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Abstract
This chapter reviews the boron isotopic composition of the ocean floor,
including pristine igneous oceanic crust such as mid-ocean ridge basalts
and ocean island basalts and their implications for the B isotopic
composition of the mantle. The chapter further discusses the B isotopic
effects of assimilation of altered crustal materials in mantle-derived
magmas. The systematics of seawater alteration on oceanic rocks are
discussed, including sediments, igneous crust and serpentinization of
ultramafic rocks and the respective marine hydrothermal vent fluids. The
chapter concludes with a discussion of the secular evolution of the B
isotopic composition of seawater.
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8.1 Introduction

The oceanic crust plays a key role in global
geochemical cycles in several ways. Oceanic
crust formation is the prime process of magma
extraction from the mantle. Intense interaction of
seawater with the lithosphere, particularly along
the world’s 65,000 km long mid-ocean ridge
system, affects both seawater chemistry and the
composition of the crustal rocks, as well as sec-
tions of the oceanic mantle (e.g., German and Lin
2004; Karson et al. 2015). The oceanic crust and
part of the lithospheric mantle modified by
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interaction with the hydrosphere plus its sedi-
ment load are eventually subducted along the
convergent plate margins, introducing chemical
and isotopic heterogeneities into the mantle (e.g.,
Elliott et al. 1997; Jackson et al. 2007; Marschall
and Schumacher 2012). Subduction of oceanic
crust triggers the production of
convergent-margin magmas that determines the
composition of the newly produced continental
crust today and probably throughout parts of
Earth’s history (e.g., Reymer and Schubert 1984;
Dhuime et al. 2012). Ideal geochemical tracers
that can be employed to detect and quantify these
exchange processes should show large disparities
in abundances among seawater, crustal rocks,
sediments, altered rocks of the seafloor and the
mantle, and should possess isotopic signatures
that are strongly fractionated among the mantle,
crust and hydrosphere.

Boron fulfils these criteria better than most
other elements. It is a quintessentially crustal
element with high concentrations in rocks of
continental affinity and in rocks that interacted
with the hydrosphere. Oceanic sediments,
low-temperature altered oceanic basalts, and ser-
pentinites show very high B abundances (10–200
lg/g), whereas the depleted mantle is charac-
terised by very low B contents (<0.1 lg/g; Lee-
man and Sisson 1996). Fractionation of the two
stable isotopes of boron 10Bð and 11BÞ at low
temperatures is responsible for surface reservoirs
that are enriched in boron with a 11B-rich isotopic
composition, and seawater is at the high end of
the isotopic scale (Palmer and Swihart 1996).

Boron isotope analyses of pristine, unmeta-
somatised mantle samples has not been achieved
yet, due to analytical limitations relative to the
level of precision required for a geologically
meaningful interpretation. However, fresh
basaltic glasses erupted at mid-ocean ridges have
been used to indirectly determine the boron ele-
mental and isotopic composition of the con-
vecting mantle, and ocean-island basalts have
been investigated to identify possible recycled
crustal materials in the mantle (Chaussidon and
Jambon 1994; Chaussidon and Marty 1995;
Marschall et al. 2017).

This chapter summarizes the boron isotope
characteristics of the ocean-floor realm, including
fresh and altered igneous crust and its connection
to the mantle, as well as oceanic sediments and
serpentinized ultramafic rocks exposed at the
seafloor. Boron in hydrothermal vent fluids are
reviewed for their bearing on seafloor alteration,
and a brief summary of the secular change in the
boron isotopic composition of seawater is given.

8.2 The Oceanic Crust

Approximately two thirds of the Earth are cov-
ered by large ocean basins submerged under, on
average, a 4000 m deep layer of water. The
oceanic crust is dominated by basalts, gabbros
and exposed mantle rocks and has a limited age
of approximately 0–200 Ma due to constant
recycling (e.g., Müller et al. 2008). This contrasts
with the elevated continents that comprise a
diverse rock record spanning a very long history
over billions of years (e.g., Dhuime et al. 2012).
The oceanic crust is constantly formed at the
mid-ocean ridges from where it drifts away, ages
and is eventually subducted into the mantle at
convergent plate margins. The processes operat-
ing at mid-ocean ridges are, therefore, central to
the formation of the crust and key to under-
standing of its general structure and diverse types
of crustal accretion process that have been dis-
tinguished (e.g., Reynolds et al. 1992; Dick et al.
2003; Escartín et al. 2008).

The textbook model for the structure of
fast-spreading oceanic crust is the classic “Penrose
model”, named after the GSA 1972 Penrose Field
Conference, where it was defined for the idealized
structure of ophiolites (e.g., Dilek 2003). It con-
sists of mantle and ultramafic cumulates at the
bottom, overlain by successive layers of magmatic
rocks, including gabbro, sheeted dikes and lava
flows (sheets and pillows), and a top layer of
siliceous and carbonaceous sediments. At
slow-spreading ridges the spreading has a much
larger tectonic component with disruption of the
magmatic layers and exposure of serpentinized
mantle at the seafloor (e.g., Dick et al. 2003).
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Boron abundances and isotopic compositions
have been analysed for all the above-mentioned
rock types and provide a picture of the boron
isotopic inventory of the ocean floor.
Hydrothermal activity, low-temperature alter-
ation and weathering effectively mobilize boron
and strongly influence the B isotopic composi-
tion of the affected rocks. These alteration pro-
cesses have been studied through the
investigation of altered rocks, hydrothermal vent
fluids, and through laboratory experiments.

8.3 Mid-Ocean Ridge Basalts

Basaltic melts erupted along the global
mid-ocean ridges are readily quenched to glass at
contact with seawater, thus preserving the geo-
chemical patterns of the melt that may otherwise
be disturbed by crystallization and alteration
processes in slower-cooled, crystalline rocks.
Mid-ocean ridge basalt (MORB) glasses have,
thus, been extensively used to decipher the
composition of mantle-derived magmas and the
composition of their sources, i.e. the upper,
depleted, convecting mantle (e.g., Sun et al.
1979; Hofmann 1988; O’Neill and Jenner 2012).

The boron isotopic composition of unaltered
MORB glasses has been investigated in several
studies (Fig. 8.1) starting with Spivack and
Edmond (1987). These authors analysed two
samples from the East-Pacific Rise (EPR) result-
ing in a d11B of −3.0 ± 2.0‰. Ishikawa and
Nakamura (1992) investigated a number of
basaltic rocks from ODP Hole 504B (Galapagos
Spreading Center) that showed variable degrees
of hydrothermal alteration. They extrapolated the
alteration trend back to the least altered sample
and argued that d11B ¼ þ 0:2‰ was represen-
tative of fresh MORB.

Chaussidon and Jambon (1994) analysed 17
MORB glasses from the EPR, the Mid-Atlantic
Ridge (MAR) and the Red Sea and found d11B to
range from �6:5 to −1.2‰ with a mean of
−3.9 ± 3.3‰. These authors observed a similar
range of values in back-arc basin basalts and
ocean-island basalts (OIB; see below). Based on

K2O, H2O, MgO and B content, as well as
87Sr=86Sr and 2H=1H ratios, they argued that the
B isotope range observed in the oceanic basalts
were not reflecting mantle source heterogeneities,
but were due to the assimilation of
seawater-altered materials by the magmas
beneath the ridge prior to eruption. Chaussidon
and Jambon (1994) argued that a value of
d11B ¼ �7:0� 1:0‰ is most representative of
the upper mantle.

Moriguti and Nakamura (1998) analyzed two
rock samples from ODP Hole 648B (MAR) with
d11B ¼ �5:3� 0:2‰, and le Roux et al. (2004)
analyzed four glass samples from the EPR
resulting in d11B ¼ �7:3� 0:8‰ (Fig. 8.1).

Roy-Barman et al. (1998) investigated Os and
B isotopes of six MORB glasses from the MAR,
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Fig. 8.1 Boron isotopic composition of unaltered,
uncontaminated MORB as determined through analyses
of MORB glass (yellow) and whole-rock samples (green).
Elevated d11B values were found in MORB at various
localities and were demonstrably related to assimilation of
altered crust into the magmas beneath the ridge (pink
ass. = assimilation). Sources are: S&E-1987 = Spivack
and Edmond (1987), I&N-1992 = (Ishikawa and Naka-
mura 1992), C&J-1994 = Chaussidon and Jambon
(1994), RB-1998 = Roy-Barman et al. (1998),
M&N-1998 = Moriguti and Nakamura (1998),
leR-2004 = le Roux et al. (2004), G-2007 = Gannoun
et al. (2007), M-2017 = Marschall et al. (2017). ‘n’ refers
to the number of unaltered MORB samples analyzed in
each study
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Central Indian Ridge and the EPR. They showed
that radiogenic Os is found in samples that also
show isotopically heavy B, most likely intro-
duced by assimilation of altered crust. Their two
MORB samples with 187Os/188Os\0:135 have a
d11B value of −10.3 ± 2.2‰, which they take as
representative of the uncontaminated mantle,
following Chaussidon and Marty (1995).

