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A B S T R A C T

Despite the important role that volcanogenic aluminosilicate (VA) alteration has on elemental cycles in marine
sediments, there is no mechanism to arrive at a global assessment of this process. To quantify the VA alteration
rates from Japan, New Zealand (NZ), and Costa Rica, we develop a mass balance approach that is constrained by
the strontium concentrations and 87Sr/86Sr ratios in pore fluids, authigenic carbonates, and VAs. We derive VA
alteration rates ranging from 101 to 103 nmole Sr/m3 bulk sediment/yr with the highest rate obtained for
Tuaheni, NZ (Site GeoB20802), which has the youngest sediment. We show that 87Sr/86Sr ratios of VA derived
from this mass balance approach are significantly higher than the reported ratios from volcanic glass samples,
indicating a concomitant role of feldspar dissolution and/or authigenic clay formation. Most of the strontium
released during VA alteration is precipitated as authigenic carbonates, with important implications for carbon
inventories. The VA alteration rates derived from this approach can also be used to quantify the release of other
critical elements, such as iron that can stimulate formation of Fe‑carbonates and/or fuel microbial activity at
depth.

1. Introduction

Volcanogenic aluminosilicates (VAs) are defined as materials
erupted from volcanoes and include volcanic glass as well as crystalline
silicates such as plagioclase, biotite, pyroxene, and amphibole (Sutton
et al., 1995; Yokoyama and Banfield, 2002; Wilson et al., 2006). VA is
easily recognized as tephra layers (e.g., Kutterolf et al., 2008a) but also
occurs as disseminated fine grain materials within marine sediment, as
documented by Scudder et al. (2009, 2016). Alteration of VA releases
bicarbonate, nutrients (e.g., silica and iron) and cations (e.g., calcium
and iron) with significant consequences for the global element budgets
(Lawrence et al., 1979; Gieskes and Lawrence, 1981; Plank and
Langmuir, 1998; Wallmann et al., 2008; Torres et al., 2020). Because of
their widespread distribution and highly reactive nature, VA alteration
drives many diagenetic processes in hemipelagic sediment sections
(Kastner, 1981; Wallmann et al., 2008; Longman et al., 2019; Torres
et al., 2020). For example, the iron, manganese, and aluminum released
during VA alteration are thought to enhance the preservation of organic
carbon through complexation (Mayer, 1994; Basile-Doelsch et al., 2007;
Homoky et al., 2011; Roy et al., 2013; Barber et al., 2017; Longman
et al., 2019). More recently, iron released from VA has been shown to

fuel microbial activity (e.g., Fisk et al., 1998; Henri et al., 2016; Luo
et al., 2020). Cations released from VA alteration also drive authigenic
carbonate precipitation, which plays a significant role in the global
carbon cycle (Sample et al., 2017; Phillips et al., 2018; Torres et al.,
2020). The silica released to the pore fluid drives the formation of
amorphous silica and authigenic clay minerals (Jeans et al., 2000; Mork
et al., 2001; White et al., 2011; Spinelli and Hutton, 2013). Diagenetic
carbonate and silicate minerals significantly impact the geomechanical
and hydrogeologic properties of the sediment column, with potential
consequences for the permeability evolution of a formation (Spinelli
et al., 2007; White et al., 2011; Rose et al., 2014). Consequently, there
is a growing need for a mechanism to quantify VA alteration rates on
local and global scales.

For the past decades, great efforts have been made to quantify the
dissolution of volcanic glass in laboratory experiments to understand
the factors that control its reaction kinetics (Table 1). Yokoyama and
Banfield (2002) collected outcrop samples from Kozushima Island,
Japan with different degrees of weathering. They estimated an altera-
tion rate of 6 × 10−19 mol Si/cm2/s over the past 52,000 years. Ad-
ditional laboratory experiments using the same set of samples yielded
rates ranging from 10−18 to 10−16 mol Si/cm2/s, depending on the
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dissolved Si concentration, reaction time, and experiment setup
(Yokoyama and Banfield, 2002; Yokoyama, 2013). Wolff-Boenisch et al.
(2004) determined the dissolution rates of volcanic glass samples from
Iceland and California (USA) that covered various glass compositions
(rhyolite, dacite, basaltic, and mugearite). The experiments were con-
ducted at different conditions pH (4 and 10.6) and temperature
(25–74 °C) and showed that the dissolution rate is a function of the SiO2
content in the volcanic glass. In a more recent work, Declercq et al.
(2013) conducted experiments to determine the dissolution rate of
rhyolite volcanic glass from Iceland under a wide range of pH (2–10.1)
and temperature (40–200 °C) conditions. They showed that dissolution
rate constants are consistent with predictions from the Arrhenius
equation (Arrhenius, 1889) with additional dependencies on the ac-
tivities of dissolved silica and hydrogen ions. Besides solution chemistry
and temperature, Schacht (2005) showed that elevated pressure can
also accelerate volcanic glass alteration and highlighted the importance
of burial history on glass alteration.

These efforts show the complex kinetics of VA alteration and the
dependence of VA alteration on the sediment environment as well as
burial history, which make estimates of the in-situ reaction rates very
challenging. Here we develop a numerical model that allows for de-
termining in situ VA alteration rates in hemipelagic sediments that
receive input from volcanogenic sources. The model is based on a mass
balance of strontium (Sr) concentrations and 87Sr/86Sr isotopic ratios in
pore fluids, authigenic carbonates and VAs. This strategy allows us to
derive effective VA dissolution rates at four continental margin settings
(Fig. 1) with sediment ages ranging from 110 ka to 29 Ma. Our model
does not explicitly consider factors that are known to affect VA dis-
solution (such as surface area of VA, pH, etc.) but constrain the rate
from a strontium mass balance point of view. Given the variability of
VA composition, its physical characteristics and the diverse formation
fluids encountered in nature, we argue that our approach is more likely
to yield genuine estimates on VA turnover in marine sediment. Future
applications of this model to a greater dataset will allow for a com-
prehensive assessment of VA alteration on a global scale.

We consider strontium as an adequate tracer for VA alteration due
to the following reasons: 1) the strontium system in hemipelagic sedi-
ments is well-studied (e.g., Faure and Powell, 1972; Elderfield and
Gieskes, 1982; Elderfield, 1986; Palmer and Edmond, 1989; Veizer,
1989; Joseph et al., 2012) and only affected by a hand-full of reactions;
2) 87Sr/86Sr ratios can be used to differentiate alteration of volcanic
materials vs. continental-derived silicates (Veizer, 1989). The ratios are
not affected by carbonate precipitation nor are they fractionated bio-
logically (Veizer, 1989; Vollstaedt et al., 2014; Pearce et al., 2015); and
3) the analysis of strontium and its isotopic composition in geo-mate-
rials are well established with a rich collection of data already available
in the literature for future global assessment efforts (e.g., Elderfield and
Gieskes, 1982; Joseph et al., 2012; Kim et al., 2013; Joseph et al.,
2013a; Joseph et al., 2013b; Solomon et al., 2014; Moen et al., 2015;
Ross et al., 2015; Kim et al., 2016; Sample et al., 2017; Phillips et al.,
2018). The data we use in this study were collected from sites char-
acterized by significant VA input: Integrated Ocean Drilling Program
(IODP) Exp. 322 Site C0012 (Nankai Trough, Japan) (Underwood et al.,
2010; Expedition 333 Scientists, 2012; Sample et al., 2017); IODP Exp.
337 Site C0020 (Shimokita, Japan) (Expedition 337 Scientists, 2013a,
Expedition 337 Scientists, 2013b, Moen et al., 2015, Phillips et al.,
2018); IODP Exp. 344 Site U1413 (Costa Rica) (Harris et al., 2013a,
Harris et al., 2013b, Ross et al., 2015), and R/V Sonne Exp. 247 Site
GeoB20802 (Tuaheni, New Zealand) (Huhn, 2016; Luo et al., 2020)
(Fig. 1). The strontium system in these locations reflects different end-
member conditions (see site description for details) suitable for estab-
lishing our mass balance approach.

