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Abstract
We report on the Sr isotopic composition of pore fluids recov-

ered from Sites U1480 and U1481 drilled during International
Ocean Discovery Program Expedition 362, which sampled the in-
coming sedimentary section of North Sumatra to investigate the
causes of shallow seismogenesis in the Sumatra-Andaman margin.
Sr isotope data are valuable in identifying diagenetic alteration of
the incoming sequence, which can alter mechanical properties of
the sedimentary wedge and subsequently affect its seismogenic be-
havior. Site U1480 recovered input sediment to ~1420 meters below
seafloor (mbsf ), and sediment was sampled from 1150 to 1500 mbsf
at Site U1481. To determine the Sr isotopic composition, acidified
pore fluid samples recovered at sea were loaded directly onto col-
umns containing EICHROM Sr-Spec resin and followed by analyses
using a NU multicollector inductively coupled plasma–mass spec-
trometer (MC-ICPMS). We observed a marked increase in 87Sr/86Sr
ratios to 0.71376 in the Sr contribution from alteration of terri-
genous material from the Bengal-Nicobar Fan. This trend is re-
versed in the deeper sequence, where 87Sr/86Sr ratios decrease to
0.70820 in the deepest sample analyzed (1300 mbsf ). Only the deep-
est sediment was recovered at Site U1481, and the pore fluids also
show a decrease in 87Sr/86Sr ratios from 0.71296 at 1172 mbsf to
0.70913 at 1495 mbsf.

Introduction
International Ocean Discovery Program (IODP) Expedition 362

was designed to establish initial and evolving properties of the
North Sumatran incoming sedimentary section and determine their
role in shallow seismogenesis and forearc plateau development. The
thick input section has likely undergone diagenetic alterations that
may modify the mechanical properties of the wedge and so may
promote shallow seismogenic slip. Fluids and associated diagenetic
reactions are thus a key component of this study. The concentration
of dissolved species and their isotopic composition provide critical

data for the identification of fluid–rock reactions, the assessment of
the potential role of fluid flow through the underlying oceanic crust,
and the identification of any potential migration pathways and fluid
sources (see review in Kastner et al., 2014).

During the fractional crystallization that took place early in our
planet’s history, incompatible elements like Rb were excluded from
basaltic melts and incorporated into silicic residues (continental
crust), which developed with a larger Rb/Sr ratio than the upper
mantle. The isotopic composition of Sr has been changing through
time as the radiogenic 87Sr isotope is produced by emission of a neg-
ative β-particle from 87Rb (Faure and Powell, 1972). Because of this,
87Sr enrichment is high in old continental rocks (granites) and low
87Sr/86Sr ratios are found in the mantle and rocks derived from it
(basalts). Marine sedimentary material reflects the seawater com-
position at the time of deposition, which in turn depends on the rel-
ative inputs from different weathering and hydrothermal sources.
Different source materials are characterized by different Sr isotope
signatures, which are not affected by biologically induced fraction-
ations (e.g., Teichert et al., 2005; Torres et al., 2015); therefore,
changes in concentration and isotopic composition of Sr in the pore
water of marine sediment are powerful tracers for identifying fluid–
rock reactions and the source of migrating fluids. Source materials
responsible for enrichment in Sr concentration and for the alter-
ation of its isotopic composition in interstitial water are continental
detritus (87Sr/86Sr = ~0.7119–0.7133), biogenic calcite (87Sr/86Sr =
~0.7075–0.7092), volcanic material (87Sr/86Sr = ~0.7065), oceanic
crust (87Sr/86Sr = ~0.703) and mixing with present-day seawater
(87Sr/86Sr = ~0.70917) or coeval seawater (e.g., Elderfield, 1986;
Veizer, 1989). Here we report on analyses of Sr isotopes of pore flu-
ids collected at Sites U1480 and U1481 during Expedition 362 to the
Sumatra subduction zone.

Study sites
During Expedition 362, sediment was recovered to a maximum

depth of 1500 meters below seafloor (mbsf) at Sites U1480 and
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U1481, which were drilled on the Indian oceanic plate ~250 km 
southwest of the subduction zone (Figure F1). Data on the succes-
sion of sampled sediment and rock can be used to extrapolate how 
their properties evolve with burial as the sediment section thickens 
before reaching the subduction zone and how this modifies the sed-
iment properties and influences fault slip behavior during earth-
quakes. A detailed description of the results can be found in the Site 
U1480 and Site U1481 chapters (McNeill et al., 2017b, 2017c).

Site U1480
Drilling at Site U1480 (3°2.04ʹN, 91°36.35ʹE; 4148 m water 

depth) recovered sediment and sedimentary rocks from the seafloor 
to 1415.3 mbsf (Figure F2). This complete sedimentary section is 
composed of Late Cretaceous to recent deep-marine sedimentary 
cover. Lithostratigraphic Units I and II (0–1250.3 mbsf) are com-
posed of Nicobar Fan sedimentation and contain a range of silici-
clastic turbidite deposits with varying amounts of carbonate and 
biosiliceous components. The detrital component, which is similar 
to the sediment gravity-flow deposits of the Bengal Fan, has been 
attributed to sources in the Himalayan-derived Ganges-Brahmapu-
tra river system, Indo-Burman range/West Burma, and Sunda 
forearc and arc. The limited arc-derived ash content in these units 
suggests that the Sunda forearc constitutes only a minor sediment 
source (McNeill et al., 2017d).