Gannoun et al. (2007) also completed a
combined Os and B isotope study and analysed
16 MORB glasses from the EPR, MAR and the
South-West Indian Ridge (SWIR). They too
found a covariation of radiogenic Os with iso-
topically heavy B, interpreted as a sign of
assimilation of seawater-altered crust by the
magma. This led to d11B values of as high as
+2.1‰. The glasses with the lowest
187Os/188Os \0:135ð Þ have d11B values between
�8:7 and −6.2‰.

Marschall et al. (2017), the most recent and
comprehensive study so far, investigated 56
MORB samples from the northern and southern
MAR, the SWIR and from three sections of the
EPR. Magma assimilation of altered crust (or
seawater, or brines) was identified through ele-
vated chlorine contents and Cl/K ratio. A subset
of 40 samples with Cl/K\0:08 was identified to
represent uncontaminated MORB and was used
to determine the mantle-derived boron isotopic
compositions of the various ridge segments. The
mean of the six different investigated ridge sec-
tions for samples with Cl/K\0:08 was
−7.1 ± 0.9‰ (2 standard deviation; Fig. 8.1).
The majority of the low-Cl/K samples show d11B
values between �8:5 and −6.0‰ with no
resolvable differences among the various inves-
tigated ridge sections, and without any correla-
tion with Cl, Li or B contents (Marschall et al.
2017). Samples from diverse localities, such as
the southern MAR, the SWIR and the various
sections of the EPR all showed indistinguishable
normal distributions around the mean value of
−7.1‰. Furthermore, no correlation was found
between d11B and geochemical parameters that
indicate the degree of depletion or enrichment of
the mantle source of the MORB magmas, such as

La=Sm, Ba=TiO2, or Zr=Y. Boron isotopes also
did not show any systematic variation with
radiogenic isotope ratios, such as those of Sr, Nd
or Pb (Marschall et al. 2017). Assimilation of
altered crust, brines or seawater into the magmas
at the ridge produced elevated Cl and B contents
and d11B values of as high as −2.2 ± 1.7‰.

Shaw et al. (2012) presented H and B isotopes
of 7 MORB glasses from the Manus basin with
d11B value from −10.8 ± 1.0‰ to −3.1 ± 1.0‰
that correlate positively with dD. However, the
Manus basin is very complex with possible
influences of a plume, subducted slab, and a
back-arc system, so that the isotope values of
these samples are not representative of MORB
produced at an open-ocean spreading center
(Shaw et al. 2012).

Any comparison of all these d11B values pub-
lished by a number of authors from different lab-
oratories and determined by various analytical
techniques need to take the analytical limitations
into account. Well-established silicate reference
materials for B isotope analysis only became
available relatively recently (e.g., Jochum et al.
2006), and analytical protocols have been
improved over the past two decades
(e.g., Aggarwal et al. 2009; Foster et al. 2013,
2017; Marschall and Monteleone 2015). Dis-
crepancies among the different studies from the
1980s and 1990s cited above and displayed in
Fig. 8.1 at the level of 5‰ or less are not likely to
be significant, given the level of accuracy,
inter-laboratory comparability and lack of inter-
nationally distributed B isotope reference materi-
als. Nonetheless, these studies established that the
d11B value of fresh, uncontaminated MORB most
likely had to be between approximately �12 and
0‰. Today, the best estimate for the d11B of
uncontaminated MORB is −7.1 ± 0.9‰, and it is
homogenous in boron isotopes on the level of
current analytical precision and accuracy. It is
further concluded that assimilation of seawater or
seawater-altered materials produces elevated d11B
values as observed in a number of MORB glass
samples (Chaussidon and Jambon 1994;
Marschall et al. 2017; Fig. 8.1).
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8.4 Ocean Island Basalts

Ocean island basalts (OIB) exhibit chemical and
isotopic characteristics that distinguish them from
the basalts typically erupted at mid-ocean ridges
(Hofmann 1997, 2003). MORB represent the
composition of the convecting upper mantle, and
the excursions of the OIB from the MORB field
require the existence of chemically, isotopically
and possibly mineralogically distinct domains in
the Earth’s mantle (i.e., in the source of these OIB)
that persist over hundreds of millions to billions of
years (e.g., McKenzie and O’Nions 1983; Zindler
and Hart 1986; Stracke et al. 2005).

The genesis of the enriched components in the
mantle is a long-standing matter of debate, and
various hypotheses have been put forward to
explain their origin. One possibility is that radio-
genic parent-daughter trace elements were frac-
tionated in the mantle itself or by interaction of
mantle and core (e.g., Vidal and Dosso 1978;
Allègre et al. 1980; Menzies and Wass 1983;
Halliday et al. 1990; Collerson et al. 2010).
However, most studies favor subducted slabs as
the origin of the enriched components inOIB (e.g.,
Chase 1981; Hofmann and White 1982; Weaver
1991; Jackson et al. 2007; Nebel et al. 2013).

The establishment of the connection between
recycled surface materials and OIB and its
quantification in terms of timescales and mass
fractions is of foremost importance to the geo-
sciences, as it would enable us to use the geo-
chemical tracers in OIB to inform models on
mantle convection and the long-term evolution of
the crust-mantle system (c.f., van Keken et al.
2002).

The interpretation of radiogenic isotope data
are complicated by the fact that isotope signa-
tures naturally evolve differently with time
depending on the parent/daughter abundance
ratios in any particular mantle domain. This
generally leaves a range of possible interpreta-
tions for the measured data with respect to resi-
dence time and mixing and convection
mechanisms. The possibility of parent/daughter
fractionation in the mantle adds ambiguity to

radiogenic isotope signatures as tracers of recy-
cled material.

An alternative tool to radiogenic isotopes are
stable isotope ratios. These do not change over
time and, hence, remove the uncertainty of
time-dependent evolution models. Also, stable
isotope fractionation is strong in crustal materials
at the surface, but small or negligible in the hot
mantle and in differentiating magmas. Stable
isotope signatures of erupted lavas can, therefore,
be interpreted to reflect mantle heterogeneities
produced by recycled surface materials.

Boron stable isotopes in OIB have been
employed by a number of studies in an attempt to
identify recycled materials in their mantle sources.
Analyses of B isotopes in OIB are less difficult and
slightly more precise than B isotope analyses of
MORB glasses, because many have higher B
abundances by a factor of two to three (e.g., Ryan
and Langmuir 1993). However, this does not
apply to all OIB samples. In addition, two major
obstacles have caused difficulties for the inter-
pretation of the data, or demand cautiousness
towards the interpretations proposed in the pub-
lished studies discussed in more detail below:

(1) The boron isotopic composition of the upper
mantle was not well defined in the past, and
some studies have discussed the OIB data
relative to a d11B value for the depleted
upper mantle higher than −7‰; such ele-
vated d11B values in MORB have been
identified as produced by shallow magma
assimilation of seawater-altered materials
and are not accepted as representative of the
MORB mantle (see discussion above). An
incorrect geochemical “baseline” for the
mantle, i.e., for the mantle that does not
contain recycled materials, inevitably leads
to misinterpretations of data on possibly
exotic mantle domains.

(2) Assimilation of even small amounts of
hydrothermally altered materials by the OIB
magmas during their ascent through the crust
can influence their B isotopic composition, in
which case the measured signal is no longer
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representative of the composition of the
mantle source. This, on the other hand,
makes B isotopes a sensitive indicator for
crustal assimilation in basalts and they have
been employed in OIB studies for this
purpose.