2. Geological background

We compiled data from three different subduction zones (Fig. 1) toTa
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generate a comprehensive view of VA alteration along convergent
margins. We include examples from both accretionary (e.g., Nankai
Trough and Tuaheni) and erosive (e.g., Costa Rica) margins, defined by
the material source to the down-going slab. In erosive margins net

removal of upper plate material occurs at the front or at the base of the
forearc, whereas accretionary margins accumulate the sediment from
the incoming plate at the front of the forearc or by underplating,
leading to a net growth of the margin (von Huene and Scholl, 1991;

Fig. 1. The four locations investigated. Base map image reproduced from the GEBCO world map 2014, ww.gebco.net.

Fig. 2. Downcore distribution of volcanic materials
from Sites C0012, U1413, and C0020 (Expedition
333 Scientists, 2012, Expedition 337 Scientists,
2013b, Harris et al., 2013b). Notice that for Site
C0020, we included volcanic glass observations from
both cuttings (black bars) and cored sediments (blue
bars) with the latter only available from 1256 to
2466 mbsf. Observations of pumice (red bars) were
also indicated. The black bar overlapping the y-axis
for each site marks the depth range focused in our
model. The following classification was used for Site
U1413: R = rare (<1 vol%), C = common (1–10 vol
%), A = abundant (10–50 vol%), D = dominant
(50–80 vol%), M = major (>80 vol%). The fol-
lowing classification was used for Site C0020:
U = unavailable, R = rare (<0.1 vol%), F = few
(0.1–1 vol%), C = common (1–10 vol%), A = abun-
dant (10–50 vol%), D = dominant (>50 vol%). (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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Clift and Vannucchi, 2004). The sediment from Site GeoB20802 was
recovered from the shelf region thought to represent the source mate-
rial in the Tuaheni slide complex, and to contrast with sediments from
the input section to the Nankai Trough system. The material sampled at
Site GeoB20802 is not directly associated with the subducting processes
at the Hikurangi margin, rather reflects a nearshore marine environ-
ment where ash alteration impacts biogeochemical cycling (Huhn,
2016).

2.1. Nankai Trough, IODP Exp. 322

Nankai Trough formed during the northwest subduction of
Philippine Sea plate beneath the Euroasian plate. This seismically active
area has been intensively drilled by ODP and IODP expeditions, in an
effort to understand hydrologic processes and fault zone behavior
during earthquake nucleation offshore Japan. During IODP Exp. 322
and 333, sediments and pore fluids were sampled at Sites C0011 and
C0012 to fully characterize the Shikoku Basin section approaching and
entering the Nankai Trough subduction zone (Underwood et al., 2003).
In the simplest view, the Shikoku Basin strata can be grouped into two
units (upper and lower Shikoku Basin facies), which are overlain by
Quaternary turbidites of the Nankai trench wedge. At Site C0012 se-
diments consist of ash-bearing hemipelagic muds, a bioturbated mud-
stone interbedded with tuffaceous/volcaniclastic sandstone, siliciclastic
turbidites and a basal volcaniclastic-rich facies (Saito et al., 2010;
Henry et al., 2012). The relative ash content of the sediment sequences
in the incoming plate reflects the regional and time-dependent volcanic
activity of the surrounding arcs (Kennett et al., 1977; Ledbetter and
Sparks, 1979; Cambray et al., 1993; Kutterolf et al., 2008b; Mahony
et al., 2011) (Fig. 2). The number and thickness of ash layers decrease
significantly below the Unit I/II boundary. However, estimates of dis-
seminated ash based on geochemical proxies is thought to remain high
(Scudder et al., 2009). The age of the sediments from Site C0012 was
determined by shipboard biostratigraphers and is roughly 20 Ma at 530
meters below seafloor (mbsf) (Saito et al., 2010) (Table 2).

2.2. Tuaheni, New Zealand, MeBo driling SO247

The northern Hikurangi margin includes a flat, 20–30 km-wide
continental shelf, a steep sediment-starved slope, and a 3500 m-deep
subduction trough. Up to a kilometer of Quaternary sediment accu-
mulates in ponded basins along the northern Hikurangi margin con-
tinental shelf (Lewis et al., 2004) and slope (Orpin, 2004; Orpin et al.,
2006; Paquet et al., 2006). The upper 500–800 m of the upper con-
tinental slope was formed by a prograding low-stand accretion con-
sisting of fine sandy up to clayey sediments bearing a multiplicity of

volcanic ashes (Paquet et al., 2011). The presence of vitric ash com-
ponents in sediments from the Poverty Bay margin have been attributed
to its location downwind of the Taupo Volcanic Zone (e.g., Orpin, 2004;
Gerber et al., 2010; Pouderoux et al., 2012). In places, tephra are
thoroughly reworked by intense bioturbation (Huhn, 2016). Con-
sistency in tephrostratigraphy data however indicates that despite slope
instability, hemipelagic sedimentation in Poverty Bay
(~0.06 cm year−1) is the dominant background process operating at
millennial time scales since the mid-Holocene (Orpin, 2004).

During the MeBo 200 drilling campaign in 2016, Site GeoB20802
was selected as a reference for the undisturbed slope section in the
vicinity of the Tuaheni slide complex (Huhn, 2016). Drilled sediments
consist mostly of greenish-grey clayey silts. Interbedded ash layers
1–2 cm in thickness were observed in the upper 20 mbsf (Huhn, 2016)
occurring either as reworked ash or in coarse-grained turbidites. They
are exclusively composed of volcaniclastic debris (glass shards and
pumiceous lapilli mostly) as identified by their typical whitish-greyish
color and high values of magnetic susceptibility (>40 SI) from admixed
ferro-magnesia and opaque Fe-rich minerals. The age of the sediment
from Site GeoB20802 was derived by using the sedimentation rate
given in Luo et al. (2020), and is ca. 0.08 cm/yr.

2.3. Costa Rica subduction zone, IODP Exp. 344

The region targeted by the Costa Rica Seismogenesis Project
(CRISP), offshore the Osa Peninsula, is part of an extensive erosional
subduction zone that extends from Guatemala to Costa Rica (Ranero
et al., 2000; Ranero and von Huene, 2000; Vannucchi et al., 2004).
CRISP aims to understand the processes that control fault zone behavior
during earthquake nucleation and rupture propagation at erosional
subduction zones. This region is characterized by variable sediment
supplies (Schindlbeck et al., 2016b), fast convergence rates, abundant
seismicity, and changes in subducting plate relief along strike. Site
U1413 was drilled in the middle slope region along a 3-D seismic line
(Bangs et al., 2015). Three lithostratigraphic units were distinguished in
the sediment section of Site U1413. The upper ~150 m of sediments
contain three mass transport deposits that are several meters in thick-
ness (Harris et al., 2013a). Twelve distinct tephra layers back to 1.6 Ma
were recovered at the top of the section and between 135 and 180 mbsf
(Fig. 2) (Schindlbeck et al., 2016a).

