered undeformed sample 62R-5. (H) Optical,
plane-light photomicrograph of intact undeformed sample 60R-1, showing individual mineral

components including palagonite and clay.

updip limit, and these results offer an explanation
for the seismogenic slip near the trench during
the Sumatra-Andaman earthquake.

CAUSE OF FRICTIONAL INSTABILITY
Although our tested Sumatra sediment
samples followed the generally expected sys-
tematics of increasing frictional strength with
decreasing a-b, our data were shifted so that the
(potentially) frictionally unstable materials were
also frictionally weak (u, = 0.17-0.47; Figs. 2
and 3B), contrary to the expectation that veloc-
ity weakening and slip instability should only
occur in relatively strong sediments (p >~0.5;
Beeler, 2007; Ikari et al., 2016). The unusual
combination of frictional weakness and insta-

bility in the Sumatra input sediments is diffi-
cult to explain. We note that our microstructural
images of sheared samples show a reduced grain
size and local grain-scale fracturing, implying a
cataclastic process. Deformation was localized
in >100-pm-thick zones parallel to the shear
plane, essentially Y shears (e.g., Figs. 4A—4C).
In these shears, clays made up a matrix sur-
rounding stronger, fragmented clasts of feld-
spar, quartz, and palagonite (Fig. 4). Locally,
there was a weakly developed foliation in the
clay matrix (Figs. 4D—4E), but this was neither
interconnected nor continuous along the sam-
pled shear features (e.g., Fig. 4D).

In quartzofeldspathic sediments undergo-
ing cataclastic deformation, one may expect a

Byerlee (1978) friction value of ~0.6 and the
development of Y shears associated with stick-
slip or velocity-weakening behavior (Beeler,
1996; Logan et al., 1992; Niemeijer and Spiers,
2005). Clay minerals, especially smectite, are
expected to substantially lower the strength of
the sediments and cause velocity strengthening
(Morrow et al., 1992; Ikari et al., 2009), but this
is usually associated with the development of a
continuous, interconnected phyllosilicate fabric
(Bos et al., 2000; Collettini et al., 2009; Haines
et al., 2013). Our samples contained abundant
clay (up to 64 wt% total phyllosilicates) and
significant smectite (up to 30 wt%) (Fig. 2),
which developed a matrix in the cataclastic Y
shears (Figs. 4A—4E). Importantly, however, the
clays in the Y shears did not develop a continu-
ous fabric, allowing stronger grains of feldspar,
quartz, and also palagonite to interact during
shear (Figs. 4D—4H), leading to velocity-weak-
ening or unstable frictional behavior. One could
speculate that if the sediments we tested were
deformed to greater strains, a through-going,
foliated clay fabric may eventually form, and
the samples would become weaker as well as
velocity strengthening.

Our observations of elevated amorphous sil-
ica content, elevated smectite content, and higher
porosity in samples that exhibited velocity-weak-
ening friction or slip instabilities (Fig. 2) suggest
the potential importance of palagonite. Palag-
onite is a product of the aqueous alteration of
basaltic volcanic glass (Singer and Banin, 1990;
Stroncik and Schmincke, 2002). It is a “compos-
ite”” substance that typically includes the reaction
products smectite and zeolite (and in some cases,
carbonate or oxide minerals), but it also includes
poorly crystalline precursors of smectite. Palago-
nite is also less dense than the original glass, and
it has an internal porosity of up to 9% (Singer
and Banin, 1990). Shipboard smear slide analy-
ses by Hiipers et al. (2017) identified palago-
nite along with a minor component of biogenic
opal in Sumatra input sediments. In our samples,
palagonite was identified by XRD data combined
with optical and SEM images showing the char-
acteristic appearance as rims of clays and zeolite
on glass fragments (Fig. 4H). We speculate that
the rind-core structure of palagonite may play a
mechanical role, as the thin clay rinds may be
sheared by allowing the amorphous glass par-
ticles to act as contact asperities. To our knowl-
edge, data from dedicated friction experiments
on palagonite are not currently available. To test
the properties of the opal component, we per-
formed an additional experiment on a powdered
sample of pure biogenic opal from Humboldt
County, Nevada, USA, at an effective normal
stress of 13 MPa. That experiment revealed a
friction coefficient of 0.67 (at 5 cm/yr) and slip
instabilities throughout the entire test.

Our combined observations of elevated
amorphous silica and smectite contents,
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increased porosity, and SEM imaging of the
proto-décollement sediments suggest that cata-
clasis of palagonite, feldspar, and quartz in a dis-
continuous clay matrix with poorly developed
fabric may be responsible for weak and unsta-
ble frictional behavior, with palagonite rims on
glass fragments playing an important role. These
results provide an explanation for shallow earth-
quake slip at Sumatra and bear important impli-
cations for hazards in other subduction zones
where the incoming sediments contain altered
volcanic glass, since volcanic ash (as the source
of palagonite; Underwood, 2007; White et al.,
2011) and opal (Rea and Ruff, 1996) are com-
monly found in the sedimentary inputs to many
subduction zones.
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