The largest number of studies were completed
on samples from Hawai’i and Iceland, with only a
few published data from other ocean islands.
Chaussidon and co-workers presented boron
isotope data from Hawai’i and Iceland, as well as
Galapagos, St. Helena, MacDonald seamount,
and Afar (Fig. 8.2; Chaussidon and Jambon
1994; Chaussidon and Marty 1995; Gurenko and
Chaussidon 1997; Roy-Barman et al. 1998).
These studies consistently show positive corre-
lations of d11B values and indicators of assimi-
lation of low-temperature altered crust, such as
increasing dD values or radiogenic Os. Decreas-
ing MgO contents that correlate with increasing
d11B indicate combined assimilation and frac-
tional crystallization (Chaussidon and Jambon
1994). A second trend is observed in samples
from subaerial volcanoes with d18O values below
that of uncontaminated mantle indicating assim-
ilation of crust altered by high-temperature
meteoric fluids: these samples show lower d11B
values than MORB-source mantle, as low as
−14.6 ± 3.0‰ (2SE) in samples from Afar
(Fig. 8.2; Chaussidon and Marty 1995). The least

contaminated OIB with the highest 3He=4He
ratios are taken as representative of the
OIB-source mantle with a relatively homoge-
neous d11B value for all investigated localities of
−10 ± 2‰ (Fig. 8.2; Chaussidon and Marty
1995). No boron isotope mantle heterogeneities
are indicated in these studies and all excursions to
high or low d11B values are demonstrated to be
caused by assimilation of altered crust.

Hawai’i whole-rock isotope data from three
different shield stages (Kilauea, Mauna Loa and
Koolau) showed a very narrow range in d11B
values from �5:4 to −3.0‰ for 25 samples
(Fig. 8.2; Tanaka and Nakamura 2005).

The three stages show slightly different d11B

values of −5.1 ± 0.6‰ for Koolau, −4.0 ±

0.6‰ for Kilauea, and −3.4 ± 0.6‰ for Mauna
Loa. Seawater-alteration and assimilation of
altered crust were excluded as causes of these
isotopic variations, because they do not correlate
with B content nor with fractionation indicators
(Tanaka and Nakamura 2005). Radiogenic iso-
topes show variations among these three Hawai’-
ian volcanoes, and the authors interpret the
variation as a range between MORB-source
mantle and deeply subducted sediments with a
low d11B value. However, they take a value of
−3.3‰ for the unmodified MORB-source mantle
and argue that values between approximately �4
and −5.4‰, as observed in the Kilauea and Koo-
lau lavas, would require a recycled sediment
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Fig. 8.2 Boron isotopic composition of unaltered OIB
samples from various localities. Orange fields depict
estimates of B isotopic composition of the OIB mantle
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Jambon (1994), C&M-1995 = Chaussidon and Marty
(1995), RB-1998 = Roy-Barman et al. (1998),
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Kobayashi et al. (2004), R&S-2008 = Rose-Koga and
Sigmarsson (2008), B-2012 = Brounce et al. (2012),
T-2007 = Turner et al. (2007), G-2014 = Genske et al.
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refers to the number of samples analyzed in each study,
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(2017)
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component. This model has to be reversed, how-
ever, if a d11B value for the MORB-source mantle
of approximately −7.1‰ is accepted, and a com-
ponent with isotopically heavy B is required,
instead, to explain the data for all three Hawai’ian
volcanic centers.

In a very similar way, Kobayashi et al. (2004)
interpreted data from melt inclusions in
orthopyroxene and plagioclase from Hawai’i (28
analyses from 5 different samples, most of which
were also analyzed by Tanaka and Nakamura
2005). Their data range from −10.5 ± 2.5‰ to
+5.2 ± 2.6‰ (Fig. 8.2). The authors use a d11B
reference value of −3 ± 3‰ for MORB-source
mantle and interpret all observed values higher
than that as due to assimilation of altered
Hawai’ian crust into the magma (Kobayashi et al.
2004). Values lower than −6‰ are taken as
evidence for deeply recycled ancient subducted
crust; however, there are no data that are signif-
icantly lower than the more recently suggested
d11B value for the MORB-source mantle
(−7.1 ± 0.9‰; Marschall et al. 2017), suggest-
ing that all data may be explained by melts
derived from mantle without an unusual B iso-
topic composition, and that the observed range
may be due to various degrees of assimilation of
altered crust. Kobayashi et al. (2004) also report
a wide range of Li isotopes in the melt inclu-
sions, but these would have to be revisited in the
light of kinetic isotope fractionation during dif-
fusion of Li in and out of the melt inclusions after
entrapment.

A parallel story can be told about the Azores
hot-spot lavas; initial boron isotope data from the
Azores were interpreted to indicate deeply recy-
cled oceanic crust based on an assumed
MORB-source mantle value of −4.6‰ and the
idea that the lowest observed d11B values of
−7.6 ± 1.0‰ would require a mantle component
enriched in isotopically light B relative to the
MORB source (Turner et al. 2007). A more recent
study on the Azores (that involved some of the
same authors) that included a larger number of
samples from a larger number of islands in the
archipelago also did not report any d11B lower
than MORB source mantle (as defined by

Marschall et al. 2017), but a range of very high
values of up to +11.8‰without any correlation to
the observed range in radiogenic isotopes (Gen-
ske et al. 2014). The authors conclude that boron
isotopes do not indicate mantle heterogeneities in
the Azores, but that they are in general a very
good tool to distinguish between different crustal
assimilation processes in ocean-island basalts
(Genske et al. 2014).

Gurenko and Kamenetsky (2011) found a
range of d11B values from −11.5 ± 5.4‰ (2SD)
to +15.6 ± 4.8‰ in olivine melt inclusions from
Gorgona island komatiites, Columbia. The low-
est d11B values are not significantly lower than
MORB. The strongly elevated values that were
observed were suggested to be due to hydrous
metasomatism in the mantle source, rather than
assimilation of altered crustal materials or brines
by the ascending magma. This conclusion sup-
ports the model of komatiite formation by
hydrous melting of the mantle rather than dry
melting under extremely high temperatures
(Gurenko and Kamenetsky 2011). The authors
suggest that the mantle source was metasoma-
tized by fluids derived from a subducting slab,
which delivered isotopically heavy boron to the
mantle source of the komatiites.

Boron isotope studies on various volcanic
eruption products from Iceland revealed that
assimilation of altered crust, as well as partial
melting of altered crust may produce a large
range of B isotopic compositions. Rose-Koga
and Sigmarsson (2008) found the lowest d11B
values (approximately −5‰; Fig. 8.2) in basalts
with mantle-like O isotopic composition. In
contrast, strongly elevated d11B values (up to
+17‰) were found in rhyolites with low d18O

values and low 230Th=232Th ratios. The series of
rocks are interpreted as mixing between
mantle-derived basalts and crustal rhyolites
derived from melting of hydrothermally-altered
basalts (Rose-Koga and Sigmarsson 2008).
Brounce et al. (2012) investigated
plagioclase-hosted basaltic melt inclusions and
basaltic matrix glass from the Laki Fissure
eruption. They found d11B values in both groups
of samples that range from mantle-like
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(−7.8 ± 4.2‰) to enriched in the light isotope
d11B ¼ �16:9� 4:1
�

‰; Fig. 8.2). The latter
were interpreted to be affected by assimilation of
crustal materials into the magma that were
altered by deeply-circulating meteoric water
(Brounce et al. 2012). This interpretation is
supported by volatile abundance analyses and by
reports of low-d11B altered crust from the Ice-
landic Deep Drilling Project reported by Raffone
et al. (2010).

In summary, the range of OIB samples
investigated to date show a relatively wide range
of d11B values. These excursions from the B
isotopic composition of uncontaminated MORB
is, to a large degree, generated by assimilation of
crustal materials into the ascending magma.
These crustal materials were altered by seawater
or meteoric fluids and are enriched in isotopically
heavy or light boron, respectively. Consequently,
the identification of B isotopic heterogeneities in
the mantle source of OIB is not easy, but may be
achievable through combinations of various iso-
tope and trace-element systems. Such uncon-
taminated mantle sources were suggested for
Hawai’i with d11B values of approximately
−4 ± 1‰ and for a range of other localities with
values of −10 ± 2‰ (Fig. 8.2). It can, therefore,
be concluded from all studies completed to date
that the global d11B range of uncontaminated
OIB is restricted to within four or five per mil of
the d11B value of uncontaminated MORB, i.e.,
between �12 and −3‰ (Fig. 8.2).