2.4. Shimokita, Japan, IODP Exp. 337

Site C0020 is located off the Shimokita Peninsula, Japan, at a water
depth of 1180 m in a forearc basin formed by the subduction of the
Pacific plate under the Okhotsk plate. Cores were recovered only from

Table 2
Input parameters for the four investigated sites.

Variable Unit Nankai Trough C0012 Tuaheni GeoB20802 Costa Rica
U1413

Shimokita C0020 Meth.a

(a) L m 400 110 620 1000
(b) T Ma 20 ➔ 0 0.20 ➔ 0 1.6 ➔ 0 29 ➔ 20 a.m.
(c) dt Ma 0.01 6.4E-5 2.6E-3 0.06 m
(d) dx m 0.5 0.44 0.62 2 m
(e) vinf m/yr 1.5E-5 7E-4 3.83E-4 7E-5 a.m.
(f) ϕ0 0.8 0.76 0.7 0.9 m, Eq. (4)
(g) ϕf. inf 0.38 0.48 0.45 0.2
(h) α −0.005 −0.07 −0.008 −0.001
(i) kc 1/yr 4E-6 5E-5 7E-6 6E-9 m
(j) Rcarb1 1.12 1.12 1.12 1.12 m
(k) Rcarb2 0.85 0.8 0.9 0.9 m
(l) kA 1/yr 1.4E-7 7E-6 1.6E-7 2E-7 m
(m) Sr in VA (or ΓA) ppm 400 400 400 400 m, Eq. (11)
(n) Sr/Ca in carbonates mmol/mol 4.5 3.1 4.5 0.23 m

a Methods for the determination of the input parameters: “a.m.”- age model (see Geological Background for details) and “m”- model iteration or see specific
equations for explanations.
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1256 to 2466 mbsf, with sediment ages spanning from 20 to 29 Ma
(Phillips et al., 2016), with the main objective of gaining information
on the relationship between deep coalbeds and microbial activity
(Expedition 337 Scientists, 2013a, Kawai et al., 2014, Inagaki et al.,
2015, Glombitza et al., 2016, Fang et al., 2017, Phillips et al., 2017,
Trembath-Reichert et al., 2017). The site experienced a transition from
terrestrial to marine depositional environments (Gross et al., 2015;
Bowden et al., 2019) with high organic matter-rich sediments recovered
from the terrigenous sediments (Expedition 337 Scientists, 2013b). A
series of coal beds that are 0.3 to 7.3 m thick were recovered at depths
between ~1500 to 2500 mbsf (Expedition 337 Scientists, 2013a).
Pristine and altered volcanic glass was often observed from smear slides
with its abundance varying from few (0.1–1 vol%) to common
(1–10 vol%) (Fig. 2). The age of the sediments from Site C0020 was
crudely established by Gross et al. (2015), as ranging between 20 and
29 Ma for the cored section (Table 2).

3. Modeling of Sr mass balance

3.1. Numerical model framework

We developed a transport-reaction model to quantify the production
and consumption of strontium in marine sediments. The model has a
fixed depth range of observation (row (a) in Table 2) with sediment and
pore fluid being buried through the column. For Site C0020, we mod-
eled only the 1000 m of sediments that correspond to the depths from
1500 to 2500 mbsf where sediment and pore fluid data are available.
Seafloor is always at zero depth with constant properties except for
changes in the 87Sr/86Sr and strontium concentration of coeval sea-
water (see later for details). Essentially, the model calculates the mass
balance of strontium in each depth and time intervals defined for the
investigated sites. Strontium is released to pore fluids from VA de-
composition and consumed via carbonate precipitation. The conserva-
tion of strontium in a unit volume of bulk sediments is set as follow:

= +M
t

F
x

R( )x
t

x
t

x
t

(1)

M: mole or gram of strontium in pore fluid/carbonate/VA in bulk
sediments as a function of depth and time;
F: volumetric flux of pore fluid, carbonate, or VA as a function of
depth and time (mole or gram/m2 bulk sediment/year);
R: sum of different reactions considered as a function of depth and
time.
t and x: time and depth (meter and year).

For strontium in the solid phases (carbonate and VA), Eq. (1) is re-
formulated as follow:

= +
C

t
v C

x
R

[ ] [ ]s x x
t

sed x s x x
t

s x
t. . .
. (2)

ϕs. x: dry sediment volume fraction as a function of depth;
Cx

t: gram of carbonate or VA (Ax
t:) in dry sediments as a function of

depth and time;
vsed. x: dry sediment burial velocity as a function of depth (m bulk
sediment/yr);
ΣRs. x

t: sum of reactions for the solid phases (gram carbonate or VA/
m3 bulk sediments/yr).

For dissolved strontium and calcium in the pore fluid, Eq. (1) be-
comes:

=
+

+
S

t

D v v S

x
R

( ) ( )
f x x

t x
S

x f x ext x f x x
t

f x
t.

( )
. . .

.

f x xt.

(3)

ϕf. x: pore fluid volume fraction as a function of depth;
Sxt: Sr or Ca concentration in solution as a function of depth and
time (mole/m3 pore space/year);
vf. x: pore fluid burial velocity as a function of depth (m bulk sedi-
ment/yr);
vext. x: external fluid velocity as a function of depth (m bulk sedi-
ment/yr);
Dx: strontium diffusion coefficient as a function of depth (m2 bulk
sediment/yr);
ΣRf. x

t: sum of reactions for the solute as a function of depth and time
(mole Sr/m3 bulk sediment/yr).

The volume partition between the solid and pore fluid phases is
determined by the downcore porosity profile (Expedition 333
Scientists, 2012, Expedition 337 Scientists, 2013b, Harris et al., 2013b,
Huhn, 2016), which is defined as:

= + Exp x( ) ( )f x f inf inf. . 0 (4)

ϕf. inf: porosity at an infinite depth where the minimum porosity is
achieved (row (g) in Table 2);
ϕ0: porosity at sediment-water interface (row (f) in Table 2);
α: decay constant for porosity (row (h) in Table 2).

Strontium can be transported through diffusion in the pore fluid
and/or advection (in both pore fluid and sediments through burial)
from and to the adjacent cells. We adopted the diffusion coefficient for
strontium at 25 °C (Boudreau, 1997) and corrected it with tortuosity
that was calculated from porosity:

=D D
Ln1 ( )Sr x

Sr
sw

f x
.

.
2 (5)

DSr. x′: diffusion coefficient of strontium in bulk sediments;
DSr

sw: diffusion coefficient of strontium in seawater.

Sediment and pore fluid advection is due to burial and compaction
of bulk sediment. We assumed porosity to be constant in time (i.e.,
steady-state compaction; Boudreau, 1997). In addition, both dry sedi-
ment and pore fluid are assumed to be buried with an identical velocity
at an infinite depth (where ϕf. inf is assumed) (Boudreau, 1997). These
two assumptions were used to derive burial velocities for dry sediment
and pore fluid:

= =v
U v

f x
f

f x

f inf inf

f x
.

.

.

. (6)

= =v U v
s x

s

s x

s inf inf

s x
.

.

.

. (7)

Uf and Us: volumetric fluxes of pore fluid/dry sediments;
vinf: burial velocity at an infinite depth (row (e) in Table 2).

When necessary, an additional advective velocity for pore fluid was
assigned:

=v pvext x f x. . (8)

p: a positive scaler.