Lithostratigraphic Units III–V (1250.35–1349.8 mbsf ) are inter-
vals dominated by pelagic sedimentation with significantly reduced 
sediment accumulation rates (McNeill et al., 2017d). Unit III 
(1250.3–1327.2 mbsf) shows a marked increase in lithification rela-
tive to overlying Unit II and is defined by an absence of micaceous 
quartzofeldspathic silt and sand. The upper sediment in this unit is 
dominated by gray-green and minor reddish brown claystone with 
agglutinated foraminifers and overlies a sequence of reddish brown 
tuffaceous silty claystone with biosiliceous debris and minor chalk. 
Unit IV (1327.2–1349.8 mbsf ) is composed of basaltic flows, tuffa-
ceous and volcaniclastic sandstone, and volcanic breccia. Unit V 
(1349.8–1415.3 mbsf ) is defined mainly on the appearance of cal-
careous claystone and chalk and intercalated magmatic intrusions. 
Beneath the sedimentary cover, igneous extrusive and intrusive 
rocks are interbedded with volcaniclastic sediment and underlain 
by a thin interval (1415.3–1431.6 mbsf) of basaltic crustal rock of 
the igneous basement (Unit VI).

Site U1481
Site U1481 (2°45.29ʹN, 91°45.58ʹE; 4178 m water depth) is lo-

cated 35 km southeast of Site U1480. Drilling at this site recovered 
sediment from 1150 mbsf to within a few tenths of meters from 
basement at 1500 mbsf. The goal was to determine if the lower sed-
iment section and basement at Site U1480 are representative of this 

Figure F1. A. Regional map of study area with location of drilled sites, 2004 earthquake rupture area, and Bengal-Nicobar Fan system. Dashed square = location 
of B. GR = Ganges River, IBR = Indo-Burman range (modified from McNeill et al., 2017d). B. Multichannel seismic reflection profiles across the North Sumatran 
forearc (location of the southern 2004 earthquake rupture zone) and Indian oceanic plate overlain on multibeam bathymetry. C. Site U1480 on seismic profile 
Line BGR06-101–102 (see B). Blue line = unconformity between the trench wedge and underlying Nicobar Fan sediments, green line = transition from reflec-
tive to less reflective stratigraphy, dashed red line = high-amplitude reflector with negative polarity toward the subduction zone (modified from McNeill et al., 
2017b, based on data from McNeill et al., 2016). D. Site U1481 on seismic profile Line BGR06-103 (see B; modified from McNeil et al., 2017c, based on data from 
McNeill et al., 2016).
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part of the Indian plate and therefore evaluate the degree of hetero-
geneity of sediment and basement over short distances (see the Site 
U1481 chapter; McNeill et al., 2017c).

The sediment sequence recovered at Site U1481 consists of si-
liciclastic sediment interpreted as the older stratigraphic part of the 
last active Nicobar Fan and the underlying hemipelagic to pelagic 
sediment equivalent to the material recovered between 785.8 and 
1310.1 mbsf (lithostratigraphic Subunits IIC and IIIA) at Site 
U1480. Because of time constraints, drilling into the underlying 
deepest prefan pelagic sediment and basement was not possible.

Analytical methods
Pore fluids were collected from whole-round cores that were cut 

on the catwalk immediately after recovery, capped, and taken to the 
laboratory for processing using a titanium squeezer modified after 
the stainless-steel squeezer of Manheim and Sayles (1974). Details 
on sampling protocols are given in the Expedition 362 methods
chapter [McNeill et al., 2017a]). Dissolved Sr concentrations were 
measured on board using an inductively coupled plasma–atomic 
emission spectrometer (ICP-AES) with a Teledyne Prodigy high-
dispersion instrument. Samples were diluted 20-fold using ultra-
pure nitric acid (2%), and concentrations were determined from cal-
ibration curves using matrix-matched standards, with an average 
precision better than 1% (see the Expedition 362 methods chapter 
[McNeill et al., 2017a])

For isotopic analyses, Sr separation was achieved by loading ali-
quots containing ~300 ng of Sr on a 50 μL Sr-specific column and 
resin from EICHROM. Samples from the columns were collected in 
acid-washed polytetrafluoroethylene bottles and acidified with 2 
mL of 3% HNO3. Isotopic analysis was performed using the Nu 
Plasma multicollector inductively coupled–mass spectrometer 
(MC-ICPMS) housed in the W.M. Keck Collaboratory for Plasma 

Spectrometry at Oregon State University (Ross et al., 2015). 87Sr/86Sr 
ratios were normalized to the National Bureau of Standards 987 
standard, with an 87Sr/86Sr ratio of 0.71025 ± 0.00005 (2σ mean; N = 
91). External error is represented through replicate analysis of an in-
house standard with an 87Sr/86Sr ratio of 0.708170 ± 0.000051 (2σ 
mean; N = 91).