8.5 The Mantle

The boron isotopic composition of the mantle has
not been analyzed directly. The first reason for
this lack of data is that the abundances of B in
unmetasomatized mantle rocks are too low to be
analyzed with currently available methods to
yield a precision and accuracy that would be
geologically meaningful; the second reason is
that it is very difficult to identify mantle samples
that lack any metasomatic overprint, hydrother-
mal alteration, weathering or interaction with
basaltic magmas. Any of these processes are

prone to alter the abundance and isotopic com-
position of B in mantle samples.

As an alternative strategy, basalts and basaltic
glasses have been used to unravel the B isotopic
composition of the mantle, based on the idea that
the boron isotope fractionation between rocks
and silicate melt is negligible at magmatic tem-
peratures (e.g., Chaussidon and Jambon 1994;
Chaussidon and Marty 1995). Uncontami-
nated MORB and OIB should, therefore, faith-
fully record the unfractionated isotopic
composition of their mantle sources. Marschall
et al. (2017) discussed this connection between
basalts and their mantle sources in more detail,
based on experimentally determined boron par-
tition coefficients between peridotitic and basaltic
minerals and silicate melt, as well as estimated
boron isotope fractionation factors. The latter are
not well constraint by experiments and had to be
extrapolated from experiments on other fluid,
mineral and melt phases conducted at lower
temperatures, and from a limited number of
natural rocks (Marschall et al. 2017). Neverthe-
less, the authors concluded that uncontaminated
mantle-derived basalts accurately reflect the d11B
value of their mantle source within ±0.30‰ and
that crystal fractionation and magmatic differen-
tiation do not change the B isotopic composition
of magmas to a measurable degree, unless
assimilation of altered crustal material occurs.

Heterogeneity of the global MORB-source
mantle has been identified through radiogenic
isotopes and trace elements, but no such variation
is detectable for B isotopes at the current level of
analytical precision (±0.9‰, 2 standard error;
see discussion above; Marschall et al. 2017). The
mantle domains sampled by OIB magmas may
show a small variation with d11B values by up to
4‰ higher and up to 5‰ lower than the MORB
source mantle �10� 2ð to −4 ± 1‰; see dis-
cussion above).

Marschall et al. (2017) argued that the d11B
value of the depleted upper mantle is best repre-
sented by the global range of MORB with low
Cl=K that show a normal distribution around the
mean of −7.1 ± 0.9‰ in their study (Fig. 8.3).
Chaussidon and Jambon (1994) estimated a d11B
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value of −7 ± 1‰ for the MORB-source mantle,
but discussed the possibility that recycled mate-
rials derived from subducted altered oceanic crust
could have enriched the upper mantle in isotopi-
cally heavy boron, and that the primitive mantle
had a lower d11B than the one observed through
uncontaminated MORB. However, Marschall
et al. (2017) rejected this hypothesis based on the
lack of variation in d11B among MORB samples
from various global ridge sections, some of which
show clear enriched or depleted geochemical
signatures in radiogenic isotope space and trace
elements. They argue that different portions of
recycled materials into various parts of the global
ridge system would express itself in a measurable
boron isotopic variation, if the recycled material
had sufficient amounts of exotic boron; but this has
not been observed to date.

Chaussidon and Marty (1995) took the d11B
value of −10 ± 2‰ that they identified as the
uncontaminated endmember of a range of OIB

from various localities as representative of the
primitive mantle. A subset of their OIB samples

show high 3He=4He ratios indicating an unde-
gassed (primitive) mantle source, and these
samples are taken as representative of the prim-
itive mantle d11B value. However, it should be
noted that the boron isotopic composition of OIB
samples are prone to contamination (as discussed
above), and that the primitive mantle value esti-
mated by Chaussidon and Marty (1995) overlaps
within error with the MORB-source mantle value
estimated by Marschall et al. (2017). Further-
more, interlaboratory comparison and accuracy
limitations among the various studies that have
been conducted over a time span of several
decades additionally blur the picture. Future
research should focus on the least contaminated
OIB samples and unravel the variation in the OIB
mantle sources and a possible difference between
the OIB and MORB-source mantle.

In contrast to the complications seen in
MORB and OIB, clear variation and mostly
strongly elevated d11B values exist in basalts
erupted along subduction zones, and these are
interpreted to represent addition of isotopically
heavy boron to the mantle source of arc magmas
(de Hoog and Savov 2017). Supra-subduction
mantle, therefore, experiences the addition of
isotopically distinct boron ultimately derived
from seawater (de Hoog and Savov 2017).

8.6 Hydrothermal Alteration
and Weathering

Unaltered mafic igneous and ultramafic rocks
show low concentrations of boron combined with
a relatively well-constrained boron isotopic
composition, as discussed above for MORB,
OIB and the mantle. Modern seawater, in con-
trast, shows higher boron concentrations than
most unaltered basalt, gabbro, and peridotite
samples (4.5 lg/g; Uppstroem 1974; Spivack
and Edmond 1987), and its isotopic composition
is strongly enriched in the heavy isotope
(+39.61 ± 0.04‰; Table 8.1; Fig. 8.3; Spivack
and Edmond 1987; Foster et al. 2010).
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Fig. 8.3 Geochemical budget of B in Earth’s major
silicate reservoirs. Isotopic compositions versus the total
mass of boron on the bottom x-axis, and fraction of boron
of the bulk silicate earth budget on the top x-axis. The
bulk continental crust is estimated to be enriched in
isotopically light B compared to the mantle. Ancient
subducted AOC (altered oceanic crust) is estimated to be
indistinguishable from the mantle in B isotopes (Fig-
ure from Marschall et al. 2017)

8 Boron Isotopes in the Ocean Floor Realm and the Mantle 197



Fluid-rock interaction in rocks of the oceanic
crust is frequently identified and quantified using
O and Sr isotopes (e.g., Alt 1995; Hart et al.
1999; Bach et al. 2001), and these tracers work
very reliably in hydrothermal systems with rela-
tively high fluid-rock ratios. The trace element B
with its distinct isotopic seawater–mantle
dichotomy is an ideal tracer for alteration pro-
cesses at the seafloor, and it can be used to detect
even the smallest influence of seawater or
seawater-derived fluids on rocks and magmas
(e.g., Chaussidon and Jambon 1994; Marschall
2017). Low- and high-temperature altered ocea-
nic crust and serpentinized mantle rocks show
significant alterations in their B contents and B
isotopic compositions.

8.6.1 Alteration of the Igneous Crust

The B isotopic composition of hydrothermally
overprinted and weathered rocks is variable and
depends on temperature, fluid/rock ratio, pH of
the fluid and the type of secondary minerals (in
particular their crystallographic coordination of
B). Weathering of basalt at the seafloor produces
smectite with tetrahedrally coordinated B in
contact to seawater d11B ¼ þ 39:6

�
‰, *80%

B in trigonal coordination). Boron isotope frac-
tionation under these conditions is large and
weathered basalts are expected to display low
d11B values relative to seawater. Experimentally
and theoretically determined B isotope fraction-
ation is approximately 30–35‰ for temperatures
of the seafloor (*0 °C) (Schwarcz et al. 1969;
Palmer et al. 1987; Kowalski and Wunder 2017),
and a d11B value of þ 5 to +10‰ could be
expected for alteration in contact to seawater.
Spivack and Edmond (1987) determined a B
isotope fractionation of 32‰ between seawater
and alteration products of basalt, with a d11B
value of +8‰ for the alteration products. Theo-
retical and experimental work further predicts
that alteration at a temperature of 100 °C would
result in a d11B value of +18‰ in the secondary
minerals (see Kowalski and Wunder 2017).

Low-temperature alteration (<150 °C) and
seafloor weathering generally lead to a strong
enrichment of boron in the alteration products
(mainly in clays) with abundances of up to
140 lg/g (Thompson andMelson 1970; Donnelly
et al. 1979; Spivack and Edmond 1987).
Weathering and low-T alteration by seawater leads
to a B isotopic signature that is enriched in the
heavy isotope 11Bð Þ compared to fresh MORB,
and d11B values that range from �4 to as high as
+25‰ have been found in low-temperature altered
MORB (Table 8.1; Fig. 8.4; Spivack and
Edmond 1987; Ishikawa and Nakamura 1992;
Smith et al. 1995). Nonetheless, the majority of
data for low-temperature altered MORB shows
d11B values varying between 0 and +5‰, whereas
higher d11B values are found in basalts and gab-
bros that were altered at higher temperatures
(Fig. 8.4). The B isotopic composition of these
rocks show a relatively large scatter as a function
of boron concentrations; nevertheless, their is a
tendency towards higher d11B in low-B samples in
altered gabbros and basalts (Fig. 8.4a), whereas
the ultramafic rocks are invariably enriched in the
heavy isotope at high B concentrations (Fig. 8.4
b). There is a negative correlation (albeit weak)
between d11B and d18O for the combined data
from altered ophiolite rocks and MORB
(Fig. 8.4c). This demonstrates that high alteration
temperatures in basalts and gabbros lead to a
moderate enrichment of isotopically very heavy
boron or, in some cases, a loss of isotopically light
boron, whereas low-temperature alteration leads
to a strong enrichment of boron with a moderately
elevated d11B value. This is consistent with a
decrease of fluid–mineral boron isotope fraction-
ation as temperature increases, and with a prefer-
ential up-take of B by clay minerals at very low
temperatures, contrasted with leaching of boron
from the rocks at high temperatures.