We assumed strontium is only consumed by authigenic carbonate
formation and produced through the decomposition of VA. For the
formation of authigenic carbonate, we formulated the reaction term for
the carbonate phases in Eq. (2) as:

k S 1
f x c x

t

C
. (9)
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Ψ: an error function determining the depth of reaction occurrence
(controlled by Rcarb1 and Rcarb2, rows (j) and (k) in Table 2);
kc: kinetic constant for carbonate precipitation (1/yr, row (i) in
Table 2);
ΓC: mole of strontium in every gram of carbonate (calculated from
row (n) in Table 2).

The Sr/Ca molar ratios in carbonates, and thus ΓC, depend on the
type of carbonate in the sediments. In general, calcites have ratios in the
range of sub mmol/mol (Baker et al., 1982) and aragonites could have
ratios an order of magnitude higher (Joseph et al., 2013b). Other car-
bonates, such as siderite and Mn-carbonate have an order of magnitude
lower strontium content compared to calcite (Cortecci and Frizzo,
1993; Kuznetsov et al., 2005; Phillips et al., 2018). We adopted values
between 3.1 and 4.5 mmol/mol for all sites investigated except for Site
C0020 where strontium content in the carbonate is available
(~200 ppm; Phillips et al., 2018) (Table 2). For VA alteration, the re-
action term was formulated as:

k AA x
t

s x. (10)

kA: kinetic constant for VA alteration (1/yr, row (l) in Table 2);
Ax

t: gram of VA in dry sediments as a function of depth and time.

The reaction term for pore fluid in Eq. (3) was formulated as:

+k S k Af x c x
t

A x
t

s x A. . (11)

ΓA: mole of strontium in VA (mole Sr/g VA) (calculated from row
(m) in Table 2).

We uniformly adopted a ΓA value of 400 ppm for the four sites in-
vestigated. Strontium content in volcanic glass varies wildly from a few
hundred ppm (Cao et al., 1995; Sutton et al., 1995; Wilson et al., 2006)
to sub-percent level (Valle et al., 2010; Parruzot et al., 2015). This value
will not affect the rate determined by the model as the amount of
strontium required is strictly constrained by the overall mass balance.
With a smaller ΓA, more VA is needed to be buried from the seafloor to
reach the mass balance (see Discussion for the difference between vol-
canic glass and VA). We assumed no authigenic carbonate at the sea-
floor and variable VA abundance for the top boundary condition
(Table 3). Eq. (11) was applied to pore fluid calcium to additionally
constrain the Ca/Sr molar ratios in VA with the values listed in Table 3.
For pore fluid strontium, the top boundary condition was set to be a
function of time to reflect the changes in seawater strontium isotopic
ratios (Veizer, 1989):

= × = =Sr
Sr

t t and t Ma0.70920 3.75 10 , 0 40
t

t87

86
1

2
11

1 2
(12)

( ) :Sr
Sr t

t

1

287

86
87Sr/86Sr ratio of seawater as a function of time.

The temporal variation of seawater strontium concentration is only
poorly constrained (Vollstaedt et al., 2014; Pearce et al., 2015). We
assumed a monotonical decrease in seawater strontium concentrations
from 130.2 μM to 86.6 μM between the oceans 70 Ma ago and present
day, respectively (Steuber and Veizer, 2002). See Fig. S2 from Supple-
mentary materials for a demonstration of how seawater burial influences
the strontium system in pore fluid. For the bottom boundary condition
of pore fluid strontium, we assigned no flux boundaries assuming no
exchange of strontium deeper than the modeled depth. We assumed
that 86Sr, 87Sr, and 88Sr are the only three isotopes in the strontium
system and applied Eqs. (2) and (3) separately on each of them. We
assumed the fraction of 88Sr in the seawater to be constant (83.13%)
with time. Isotopic fractionation factor for 88Sr (with respect to 86Sr)
during carbonate precipitation is set to be 0.176‰ (Vollstaedt et al.,
2014). VA alteration releases strontium with a constant δ88Sr signal
(0.4‰ or a 88Sr/86Sr molar ratio of 8.37521; Hoefs, 2009). See Sup-
plementary materials for sensitivity tests with respect to the changes in
δ88Sr (Fig. S1). We solved Eqs. (2) and (3) numerically with the Crank-
Nicolson scheme (i.e., implicit in time and equal weight for adjacent
space nodes). We however formulated reaction terms with an explicit
fashion to avoid potential stiff conditions when reactions are fast.
Spatial and temporal discretization was determined at the different
study sites depending on the depth and time scales of interest (rows (c)
and (d) in Table 2).

3.2. Constraints and uncertainties of the model

The sources of all data used for constraining the model were shown
in Table S1. Porosity and sedimentation rates are essential to establish
the downcore burial velocities for both the solid phases and pore fluid.
Due to sediment compaction, downcore sediment burial velocity is not
constant with depth. It is therefore difficult to simply estimate such
velocity from the age of the sediments. We determined this by choosing
a vinf value (Eq. (7)) so that a sediment parcel can be buried to the
desired depth at the time based on the observed age information and
downcore porosity trend. Burial velocity for pore fluid was calculated in
a similar fashion using Eq. (6). Fluid burial velocity always has the
same sign but lower magnitude as the burial of the sediment parcel. As
a result, pore fluid is always advectively transported downward relative
to the seafloor (i.e., zero depth) but upwardly transported relative to
the sediment at the same depth. External fluid ascending velocity (vext.f)
can be constrained from the pore fluid profiles, but it is assumed absent
at all investigated sites.

After constraining the strontium transport, the remaining unknowns
are reaction rates and depth ranges where alteration of VA and carbo-
nate formation occur. We assumed that carbonate dissolution does not
occur at any of the four sites investigated. Such assumption therefore
limits the applicability of this model to locations with no significant
release of strontium from carbonate dissolution. As demonstrated by
sensitivity tests (see Supplementary materials, Figs. S3–S5), the con-
centrations of strontium and calcium in pore fluids combined with the
87Sr/86Sr profiles can provide enough constraints to quantify both re-
actions. As an additional constraint, when available, we use the

Table 3
Model output.

Variable Unit Nankai Trough C0012 Tuaheni GeoB20802 Costa Rica
U1413

Shimokita C0020

Asymptotic pore fluid 87Sr/86Sr mol/mol 0.70600 0.70843 0.70700 0.70600
Model-estimated 87Sr/86Sr in VA mol/mol 0.70580 0.70815 0.70700 0.70600
Assigned Sr/Ca for VA in model mmol/mol 4.54 4.54 4.54 4.54
Seafloor VA content dry wt% 13 6 2 6a

Range of Sr release rates through VA decomposition nmol Sr/m3 bulk sed/yr 101 to 102 103 101.2 101

Range of Sr consumption rate through carbonate precipitation nmol Sr/m3 bulk sed/yr 100.5 to 103 103 to 103.5 0 to 103 100

a Seafloor VA content between 20 and 29 Ma.
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presence of authigenic carbonates and/or the 87Sr/86Sr ratios of au-
thigenic carbonates to further quantify authigenic carbonate formation.
This was only possible for Sites C0012 and C0020 as no carbonate
nodules/concretions were recovered from U1413 and GeoB20802.

Once the rate and depth range of carbonate precipitation can be sa-
tisfactorily constrained, we can uniquely quantify the rates of VA al-
teration at each of the investigated sites.