Results
From the 168 pore fluid samples for which there were dissolved 

Sr data available, 87Sr/86Sr isotope ratios were measured in 77 sam-
ples (Table T1). This data set reflects the availability of pore fluid 
subsamples for 87Sr/86Sr analyses, which was limited by the volume 
of fluid recovered and the broad spectrum of desired postcruise 
analyses. The downcore distribution of dissolved Sr and its isotopic 
composition is shown in Figure F2.

At Site U1480, Sr concentrations remain relatively consistent 
around 80–100 μM (approximately the concentration of seawater) 
at 0–300 mbsf (Figure F2). 87Sr/86Sr ratios increase from a near-sea-
water ratio of 0.709195 at 1.40 mbsf to 0.71364 at 336 mbsf, a depth 
interval that corresponds to the Pliocene–Pleistocene deposits of 
the Nicobar Fan. This marked increase in the Sr radiogenic signal 
points to alteration of the reactive siliciclastic component in the tur-
bidite deposits, which is thought to originate from erosion of the 
Himalaya and Tibetan Plateau. Chemical changes in dissolved pore 
fluid components measured on board were used to suggest alter-
ation of volcaniclastics with an overall decrease in the concentration 
of K, Li, and B and a release of Ca (see the Site U1480 chapter [Mc-
Neill et al., 2017b]), which is commonly observed in ash-bearing 
sediment (e.g., Gieskes and Lawrence, 1981; Lawrence and Gieskes, 
1981). However, the isotopic data presented here clearly points to 
alteration of detrital (rather than volcanogenic) silicates, which is 
similar to previously documented alteration of continentally de-

Figure F2. Sr concentration and isotopic ratios measured in pore fluid from Sites U1480 (blue) and U1481 (red). Lithostratigraphic units and ages correspond to 
those from the Site U1480 and Site U1481 chapters (McNeill et al., 2017b, 2017c). Enrichment in 87Sr/86Sr relative to the seawater (SW; arrow) ratio of 0.7092 is 
evidence for weathering of continentally derived silicates that release this radiogenic isotope. The decrease in 87Sr/86Sr ratios in the deepest samples suggests 
a contribution from Sr released by alteration of basement.
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rived material in sediment recovered from the Indian margin and 
the Ulleung Basin (Solomon et al., 2014; Kim et al., 2016).

The trend toward radiogenic Sr displays an inflection at 336 
mbsf, where 87Sr/86Sr ratios decrease from 0.71364 to 0.71167 at 794 
mbsf, a depth that corresponds to a marked increase in dissolved Sr 
concentration and may be related to carbonate diagenesis (see the 
Site U1480 chapter [McNeill et al., 2017b]). Between 794 and 1115 
mbsf, a second broad maximum in 87Sr/86Sr ratios (0.71243 at 1107 
mbsf) possibly reflects marine silicate diagenesis in the lowermost 
Nicobar Fan deposits. This trend is reversed toward the bottom of 
the sediment section, with the lowest 87Sr/86Sr ratio (0.70820) oc-
curring in the deepest pore water sample available (1300 mbsf). 
Pore fluid characteristics in these deepest lithostratigraphic units 
(III–V) are indicative of alteration reactions in oceanic basement 
(see the Site U1480 chapter [McNeill et al., 2017b]).

Drilling at Site U1481 only recovered the older stratigraphic sec-
tion of the Nicobar Fan and the underlying hemipelagic to pelagic 
sediment (see the Site U1481 chapter [McNeill et al., 2017c]). Sr 
concentration data from the cored section shows a general increase 
with depth from 1160 mbsf (194.6 μM) that corresponds to the in-
crease in Sr observed with depth at Site U1480 (Figure F2). Consis-
tent with the data obtained at Site U1480, isotopic ratios at Site 
U1481 decrease from an 87Sr/86Sr ratio of 0.712965 at 1172 mbsf to 
0.70913 at the bottom of the recovered section (1495 mbsf ).

The relationship between the isotopic ratios at Sites U1480 and 
U1481 and their inverse Sr concentration (1/Sr) is shown in Figure 
F3. The figure separates data from Site U1480 into three depth in-
tervals: 0–300 mbsf (blue triangles), 300–1100 mbsf (blue squares), 
and samples deeper than 1100 mbsf (blue diamonds). For Site 
U1481, data are only available from deeper than 1100 mbsf (red dia-
monds). This figure shows a well-defined mixing relationship for 
the composition of samples in the upper 300 mbsf, which varies
from seawater values (marked with X) and have a progressive alter-
ation signal for the Nicobar Fan detrital siliciclastics. The deepest 
sediment (deeper than 1100 mbsf) at both sites define a mixing re-

gime from a diagenetic pore water signal toward a component of the 
fluids that is indicative of basement alteration reactions. Not sur-
prisingly, the lowest 87Sr/86Sr ratio was measured in the deepest 
sample recovered from Site U1480; drilling at Site U1481 termi-
nated before basement was reached.
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