The evaluation of the imprint of high-T alter-
ation is complicated by the fact that rocks that
experienced high-T alteration subsequently
cooled prior to sampling and are likely to also
record lower-T alteration. Whole-rock analyses
of high-T altered rocks are, therefore, prone to
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Table 8.1 Compilation of published boron data for different rocks, fluids, and reservoirs

Material d11B(‰) [B] ðlg=gÞ References

MORB-source mantle �7� 1 0.065 Chaussidon and Jambon (1994)

�10� 2 0.010–
0.015

Chaussidon and Marty (1995)

�7:1� 0:9 0.060 Marschall et al. (2017)

Primitive mantle �7� 1 0:25� 0:10 Chaussidon and Jambon (1994)

�10� 2 0.090 Chaussidon and Marty (1995)

�7:1� 0:9 0.173 Marschall et al. (2017)

Continental crust �10� 3 10 Chaussidon and Albarède (1992)

�9:4� 0:4 11 Marschall et al. (2017)

Upper continental crust �8:8 43 Kasemann et al. (2000)

Modern seawater þ 39:5� 0:3 4.5 Spivack and Edmond (1987)

þ 39:61� 0:04 n.d. Foster et al. (2010)

Vent fluids

Mid-ocean ridge, basalt-hosted
(sediment-starved)

+30.0 to +36.8 4.9–5.9 Spivack and Edmond (1987)

+26.7 to +36.8 3.8–6.1 Palmer (1991)

+24.3 to +26.0 4.5–5.1 James et al. (1995)

+28.5 to +35.2 5.4–6.9 You et al. (1994)

Back arc basin (sediment starved) +22.5 to +29.8 8.1–8.8 Palmer (1991)

+17.8 to +38.0 4.4–11 Yamaoka et al. (2015a)

Mid-ocean ridge (sediment hosted) +10.1 to +23.2 17–23 Palmer (1991)

−2.2 to +22.6 2.9–105 James et al. (1999)

Back arc basin (sediment hosted) −1.0 to +9.2 22–37 You et al. (1994)

+2.3 to +19.1 7.4–51 Yamaoka et al. (2015a)

Ultramafic hosted
Marine evaporite setting

+25 to +30 0.3–3.6 e.g. Foustoukos et al. (2008)

+29.7 to +39.0 6.8–8.8 Palmer (1991)

Altered MORB

<150 °Ca +0.1 to +9.2 8.9–69 Spivack and Edmond (1987)

−4.3 to +24.9 1.1–104 Smith et al. (1995)

>150 °Ca −0.1 to +1.0 0.17–0.52 Ishikawa and Nakamura (1992)

Serpentinite +8.3 to +12.6 50–81 Spivack and Edmond (1987)

+7.0 to +9.9 n.d. Lécuyer et al. (2002)

+11.4 to +16.3 34–91 Boschi et al. (2008)

+29.6 to +40.7 10–65 Vils et al. (2009)

+9.3 to +19.6 19–36 Harvey et al. (2014)

Ophiolites

Oman pillows (<60 °Ca) −1.1 to +11.9 1.4–29.1 Yamaoka et al. (2012)

Troodos pillows +0.2 to +15.6 3.8–207 Yamaoka et al. (2015b)

Oman sheeted dikes (<200–350 °Ca) +1.1 to +17.5 1.5–11.6 Yamaoka et al. (2012)

Oman sheeted dikes −1.6 to +16.9 5.0–11.1 Smith et al. (1995)

(continued)
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Table 8.1 (continued)

Material d11B(‰) [B] ðlg=gÞ References

Troodos sheeted dikes +3.3 to +10.6 0.6–18 Yamaoka et al. (2015b)

Troodos sheeted dikes
(d18O[ þ 6‰)

−0.9 to +7.2 3.1–8.1 Smith et al. (1995)

Troodos sheeted dikes (d18O� þ 5‰) −0.1 to +7.8 2.4–3.4 Smith et al. (1995)

Oman upper gabbros (350–450 °Ca) +8.3 to +18.6 1.6–5.0 Yamaoka et al. (2012)

Oman lower gabbros (>450 °Ca) +7.3 to +17.7 0.25–3.8 Yamaoka et al. (2012)

Troodos gabbros −1.7 to +18.5 0.3–8.4 Yamaoka et al. (2015b)

Oman serpentinites −5.7 to +10.0 n.d. Yamaoka et al. (2012)

Marine sediments

Carbonate sediment −5.0 to +23.0 0.3–7 Spivack and You (1997)

+8.9 to +26.2 10–17 Vengosh et al. (1991)

+4.8 to +10.5 13–26 Ishikawa and Nakamura (1993)

Calcareous sediment +18.4 to +18.9 n.d. Lécuyer et al. (2002)

Pelagic clay −4.3 to +2.8 64–157 Spivack et al. (1987)

−6.6 to −1.8 96–132 Ishikawa and Nakamura (1993)

−13.1 to +4.0 101–163 Tonarini et al. (2011)

Chert −9.3 to +7.7 49–97 Kolodny and Chaussidon (2004)

Siliceous ooze and biogenic silica −3.8 to +4.5 55–77 Ishikawa and Nakamura (1993)

−11.8 to +5.4 86–148 Tonarini et al. (2011)

Turbidite −6 to −2 75–105 You et al. (1995)

Borates +18.2 to +31.7 several wt
%

Swihart and Moore (1986)

Marine sediment pore fluids +27.8 to +37.8 3.2–21 James and Palmer (2000), ODP 1037

+34.6 to +43.9 3.6–6.0 Kopf et al. (2000), ODP 1039B

+34.4 to +40.5 0.1–5 Spivack and You (1997), ODP 851

+35 to +49 4–12 You et al. (1995), ODP 808

Biogenic carbonate

Corals (aragonite) +23.0 to +24.7 50–68 Hemming and Hanson (1992)

+26.7 to +31.9 51–80 Vengosh et al. (1991)

+23.3 to +27.0 49–58 Gaillardet and Allegre (1995)

+23.9 to +26.2 46–54 Hemming et al. (1998)

+23.1 to +26.1 n.d. Lécuyer et al. (2002)

+27.9 to +38.5 53–114 Blamart et al. (2007)

+20.9 to +29.3 28–56 Allison et al. (2010)

Ancient corals +23.6 to +27.3 39–52 Gaillardet and Allegre (1995)

Bivalves, algae and ooids (aragonite) +21.2 to +22.2
+20.1 to +25.3

14–28
11–15

Hemming and Hanson (1992), Vengosh
et al. (1991)

Gastropoda (aragonite) +19.8 to +31.5 2–3 Vengosh et al. (1991)

Foraminifera (calcite) +4.9 to +32.2 9–54 Vengosh et al. (1991)

+21.6 to +25.9 n.d. Pearson and Palmer (2000)

(continued)
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record a contaminated signal. In the case of
boron this contamination can be severe, due to
the large difference in concentrations between
high- and low-T alteration products, respectively.
No boron concentration or boron isotope analy-
ses of mineral separates or in situ analyses of
minerals from high-temperature altered oceanic
crust have been published. Whole-rock analyses
are available for samples from two ODP drill
cores and from ophiolites (Oman and Troodos;
Fig. 8.4).