Model results for Site C0020 may be subject to large uncertainties as

Fig. 3. Model results and the pore fluid data of strontium concentration, 87Sr/86Sr ratio, and calcium concentration. The black lines are model results for pore fluids
while blue lines indicate modeled 87Sr/86Sr ratios of carbonates. Black open circles are pore fluid data while blue open circles are 87Sr/86Sr data for carbonates (only
available for Sites C0012 and C0020). See Table S1 for the references of the data used. The red arrows mark the model-derived 87Sr/86Sr ratios for VA at each location
investigated, which in all cases are substantially higher than the ratios reported for volcanic glass (see Fig. 5 for comparison). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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the strontium data from the first 1500 m of sediments were not sam-
pled. The available data only allow us to model the evolution of the
strontium system from 29 Ma to 20 Ma (Phillips et al., 2016); which
provides an old end-member example among the studied sites. In ad-
dition, the observed porosity trend does not represent the porosity
during the time window modeled. Instead, we fit the porosity profile for
the first 400 m of sediments as reported by Tomaru et al. (2009) and
assumed that this represents the porosity for the required time span.
This assumption is reasonable as long as steady-state compaction is
valid at this site.

4. Results

The downcore profiles for pore fluid strontium and calcium together
with the best-fit results from our model are shown in Fig. 3. The pore
fluid strontium concentrations vary by a factor of six among the four
locations investigated. Site C0020 (Shimokita) has the highest con-
centration (up to ca. 450 μM) whereas the highest strontium con-
centration from Site U1413 (Costa Rica) reaches only ~75 μM or
slightly lower than the seawater value. The downcore trends of dis-
solved strontium concentration from the four locations are also dif-
ferent. At Site U1413, the upper 100 m of sediments show a decrease in
strontium concentration with depth; the concentration gradually in-
creases between 100 and 300 mbsf and maintains at a similar level
below 300 mbsf. The highest strontium concentration at GeoB20802
(Tuaheni) reaches ca. 170 μM. A concave upward concentration profile
above 60 mbsf is observed at this location. The concentration fluctuates
between 150 and 170 μM from 60 to 110 mbsf. Strontium concentration
reaches 275 μM at 400 mbsf of Site C0012 (Nankai Trough) showing an
overall increasing trend downhole. A closer look of the profile reveals
that the downhole increase in strontium concentration in the first 50 m
of sediments is less obvious compared to the deeper sediments. Between
100 and 300 mbsf, strontium concentration increases from ca. 100 to
250 μM. The concentration fluctuates between 240 and 270 μM from
300 to 400 mbsf at Site C0012. The sediments deeper than 400 mbsf are
known to be affected by the fluid interaction with crustal basement
(Joseph et al., 2013a; Torres et al., 2015) and are not considered in our
present modeling. At Site C0020, the strontium concentration shows
more fluctuation compared to all the other sites investigated. However,
a general downhole increasing trend can be observed with the deepest
sample at 2406 mbsf showing 382.9 μM of strontium. The three samples
between 1936.8 and 1944.5 mbsf, which correspond to the depth range
where a major coal bed was recovered (Gross et al., 2015), have
strontium concentrations over 450 μM (Fig. 3). Despite the high
strontium concentration of these three samples, variation in 87Sr/86Sr
ratios is rather small.

The dissolved calcium concentration profiles from all sites are see-
mingly similar to the strontium profiles (Fig. 3). Nonetheless, the range
of variation in the concentrations of both solutes, relative to their
seawater values, are quite different. At Site U1413, despite the similar
structure in the profiles of calcium and strontium, calcium concentra-
tion is ~1.5 times higher than seawater concentration below 500 mbsf,
while strontium is always lower than seawater concentration
throughout the cores. In contrast, at Site GeoB20802, the calcium
concentration is never higher than seawater throughout the 110 m of
sediments recovered, whereas the strontium concentration reaches al-
most twice the seawater value. The overall profiles of calcium and
strontium from GeoB20802 are also different, with an obviously low
calcium concentration (ca. 3 mM) between 10 and 30 mbsf where the
strontium concentration increases steadily. At Site C0012, despite the
similar overall downcore trend, calcium concentration reaches 20 times
of the seawater value, whereas strontium concentration is only ca. 4
times higher than seawater (Fig. 3). At Site C0020 the calcium con-
centration profile exhibits rather large variation and no apparent
downcore structure, which has been attributed to contamination with
drill mud (Expedition 337 Scientists, 2013a). The similar overall

structure of the downcore profiles for calcium and strontium but dif-
ferent concentration ranges at these four sites suggest different reaction
rates and Ca/Sr ratios for the solid phases considered.

Despite the different strontium concentration profiles observed, the
pore fluid 87Sr/86Sr profiles have similar downcore trends but different
asymptotic ratios among the four sites (Table 3 and Fig. 3). Mixing
between modern seawater values and fluids containing low 87Sr/86Sr
can generally be observed from the upper half of the profiles at all lo-
cations. For the lower half of the profiles, the 87Sr/86Sr ratios approach
0.70850 at Site GeoB20802, 0.70840 at Site U1413, 0.70650 at Site
C0012, and 0.70600 at Site C0020 (Fig. 3). The similar downcore trends
and the low 87Sr/86Sr ratios at the four locations support the inter-
pretation that VA alteration is the common process driving the changes
in pore fluid strontium isotopic ratios at these locations (Elderfield and
Gieskes, 1982; Moen et al., 2015; Torres et al., 2015; Phillips et al.,
2018). We however note that the asymptotic ratios from Sites C0012,
GeoB20802, and U1413 (Table 3) are significantly higher than the ra-
tios reported for volcanic glass at these locations (0.70355–0.706798
from Costa Rica, Schindlbeck et al., 2016a; 0.70551–0.70601 from New
Zealand, Sutton et al., 1995; Wilson et al., 2006; 0.70368 from Nankai
Trough, Kutterolf et al., 2014; no such data are available for Site
C0020).

We acknowledge that the model does not adequately simulate the
pore fluid calcium data at all sites; whereas the fit for Sites C0012 and
U1413 seems reasonable, C0020 and GeoB20802 are less good. In the
case of C0020, the calcium data reflects drill fluid contamination, as
acknowledged in the expedition report (Expedition 337 Scientists,
2013b). The reason for the discrepancy for Site GeoB20802 is less clear
which maybe partly due to the constant Sr/Ca ratios of carbonate and
VA phases assigned in the model (ΓC in Eq. (9) and ΓA in Eq. (11),
respectively). In reality, these ratios may vary with depths and time.
Other sources of dissolved calcium, such as the calcium from the
basement fluids that influence Site C0012 (Torres et al., 2015), which is
not considered in the current model, may also contribute to the dis-
crepancy between the modeled and observed calcium profiles. Not-
withstanding these discrepancies, in all cases our model yielded a good
fit to the measured pore fluid strontium concentrations and 87Sr/86Sr
ratios (Fig. 3). Additional constraints from the 87Sr/86Sr of authigenic
carbonates were also considered when modeling the profiles from Sites
C0012 and C0020 (Fig. 3). The VA alteration rates at the four locations
vary between 101 and 103 nmole Sr/m3/yr (Fig. 4). A similar range of
carbonate precipitation rate (with respect to strontium consumption)
was also estimated (Fig. 4). When comparing the two rates at a given
location, strontium is released through VA alteration faster than car-
bonate precipitation from Sites C0012 and C0020 and therefore results
in the accumulation of strontium in the pore fluid. At Site U1413, the
high rate of carbonate precipitation was inferred from the low stron-
tium concentration in the first two hundred meters of sediments. De-
spite the highest rates estimated from the Site GeoB20802 (Fig. 4), the
strontium concentration in pore fluid is not as high as that from the
other locations indicating much of the strontium released from VA al-
teration is consumed by carbonate precipitation. Our model also gen-
erates a 87Sr/86Sr ratio corresponding to the VA at each site; these
values range from 0.70600 (Sites C0012 & C0020) to 0.70843 (Site
GeoB20802) (Table 3); they are lower than the asymptotic ratios read
from the pore fluid profiles (Fig. 3) but substantially higher than the
ratios reported for volcanic glass at each respective site (Fig. 5 and
Table 3).