High-temperature altered samples from ODP
Hole 504B (Costa Rica Rift) show low B con-
centrations (0.17–0.52 lg/g) and d11B values
close to 0‰ (Ishikawa and Nakamura 1992).
High-temperature altered samples from Hole
735B (Atlantis Bank, Indian Ocean) show higher
abundances of B (1.1–7.1 lg/g) and a wide range
of mostly high d11B values between �4:3 and
+24.9‰ (Smith et al. 1995; Hart et al. 1999; see
Fig. 8.4) High-temperature altered Layer-3 sam-
ples from the Troodos and Oman ophiolites
range from slightly depleted to strongly enriched
in boron (0.25–11.6 lg/g; Table 8.1) with
respect to fresh MORB, and they show signifi-
cantly elevated d11B values of �1:7 to +18.6‰,

but mostly between þ 8 and +18‰ (Fig. 8.4;
Smith et al. 1995; Yamaoka et al. 2012, 2015b).

The interpretation of the ophiolite data is,
however, complicated by the tectonic setting in
which the exposed crust was formed and where
the hydrothermal alteration took place, i.e., a
supra-subduction zone rather than a mid-ocean
ridge (e.g., Searle and Cox 1999; Fonseca et al.
2017). For example, glass orbicules from the
upper pillow lava section in the Troodos ophio-
lite show geochemical evidence for the contri-
bution of sediment melts and subduction-zone
fluids to the depleted-mantle derived magmas
that formed these lavas, as demonstrated by
Fonseca et al. (2017). These authors found that
d11B in these glass orbicules range from low
values (−8.2 ± 0.5‰) indistinguishable from the
depleted mantle to strongly elevated values
(+5.9 ± 1.1‰), with a negative correlation of
d11B and B concentrations (�3–10 lg/g). These
boron isotopic signatures were observed in fresh
glass and are not the result of seafloor alteration.
Instead, they are interpreted as contributions to
the Troodos ophiolite magmas in a subduction
setting, in which isotopically heavy B was likely
contributed from the slab (Fonseca et al. 2017;
see also Chap. 9 of this volume). Further

Table 8.1 (continued)

Material d11B(‰) [B] ðlg=gÞ References

+12.0 to +16.8 3–26 Rae et al. (2011)

+19.6 to +20.7 8–13 Foster (2008)

Brachiopoda, gastropoda (calcite) +15.0 to +19.7 n.d. Lécuyer et al. (2002)

+18.5 to 20.8 19–26 Hemming and Hanson (1992)

Algae, echinoids (high-Mg calcite) +22.3 to 23.0 44–55 Hemming and Hanson (1992)

+22.1 to 27.9 65� 5 Fietzke et al. (2015)

Forearc

Serpentinite seamount +5.4 to +25.3 6.6–126 Benton et al. (2001)

Mud volcanoes −7.7 to +39.5 2–870 Kopf and Deyhle (2002)

Trench fluids +20 to +50 3.6–42 E.g., You et al. (1993), Kopf et al. (2003)
aThe temperatures refer to estimates for the conditions of hydrothermal alteration of these samples at the seafloor. n.d.
not determined
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complication of the interpretation of ophiolite
data arises from the possibility of post-obduction
low-temperature hydrous alteration involving
meteoric fluids (e.g., Chavagnac et al. 2013).

8.6.2 Serpentinization

Serpentinites formed at the ocean floor by
hydration of peridotites are strongly enriched in
boron with concentrations between 10 and

91 lg/g (Fig. 8.4; Table 8.1). Most samples
display d11B values between þ 7:0 and +19.9‰
(Fig. 8.4; Table 8.1; Spivack and Edmond 1987;
Lécuyer et al. 2002; Boschi et al. 2008; Harvey
et al. 2014). Exceptionally high d11B values were
found in serpentinites from ODP Leg 209
(Mid-Atlantic Ridge) of approximately þ 30 to
+41‰ (Fig. 8.4; Table 8.1; Vils et al. 2009). The
latter were explained by serpentinization by
seawater-derived fluids that were processed
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Fig. 8.4 a Boron isotopic composition versus B concen-
tration of altered mafic rocks sampled from the ocean
floor (orange circles) and from ophiolites (blue squares
and diamonds). The altered-oceanic crust composite for
ODP Hole 735B of Smith et al. (1995) is shown by the
green star. b Boron isotopic composition versus B

concentration of serpentinites (green circles) and
talc-amphibole-rich metasomatic rocks recovered from
the ocean floor (green hexagons). c Boron isotopic
composition versus oxygen isotopic composition for a
subset of the samples displayed in (a) and (b) for which
data were available. See Table 8.1 for data sources
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through interaction with mantle rocks prior to
serpentinization of the investigated samples,
leading to a strong enrichment of isotopically
heavy boron. Vils et al. (2009) predict evolved
serpentinization fluids with d11B values between
þ 50 and +60‰, which have yet to be discov-
ered. Lower d11B values between �6 and +10‰
were reported for serpentinites from the Oman
ophiolite (Table 8.1; Lécuyer et al. 2002).

Serpentinized ultramafic rocks, therefore,
have the ability to incorporate very high con-
centrations of B that is enriched or strongly
enriched in the heavy isotope. This enrichment
also occurs at high alteration temperatures, con-
ditions at which mafic rocks tend to show loss of
boron or only very minor enrichment (Fig. 8.4).

Metasomatic rocks produced by the interac-
tion of serpentinites with silica-rich fluids
derived from gabbroic intrusions have been
investigated along with coexisting serpentinites
(Boschi et al. 2008; Harvey et al. 2014). These
rocks are rich in talc, as well as tremolite or
chlorite, the formation of which postdates ser-
pentinization (Boschi et al. 2008; Harvey et al.
2014). This steatitization process led to boron
loss from the samples compared to the serpen-
tinite precursor with concentrations ranging from
2.0 to 28.7 lg/g (Fig. 8.4). This is accompanied
by a small isotopic shift to lower d11B values
between þ 8:8 and +13.5‰ for all but one
sample (Boschi et al. 2008; Harvey et al. 2014).

8.6.3 Hydrothermal Vent Fluids

Boron concentrations and B isotope ratios have
been reported for hydrothermal vent fluids from
sediment-starved systems at the Mid-Atlantic
Ridge (MARK, 23°N; TAG, 26°N; Broken
Spur, 29°N), the Juan de Fuca Ridge, and various
vents between 11°N and 21°N on the EPR
(Table 8.1; Spivack and Edmond 1987; Palmer
1991; You et al. 1994; James et al. 1995). Addi-
tional data come from sediment-starved back-arc
basins, including the Manus Basin, the Mariana
Trough, and the North Fiji Basin (Palmer 1991;
Yamaoka et al. 2015a).

Boron concentrations for the endmember
hydrothermal fluids for all of these sites range
from seawater-like to slightly enriched ([B] = 0.8
to 2 times seawater concentration). This enrich-
ment in boron correlates with an enrichment in
the light isotope, i.e., with a decrease in the d11B
values from near-seawater (as high as +38.0‰)
to values as low as +17.8‰ for the most B-rich
fluids (Fig. 8.5; Table 8.1). This trend is con-
sistent with interaction of the incoming seawater
with the mafic crust and extraction of isotopically
light B from the rocks at high temperatures.

Such a leaching process is also predicted from
estimates of high-T (300 °C) partition coeffi-
cients of B between greenschist- and
amphibolite-facies minerals and hydrous fluid
DB½mineral=fluid�ð Þ, which are between 0.001
and 0.03 for quartz, albite, epidote, chlorite, talc,
clinopyroxene and Ca-amphibole, predicting
high fluid mobility during fluid–rock interaction
under greenschist-facies conditions (Marschall
et al. 2006).

Sediment-hosted vent fluids from mid-ocean
ridge systems (Guyamas Basin and Escanaba
Trough) and from back-arc basins (Okinawa
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Trough) continue the B� d11B trend observed
for the sediment-starved vent fluids (Fig. 8.5).
They show higher B contents than the fluids from
sediment-starved systems, typically higher than
15 lg/g (1.4 mmol/kg) and ranging up to
105 lg/g (9.7 mmol/kg = 27 times seawater
concentration; Table 8.1). The increase in B
contents is accompanied by a decrease in d11B,
and while some samples show values as high as
+23.2‰, most are below +12‰, and some reach
negative values as low as −2.2‰ (Fig. 8.5).

Ultramafic-hosted hydrothermal systems have
been sampled along the Mid-Atlantic Ridge,
including boron contents from Lost City
(*100 °C), Rainbow (*350 °C) and Logatchev
(*350 °C). These are consistently lower than
the B content of seawater and endmember
hydrothermal fluids have been determined to
0.34–0.55 lg/g (31–51 lmol/kg), 2.57 lg/g
(238 lmol/kg), and 3.62 lg/g (335 lmol/kg)
for Lost City, Rainbow, and Logatchev, respec-
tively (Schmidt et al. 2007; Foustoukos et al.
2008; Boschi et al. 2008; Seyfried et al. 2011,
2015). Boron isotopic data for ultramafic-hosted
vent fluids are not yet available, but have been
estimated to þ 25 to +30‰ (Foustoukos et al.
2008; Boschi et al. 2008).

It is, hence, concluded from the high boron
abundances in serpentinite and the
lower-than-seawater abundances in ultramafic-
hosted vent fluids that boron is sequestered from
seawater during serpentinization at the seafloor.
This sequestration may be strongest at lower
temperatures (Lost City), but is still efficient at
high temperatures (Rainbow and Logatchev).
The latter contrasts with mafic systems, in which
boron is leached from the rocks at high temper-
atures of alteration.

8.6.4 Subaerial Hydrothermal
Alteration

Seawater contains relatively high concentrations
of boron (4.5 lg/g or 418 lmol/kg) with an iso-
topically very heavy composition
d11B ¼ þ 39:6
�

‰; Table 8.1), which leads to the

strong increase in boron abundances and d11B
values of rocks altered by interaction with sea-
water. Meteoric waters, in contrast, have B con-
centrations that are typically two orders of
magnitude lower than those of seawater. For
example, freshwater lakes from Iceland have B
contents of 23–49 ng/g (2.1–4.5 lmol/kg) and
d11B values between �1:8 and +18.2‰ (Aggar-
wal et al. 2000). High-temperature hydrothermal
fluids from Iceland show negative d11B values
�6:7ð to −1.5‰) and B concentrations generally
lower than seawater (0.7–5.7 lg/g; Aggarwal
et al. 2000). Low-temperature well fluids show a
much larger range in d11B values �4:7ð to
+25.0‰) and lower B concentrations (0.05–
1.2 lg/g; Aggarwal et al. 2000).

Basaltic rocks from Iceland altered by mete-
oric fluids show elevated B contents compared to
MORB (3.3–12.4 lg/g) and a shift to low d11B
values, as low as −18.3‰ (Raffone et al. 2010).
This isotopically light B is also apparent in Ice-
landic rhyolites that were formed from or have
assimilated fluid-altered crust (see above;
Brounce et al. 2012). This shift towards iso-
topically light B is unique to subaerial
hydrothermal alteration by meteoric water and is
not observed in seawater-altered crust. Consistent
with this fractionation behavior, hydrothermal
fluids from subaerial systems supplied by mete-
oric water tend to show d11B values that are
lower than the values observed in submarine
hydrothermal vents (Fig. 8.5), i.e., they range
from −22 to +14‰ for fluids from Yellowstone,
Etna, Iceland, and Alberta oil sands (Palmer and
Sturchio 1990; Aggarwal et al. 2000; Pennisi
et al. 2000; Williams et al. 2001b).

8.7 Oceanic Sediments

Oceanic sediments generally include terrigenous
sediments derived from continents, dominantly
delivered as detritus by wind, rivers and currents
to the shelves, slopes and basins near the conti-
nents, and marine sediments including clay,
biogenic carbonate and silica, which are more
evenly and slowly deposited in the ocean basins.
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Pelagic clay is typically composed of smectite
produced from weathering of volcanic material
and illite delivered from the continents.

Pelagic clays show high B concentrations of
approximately 60–160 lg/g (Table 8.1; Spivack
et al. 1987; Ishikawa and Nakamura 1993).
Boron isotopic compositions of smectite formed
by weathering of basalt at the seafloor are dif-
ferent from those of the terrigenous illite. Sub-
marine smectite displays d11B values between
þ 2 and +9‰, whereas terrigenous clay shows
significantly lower d11B values of �13 to −8‰
(Ishikawa and Nakamura 1993). The resulting B
isotopic composition of pelagic clays is a com-
bination of these clay components in addition to
biogenic carbonate and biogenic silica and ran-
ges from �13:1 to +5.4‰ (Fig. 8.6; Table 8.1;
Spivack et al. 1987; Ishikawa and Nakamura
1993; Tonarini et al. 2011). Turbidites, which are
dominated by continental detritus in addition to
clay derived from weathered volcanic material,
also show high B contents and moderately neg-
ative d11B values (Fig. 8.6; Table 8.1). Marine
cherts show B concentrations almost as high as
turbidites and pelagic clays and a very similar
range in B isotopic composition (Fig. 8.6;
Table 8.1; Kolodny and Chaussidon 2004).
Chemical sediments that are rich in salts and
marine borates generally show high d11B that
reflect their seawater origin, and concentrations
may be very high, in particular in the case of
borates (Swihart and Moore 1986; Vengosh et al.
1992; Paris et al. 2010).

Carbonate sediments and calcareous sedi-
ments show much lower B contents than pelagic
clays, cherts and turbidites, typically <20 lg/g
with a wide range in isotopic composition from
d11B ¼ �5 to +26‰ (Fig. 8.6; Table 8.1; Spi-
vack and You 1997; Vengosh et al. 1991; Ishi-
kawa and Nakamura 1993; Lécuyer et al. 2002).
This variation may be related to variable amounts
of clay contained in these sediments and to dia-
genetic processes. Pristine biogenic carbonate
shows a much smaller range in isotopic compo-
sition, with B concentration and B isotopic
composition depending on species, skeletal
mineralogy (aragonite, calcite, or high-Mg

calcite), as well as seawater pH and seawater
d11B during growth. The details of these
parameters and their impact on the B isotopic
composition of biogenic carbonate are discussed
in separate chapters of this book (Rae 2017;
McCulloch et al. 2017). Concentrations of B in
aragonite corals and high-Mg calcite coralline
algae are generally high (typically 50 lg/g),
whereas foraminifera and other calcite-shell
organisms show lower B contents in the range
of 3–26 lg/g (Fig. 8.6; Table 8.1). The d11B
values are typically þ 13 to +20‰ in for-
aminifera and approximately +25‰ in corals and
coralline algae (Fig. 8.6; Table 8.1).

Boron in clay minerals is crystallographically
hosted in different positions, namely adsorbed
onto the mineral surface, hosted in interlayer
sites of the clay, and incorporated into tetrahedral
sites where it replaces Si or Al (Williams et al.
2001a; Williams and Hervig 2005). These dif-
ferent portions of B are released into pore fluids
at different stages of diagenesis and metamor-
phism with the adsorbed B released at the earliest
stage (Spivack et al. 1987). In general, recrys-
tallization of clay minerals, and the transforma-
tion from smectite to illite during deeper burial
and diagenesis is predicted to lead to fluid release
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accompanied by the preferential loss of isotopi-
cally heavy B and the consequential decrease in
the sediment d11B with increasing grade of dia-
genesis (Williams et al. 2001a; Williams and
Hervig 2005). Shales and slates show lower d11B
values than comparable modern sediments,
which is compatible with loss of isotopically
heavy B during diagensis (Vengosh et al. 1991;
Ishikawa and Nakamura 1993). However, in
detail the exchange of boron and the fractiona-
tion of its isotopes between clay minerals and
pore fluid in compacting sediments may be quite
complex with various stages of adsorption and
desorption, depending for example on tempera-
ture, burial depth, fluid pH, and the concentration
of ammonium released from decomposing
organic matter (Hüpers et al. 2016).

During hydrothermal alteration, sediments
behave similar to basaltic rocks with respect to B.
Boron is leached from the rocks and d11B values
decrease during high-temperature fluid/rock
interaction. Spivack et al. (1987), for example,
investigated sediments containing 32–62 lg/g B
with d11B values between �4:5 and −1.2‰.
These sediments were intruded by a basaltic sill
generating hydrothermal fluid circulation within
the sediments. The sediments in the vicinity of
the sill showed lower B concentrations of 14–
33 lg/g, and d11B values of approximately
−8‰. In zones of greenschist facies hydrother-
mal metamorphism, B concentrations were
decreased to *1.3 lg/g (B isotopic composi-
tions of these B-poor samples are not reported).

A weighted average for seafloor sediments on
a global scale was estimated by Leeman and
Sisson (1996) to be ½B� ¼ 53 lg=g and
d11B = −1.6‰ (Fig. 8.6).