5. Discussion

By considering the strontium mass balance among the pore fluid,
authigenic carbonate, and VA phases, we quantified the rates of asso-
ciated reactions as well as the 87Sr/86Sr ratios for the VA being altered.
In the following sections, we provide interpretations on the 87Sr/86Sr
ratios in the pore fluid relative to the reported isotopic ratios for
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Fig. 4. The model-derived contents of carbonate and VA (in dry wt%) as well as the strontium consumption and releasing rates. The porosity downcore profiles fitted
as model input at each site were also shown (see Table S1 for the sources of porosity data). For Site C0020, the porosity profile for the first 400 m of sediments from
Tomaru et al. (2009) was assumed to represent the porosity of the time span considered in the model.
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volcanic glass and discuss the impact of VA alteration on elemental
cycles.

5.1. Source of strontium in pore fluid

Evidently, the pore fluid data at the four investigated sites suggest a
mixture of buried seawater strontium with strontium released with a
deficit in 87Sr from volcanogenic material alteration (Fig. 3). However,
even at great depth, pore fluid never reaches the low 87Sr/86Sr ratios
reported on volcanic glass measurements at each site (Fig. 5). Likely
explanations for such discrepancy include: 1) volcanic glass are highly
heterogeneous; therefore, the reported 87Sr/86Sr might not reflect the
full range of ratios for volcanic glass; 2) the higher ratios in pore fluid

reflect substantial mixing with the buried seawater even at great depth;
3) volcanic glass is not the only source of strontium; rather, other re-
active silicate minerals in the sediments may also undergo alteration;
and 4) authigenic clays forming from alteration of volcanic glass in-
corporate strontium with unique 87Sr/86Sr ratios leading to changes in
the observed pore fluid data. We show in the following discussion that
alteration of silicate minerals and/or formation of clay minerals, in
additon to volcanic glass alteration, are needed to explain the dis-
crepency in 87Sr/86Sr ratios.

Indeed, volcanic glass distributed in the sediment can be hetero-
geneous and thus a definite endmember 87Sr/86Sr ratio may be difficult
to define. This is not because of the heterogeneous amorphous nature of
the volcanic glass itself since isotope values from one eruption and one

Fig. 5. Summary of 87Sr/86Sr ratios in various silicate minerals (grey symbols), pore fluids (open and closed circles), and modern seawater (yellow stars) for the four
investigated sites. The ratios from volcanic glass are from literature (Schindlbeck et al., 2016a for U1413, Kutterolf et al., 2014 for Nankai Trough and Sutton et al.,
1995 for Tuaheni). See text for the references of other silicate minerals. The sources for pore fluid 87Sr/86Sr data are summarized in Table S1. 87Sr/86Sr ratios for
volcanic glass (green squares) from C0012 and C0020 (A; n= 1), GeoB20802 (B; n= 3) and U1413 (C; n= 15) were included to compare with the model-derived
87Sr/86Sr ratios for VA (dash lines). To compare the strontium concentration from the different media, we assumed the abundance of feldspar, clay, and volcanic glass
is 10 wt% of dry sediments and porosity is 50%. The ratio of feldspar (microcline) can be as high 0.99590 (Brantley et al., 1998) which is not included in the plot. Our
model estimates higher 87Sr/86Sr ratios for VA when compared to the volcanic glass. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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volcanic center location are normally very homogenous. Rather, this
results from the wide dispersal range (up to 1000 km) of volcanic glass
provenance and therefore the possible contribution of a larger range of
isotopic signatures along the volcanic arc (e.g., Carr et al., 2003). The
15 measurements of volcanic glass from Site U1413 show values that
mostly cluster around 0.70396 (n = 14; σ = 0.000536) with one ex-
ceptional large ratio of 0.70680 (Schindlbeck et al., 2016a) (Fig. 5),
which is still lower than the asymptotic ratio in pore fluid. The
87Sr/86Sr ratios of lava/pumice from the Taupo volcano, New Zealand,
can be as high as 0.70721 (Sutton et al., 1995) but still much lower than
the ratio in pore fluid from Site GeoB20802. We therefore conclude
that, despite the heterogeneity in volcanic glass, the 87Sr/86Sr ratios in
pore fluids are significantly higher than the overall isotopic ratios in
volcanic glass.

Seawater of different ages contributes significantly to the pore fluid.
By simulating the evolution of pore fluid strontium solely due to sea-
water burial for 29 Ma (Fig. S2), we show that pore fluid 87Sr/86Sr can
be as low as 0.70810 at 1000 mbsf. Such downcore variation in
87Sr/86Sr ratios can only partly explain the observed ratios from the
pore fluid profiles. Such results indicate that a release of strontium from
VA alteration with 87Sr/86Sr ratios ranging from 0.70580 to 0.70815 is
indeed required to explain the observed downcore trend at the four sites
(Fig. 3 and Table 3).

The higher 87Sr/86Sr ratios derived for VA in our model, compared
to volcanic glass reported at each location (Fig. 5), suggest a strontium
contribution from other minerals. VA, defined as volcanic matter de-
rived from eruptions, includes not only volcanic glass but also “phe-
nocrysts” (crystals that grow within the magma chamber). It is known
that VA and especially tephra layers can include substantial amount (1
to up to 50 vol%) of crystals such as feldspar, pyroxene, amphibole,
biotite, spinel and apatite; crystal-rich zones particularly occur at the
base of coarse ash beds (e.g., Kutterolf et al., 2008a; Schindlbeck et al.,
2016a). Even more, reworking of tephra layers distributes VA in the
marine sediments that harbor detrital silicates and, if transported in
form of turbidites downslope, often concentrates VA in marine sedi-
ments as layers. For comparison, we compiled 87Sr/86Sr ratios from
feldspar and clay minerals in Fig. 5. Plagioclase (including feldspar,
albite, anorthite, bytownite, and microcline) has very high strontium
content (from several hundred to over a thousand ppm) with 87Sr/86Sr
ratios higher but close to seawater and pore fluid values
(0.70347–0.99590; Fig. 5) (Heier and Compston, 1969; Clauer, 1981;
Brantley et al., 1998; White et al., 2001). Clay minerals formed from the
weathering of volcanic glass and basalt have 87Sr/86Sr ratios close to or
lower than the pore fluid ratios (0.70370–0.70730; Fig. 5) (Dasch,
1969; Clauer, 1979). Biotite, muscovite, and phlogopite, though were
not included in Fig. 5, can also be found in association with volcanic
glass and may be especially important for Site U1413, where significant
amount of biotite was detected. These minerals are characterized by
very high 87Sr/86Sr ratios (2−10) with strontium concentration lower
than plagioclase and clay minerals (<tens of ppm) (Heier and
Compston, 1969; Clauer, 1981; Taylor et al., 2000; White et al., 2001).

If we assume that VA is composed of primarily volcanic glass (VG)
and feldspar, we can determine the fraction of the two through a binary
mixing calculation (Fig. 6A):

= × + ×
+ =

( Sr/ Sr) ( Sr/ Sr) f ( Sr/ Sr) f
f f 1

87 86
model VA

87 86
VG VG

87 86
feldspar feldspar

VG feldspar

As a result, 5–25 wt% of feldspar (or 2.7–13.7 vol% assuming a
density for feldspar of 2.56 g/cm3) in the bulk VA can explain the ratios
our model derived for Site GeoB20802 (ffeldspar = 0.05 to 0.25; Fig. 6A).
Such a range of feldspar abundances is more than plausible since even
marine background sediments have feldspar contents of 10–20 wt%
evident from XRD analyses of Site C0012 sediments (Expedition 333
Scientists, 2012). Additionally, smear slide observations from Site
U1413 indicate abundant feldspars (10–25 vol%) within the entire

sediment sequence (Harris et al., 2013b). Taking into account that te-
phra layers and turbidites have crystal contents of up to 50 vol%, with
feldspar having by far the highest portion (Kutterolf et al., 2008a;
Kutterolf et al., 2018), the overall ~3 to 14 vol% of feldspar, needed to
explain the ratios of the model, is feasible.

In an alternative view, the strontium released from VA could be the
net effect of volcanic glass dissolution and the consequential clay mi-
neral formation. Authigenic clay minerals that form as a result of vol-
canogenic silicate alteration are known to have low 87Sr/86Sr ratios
(Fig. 5). The relative contribution of the two reactions can also be es-
timated following:

= × ×
=

( Sr/ Sr) ( Sr/ Sr) f ( Sr/ Sr) f
f f 1

87 86
model VA

87 86
VG VG

87 86
clay clay

VG clay (13)

Through such calculation, the model-derived 87Sr/86Sr for Site
GeoB20802 can be matched when 55 to 65 wt% of the strontium from
volcanic glass dissolution is consumed by clay formation (Fig. 6B). Such
an estimation is however higher than the estimation by Yokoyama and
Banfield (2002) who concluded that clay formation is responsible for
20 wt% uptake of volcanic-glass-derived silica. Our current strontium
mass balance approach is not able to differentiate the two reactions
(i.e., feldspar dissolution vs. clay mineral authigenesis). It is likely that
the both reactions play a role in the sediments where dissolution of
volcanic glass is currently active. By extending the binary mixing to a
tertiary mixing, we can demonstrate the relative contribution from the
three processes:

= × + ×
×

+ =

( Sr/ Sr) ( Sr/ Sr) f ( Sr/ Sr) f
( Sr/ Sr) f

f f f 1
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model VA

87 86
VG VG

87 86
feldspar feldspar

87 86
clay clay

VG feldspar clay

(14)

To match the 20 wt% of strontium uptake by clay minerals
(Yokoyama and Banfield, 2002), we assumed that 23 wt% of the
strontium is consumed by clay formation (fclay/(fVG+ ffeldspar) = 0.23),
and arrive at a model-derived high 87Sr/86Sr ratio from Site GeoB20802
with a 3–20% strontium contributed from feldspar dissolution (ffeldspar/
fVG = 0.03–0.2. The actual contribution of the three processes is cur-
rently unknown, but our result of 3–20 wt% contribution from feldspar
is feasible considering the overall feldspar content of the sediment. A
comprehensive consideration that include more pore fluid data and
detailed petrographic sediment analyses will be required to determine
the relative importance of these reactions. It is therefore important to
emphasize that the VA alteration rates estimated from our model are
effective rates that represent the summation of these silicate phases.

5.2. VA alteration: comparison with field observations and lab experiments

From the previous discussion, the VA as defined here is likely an
assemblage of different volcanogenic silicates with volcanic glass being
the major component. Therefore, a direct comparison between the
abundance of VA estimated from our modeling (Fig. 4) and the volcanic
glass estimated from visual inspection (Fig. 2) is only correct to the first
order. Nonetheless, such comparison is important to verify the feasi-
bility of the mass balance considered. For Sites C0012 and C0020, our
model indicates that alteration of 13 and 6 wt% of VA over 20 and
9 Ma, respectively, is required to satisfy the mass balance (Fig. 4). This
corresponds to 9.6 and 4.5 vol% assuming density for bulk sediment
and volcanic glass are 1.78 and 2.4 g/cm3, respectively, at Sites C0012
and C0020 (Underwood et al., 2010). The volcanogenic materials
(volcanic glass, tephra, and pumice) in the sediments between 600 and
2500 mbsf at Site C0020 vary from common (1–10 vol%) to few
(0.1–1 vol%) with discrete layers of abundant (10–50 vol%) glass
(Fig. 2) (Expedition 337 Scientists, 2013a). Similarly, at Site C0012,
volcanic glass content ranges in average between 10 and 30 vol%, with
occasion layers with >60 vol% of glass (Fig. 2) (Scudder et al., 2018).
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These semi-quantified abundances of volcanic glass suggest that our
estimated amounts of VA being altered are reasonable. It is important to
note that the model-derived VA abundance can only be interpreted on a
relative base, and that our model assumes a steady input of VA from the
seafloor, which is not always the case as episodic volcano eruptions and
consequential sudden inputs of VA are likely. Rather, our model results
should be deemed as a long-term average of VA alteration.

The effective VA alteration rates, as derived from our mass balance
approach, include rates of volcanic glass dissolution, feldspar (or other
abundant silicate minerals in bulk VA) dissolution, and/or clay mineral
authigenesis. We deem such bulk reaction rate represents a suitable
estimation towards the assessment of VA alteration on a global scale as
these processes often occur simultaneously in sediments rich in volcanic
glass. For the four locations investigated, Site GeoB20802 has the
highest VA alteration rate (~103 nmole Sr/m3/yr; Fig. 4) whereas the
other three locations have similar overall rates (101 to 102 nmole Sr/
m3/yr; Fig. 4). The young sediment, and therefore the very reactive VA,
from Site GeoB20802 (110 ka, Table 2) may explain the high alteration
rate estimated as compared to other sites. The active VA dissolution
across such wide temporal (110 ka to 29 Ma ago) and spatial scales
provides an indication of the global significance of this reaction over
geological time scales.

Rate of volcanic glass dissolution has been quantified previously
through laboratory experiments, field observations, and numerical
methods (Table 1). Comparing our results with these quantifications,
however, faces several main challenges. First of all, most of these pre-
vious quantifications are silica-based rates that are normalized to the
surface area (or weight) of volcanic glass. In other words, to compare
with our model-derived results, one needs to know the silica-to-stron-
tium ratio in volcanic glass, the surface area (or weight) of volcanic
glass, and the content of volcanic glass in bulk sediments, under the
assumption that VA is mainly composed of volcanic glass. Secondly, as
we elaborated previously, the rates derived from our mass balance
approach represent the summation of several reactions that occurred
simultaneously during volcanic glass dissolution. Third, most of the
previous studies focus on volcanic glass dissolution over the time scale
of millennium at most, which is substantially shorter than the ages of
sites investigated by this work (except for Site GeoB20802).

Despite these obvious limitations, we attempted to compare our
results with the volcanic glass dissolution rates determined from field
observations by Yokoyama and Banfield (2002). Based on the de-
creasing trend of silica content in outcrops of different ages (up to

52,000 years), they estimated a rate of ca. 10–18.22 mol Si/cm2 (volcanic
glass)/sec (Table 1). If we take our result from Site C0012 as an ex-
ample, use our estimated average VA alteration rate of 10–7.48 mol Sr/
m3 (bulk sediment)/year (Fig. 4), and assume bulk sediment density of
1.78 g/cm3 (Underwood et al., 2010), a Si/Sr molar ratio in volcanic
glass of 4294 (Cao et al., 1995), 13 wt% of volcanic glass in bulk se-
diments (based on the decrease of our modeled VA abundance; Fig. 4),
and a volcanic glass surface area of 0.24 m2/g (Yokoyama and Banfield,
2002), we arrive a rate of 10–20.09 mol Si/cm2 (volcanic glass)/sec, or
almost two orders of magnitude lower than what is determined by
Yokoyama and Banfield (2002).

Large uncertainties are however associated with this calculation.
For example, the derived 13 wt% decrease in VA depends on the
strontium content in VA we assigned in the model (row (m) in Table 2)
with less VA needed if the strontium content in VA is higher. Surface
area of volcanic glass also subjects to large uncertainties and depends
on factors such as grain size, the method used, and the type of glass. A
variation of an order of magnitude is highly possible (e.g., Yokoyama
and Banfield, 2002). Besides the associated uncertainties, another likely
explanation is the different time scales used in their estimations com-
pared to ours. As pointed out by a later study (Yokoyama, 2013), vol-
canic glass dissolution rate is time-dependent as the glass loses its ac-
tivity with time. If we extrapolate the equation derived by Yokoyama
(2013) from their 277-day experiment to 20 Ma, we arrive at a rate of
10–20.284 mol Si/cm2 (volcanic glass)/sec, which is similar to our model-
derived rate for Site C0012. Pressure is another factor that may con-
tribute to the difference in the rates estimated (Schacht, 2005) as the
VA from Site C0012 must have experienced much greater pressure
compared to the onshore volcanic glass reported by Yokoyama and
Banfield (2002).

5.3. Authigenic carbonate precipitation as a result of VA alteration

Authigenic carbonate precipitation triggered by VA alteration has
been documented in several recent studies. Clumped isotope analyses of
the carbonates recovered from Site C0012 document carbonate for-
mation at depth (Sample et al., 2017). The 87Sr/86Sr ratios of these
carbonates represent a mixture of strontium derived from seawater and
pore fluids that carry a signal of VA alteration (Fig. 3). For Site C0020
recovered from Shimokita, the 87Sr/86Sr ratios in the carbonates are as
low as the ratios from co-located pore fluid samples (Fig. 3) suggesting
in-situ formation of these carbonates and the incorporation of dissolved

Fig. 6. Binary mixing of (A) dissolution of volcanic glass and feldspar and (B) volcanic glass (VG) dissolution and clay formation. The calculation was done by using
Site GeoB20802 as an example, the site with the highest model-derived 87Sr/86Sr ratio for VA.
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strontium modified by VA alteration (Phillips et al., 2018). Torres et al.
(2020) summarized observations from several locations around the
world showing that authigenic carbonate precipitation in deep sedi-
ment sequences is driven by the increase in alkalinity and dissolved
cations that result from weathering of silicate minerals, including VA.

Similar to the model-derived VA abundance, we can only con-
fidently estimate the relative amount of authigenic carbonate pre-
cipitated but not the absolute abundance of carbonate in the sediments.
Our model indicates that less than ~2 wt% of VA-associated authigenic
carbonate precipitated at the four locations investigated. We therefore
do not expect large concretions of carbonate to form in the sediments as
a result of VA alteration. Most of these authigenic carbonate minerals
are likely disseminated in the sediments. The carbonate nodules found
from the sediments of Nankai Trough and Shimokita are mixtures of
carbonates formed at much shallower depths as well as those formed in
association with VA alteration (Sample et al., 2017; Phillips et al.,
2018). At Sites GeoB20802 and U1413, no visible authigenic carbonate
nodules were found (Harris et al., 2013a, Huhn, 2016). Though the
absence of detectable carbonate nodules does not necessary support the
low percentage of carbonate estimated from our model, our results
suggest that precipitation of a small amount of carbonate is sufficient to
satisfy the overall strontium mass balance. Some of the massive car-
bonate concretions in marine sediment are the result of precipitation at
methane seeps. While in some cases these are massive deposits, these
are limited to small areas on the seafloor. Carbonates formed from VA
alteration occur over wide areas of the seafloor and span much thicker
depth sections than the seep carbonate. Thus, even if not apparent as
visual concretions or veins, they may contribute to a large fraction of
the carbon stored in marine sediment (Torres et al., 2020).

Based on our modeled results, the rate of carbonate precipitation in
association with VA decomposition is roughly the same as VA decom-
position rate (Fig. 4). In other words, most of the strontium released in
the deep sediments is precipitated and retained in the sediments. Not
much of the strontium is able to escape the “carbonate trap” in the
sediments. This is also apparent from the downcore strontium con-
centration profiles. There is almost no change in pore fluid strontium
concentration from the first 30 and 100 m of sediments at Sites
GeoB20802 and C0012, respectively, whereas strontium in bottom
seawater even diffuses into the shallow sediments from Site U1413
(Fig. 3). The global significance of silicate-associated authigenic car-
bonate precipitation has been highlighted by works such as Wallmann
et al. (2008) and Torres et al. (2020). The latest estimation suggests that
globally ~1.2 × 1012 mole C/yr is fixed in authigenic carbonates that is
associated with silicate weathering (Torres et al., 2020). The fraction of
carbon sequestrated as a result of VA dissolution is unclear. Future work
applying similar a mass balance approach as in our study has the po-
tential to provide an estimate for this process.

It is known that the (micro)nutrients and elements released during
VA dissolution impact the deep biosphere in the marine sediments. For
example, Fisk et al. (1998) demonstrated the association between mi-
crobes and weathered basaltic volcanic glass samples that were buried
from a few meters to 1.5 km below seafloor. They proposed that glass
weathering is likely facilitated by the microbial activity and the mi-
crobes benefit from the nutrients released from the alteration process.
Through field observations and laboratory experiments, Rogers and
Bennett (2004) showed that microbes preferentially colonize and
weather manufactured silicate glass containing phosphorus and iron.
They hypothesized that microorganisms are able to produce organic
ligands to chelate metals such as iron. Henri et al. (2016) conducted in-
situ experiment by incubating synthetic basaltic glasses from the Mid
Atlantic Ridge. They found enriched iron-oxidizing microbial assem-
blage associating with glass alteration which confirmed that the Fe(II)
in the basalt was the energy source for the micro-organisms.
Stranghoener et al. (2018) demonstrated that structurally-bound iron in
basaltic glass is more readily utilized by bacteria. A recent work by Luo
et al. (2020) demonstrated how anaerobic oxidation of methane is

coupled with the reduction of Fe(III) released from VA alteration from
Site GeoB20802. The scale of such process is not yet clear, partly due to
the lack of quantification for VA alteration and carbon-fixation poten-
tial in global marine sediments (Jørgensen and Boetius, 2007).

6. Conclusions

We developed a numerical model based on the mass balance of
strontium and its isotopes among pore fluid, carbonates, and volcano-
genic aluminosilicates (VAs). We applied this model on four locations
that are characterized by significant VA input to quantify the effective
rates of VA alteration. We show that the higher 87Sr/86Sr ratios ob-
served in the pore fluid, as compared to the ratios from volcanic glass,
can be explained by feldspar dissolution and/or secondary clay mineral
formation that are associated with volcanic glass dissolution. Despite
the challenges in comparing with other rate estimates from field and
laboratory experiments, our derived VA alteration rates are consistent
with previous estimates for volcanic glass dissolution. Our results also
confirm the significance of authigenic carbonate precipitation in asso-
ciation with VA alteration. We emphasize the importance of releasing
micro-nutrients, such as iron, from VA alteration. Future effort in ap-
plying a similar mass balance approach based on strontium data from a
larger geographical area could help assess the global significance of
these processes.
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