8.8 Paleo-Ocean Chemistry
of Boron

Boron has a long residence time in the ocean of
approximately 10–20 million years and is iso-
topically very well mixed (Lemarchand et al.
2002; Foster et al. 2010). The B isotopic com-
position of modern ocean water is well defined at

+39.61 ± 0.04‰ and the long residence time
suggests that the rate of change was low in the
Cenozoic at approximately 0.1‰/Ma (Fig. 8.7;
Lemarchand et al. 2000; Foster et al. 2010). The
reconstruction of the B isotopic composition of
ocean water is, however, a matter of debate, and
especially the more distant history of its secular
evolution is poorly constraint.

Accurate data on the isotopic composition of
the paleo-ocean is required for reconstruction of
paleo-ocean pH, which is linked to the CO2

content of the atmosphere. The boron isotope
record of biogenic carbonate is used to recon-
struct the pH of the ocean water at the time of
growth of the organism that built the carbonate
shell (Rae 2017; Branson 2017; McCulloch et al.
2017). This procedure requires knowledge on the
pH-dependent B isotope fractionation between
CaCO3 and seawater for the particular species
that is investigated, but it also requires a
well-defined B isotopic composition of the sea-
water at the time of growth.

Estimates on geochemical cycles in subduc-
tion zones and the deep mantle also require
knowledge of the long-term evolution of the
isotopic composition of ocean water, because
strong variations in its composition would have
affected the isotope budget of altered oceanic
crust, serpentinites and sediments. This in turn
would cause variations in the subducted and
deeply recycled B isotope signal throughout
Earth’s history and would have to be taken into
account in the geochemical interpretation of the
rock record.

Initial work by Pearson and Palmer (2000)
estimated that the d11B of seawater varied by less
than 2‰ since the mid Miocene, and it was
further assumed that it was close to the modern
value throughout the Paleogene. More recent
reconstructions of the seawater d11B value are
based on box models that take into account the
sources and sinks of boron in the oceans
(Lemarchand et al. 2000, 2002; Joachimski et al.
2005; Simon et al. 2006). The sources are
riverine input, hydrothermal vents, and fluids
expelled from continental margins, while the
sinks are low-T alteration of the oceanic crust,
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formation of clay, and carbonate precipitation.
All of these estimates are afflicted with increas-
ing uncertainties the further back in Earth history
they are projected. However, estimates of the
element flux to the oceans are to some degree
constrained through other element and isotope
systems, such as seawater 87Sr/86Sr, that are well
defined through investigation of the rock record.

In the case of boron isotopes, the investigation
of the rock record for seawater reconstruction is
progressing only slowly. It is difficult to identify
pristine samples that have preserved the B iso-
topic record of seawater at the time of their for-
mation, due to the high susceptibility of low-T
alteration phases for this element. In addition, the
dependence of carbonate d11B on the pH and
d11B of seawater complicates the interpretation
of such samples, especially in the case of

biogenic carbonate formed by biological species
for which B isotope fractionation factors are
unknown. However, several studies have used
marine carbonate to reconstruct seawater d11B
for various stages during the late Neoproterozoic
and the Phanerozoic (Fig. 8.7; Joachimski et al.
2005; Kasemann et al. 2010; Foster et al. 2012;
Clarkson et al. 2015; Anagnostou et al. 2016).

The estimates include seawater d11B variations
of ± 2‰ since the Jurassic, and larger variations
of± 9‰ in the Paleozoic with excursions to very
high and very low values of +32 to +49‰
(Fig. 8.7). Even more extreme values have been
suggested for the end of the Cryogenian (635 Ma)
with seawater d11B values as low as +25‰
(Fig. 8.7; Kasemann et al. 2010).

Alternative to biogenic carbonates, halite was
used to reconstruct the B isotopic composition of
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seawater. It was suggested that fluid inclusions in
halite trap seawater with unfractionated B iso-
topes and it was demonstrated that recently
formed halite faithfully reflects the d11B value of
modern seawater (Paris et al. 2010). Eocene,
Miocene and modern halite show an evolution of
d11B values from approximately +30 to +40‰,
and it was concluded that the seawater value had
risen by 8–10‰ over the past 40 million years
(Fig. 8.7; Paris et al. 2010). Devonian halite
suggested a seawater d11B value of approxi-
mately +25‰ 380 million years ago (Fig. 8.7;
Paris et al. 2010). This reconstruction of the
seawater B isotopic evolution from halite is
inconsistent with the box models and the car-
bonate record discussed above (Fig. 8.7), and it
is unclear how to reconcile these contrasting
records. Paris et al. (2010). suggest that the box
models may have underestimated the deposition
of siliciclastic material (that acts as a sink of
isotopically light B) provided by the erosion of
the Himalaya since the Eocene. The box models
have large uncertainties, and simply varying the
amount of oceanic crust that is altered along the
mid-ocean ridges alone introduces a 10‰
uncertainty for the seawater d11B value without
changing any of the other sources and sinks
(Simon et al. 2006). Yet, uncertainties in the box
models do not explain the discrepancies between
the halite and carbonate records, and the possi-
bility remains that the fluid inclusions trapped in
ancient halite are not pristine fossil seawater, but
were diagenetically processed instead.

Reconstructions of the B isotope composition
of any pre-Neoproterozoic seawater that would
represent the global oceans has not been com-
pleted convincingly. Attempts to do so include
investigation of tourmaline from supracrustal
rocks from Greenland, South Africa or Australia
(Chaussidon and Albarède 1992; Chaussidon and
Appel 1997; Grew et al. 2015). Tourmaline is a
reliable and robust recorder of boron and other
chemical and isotopic systems that will reflect the
environment in which it formed (see for example
reviews by van Hinsberg et al. 2011; Marschall
and Jiang 2011). However, formation of this
mineral from marine sediments or hydrothermal

fluids is a complex process that involves multiple
stages of boron enrichment and fractionation,
which make it difficult to connect any tourmaline
composition to the composition of seawater, even
if the tourmaline-hosting sediments were initially
deposited in a marine environment (Byerly and
Palmer 1991; Palmer and Swihart 1996). Also,
no tourmaline has ever been found in the modern
marine environment, with the exception of an
occurrence in a salt dome cap rock in the Gulf of
Mexico (Henry et al. 1999). The seawater–tour-
maline boron isotope connection proposed by
Chaussidon and Appel (1997) can, therefore, not
be tested with modern samples. These authors
modeled the d11B value of the marine clay in
which authigenic Eoarchean tourmaline from
Isua (Greenland) would have formed to be
−8 ± 7‰, and they argue that this requires a
d11B of early Archean seawater of +27 ± 11‰.
However, the estimated value for the marine clay
is within the range of modern marine clay
(Fig. 8.6; Table 8.1), demonstrating that the
Archean clay could as well have formed in
contact with seawater with a present-day B iso-
topic composition. The authors assumed that
smectite/illite ratios were much lower in the
Archean sediments, because of smaller conti-
nents and consequently a much lower input of
continental detritus. Since it is really the smectite
that reflects the B isotopic composition of the
seawater and illite carries isotopically light B
derived from the continents, a bulk sediment with
higher smectite/illite ratio would reflect lower
d11B values in the smectite and, hence, in the
seawater which led to its formation (Chaussidon
and Appel 1997).

In a more recent study, Grew et al. (2015)
investigated a large number of tourmalines from
various rock types in the Isua supracrustal belt
and found a range of d11B values ranging from
−29.2 to −1.8‰. The authors present a box
model for the evolution of B isotopes from sea-
water to clay-rich sediments followed by diage-
nesis and metamorphism to gneisses in which
finally the tourmaline formed. This box model
follows the approach of Chaussidon and Appel
(1997), but results in a lower d11B estimate for
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seawater of +14 ± 15‰ based on their new
sample set and modern parameters for B isotope
fractionation during the various mineral-fluid
fractionation steps (Grew et al. 2015). How-
ever, Grew et al. (2015) argue that this value
probably does not reflect the B isotopic compo-
sition of global seawater in the early Archean,
but rather the composition of water in a restricted
ocean basin in which the Isua sediments were
likely deposited, diagenetically altered and enri-
ched in boron. In conclusion, the Precambrian
boron isotopic evolution of seawater remains
unconstrained up to the late Neoproterozoic.

8.9 Summary and Outlook

Boron isotopes have an important role in
high-temperature geochemistry in the investiga-
tion of mantle sources of oceanic basalts, in the
quantification of assimilation processes along
mid-ocean ridges and on ocean islands, and in the
investigation of hydrothermal alteration processes
as expressed in the composition of vent fluids and
altered crustal and mantle rocks, as well as sedi-
ments. The B isotopic composition of pristine,
uncontaminated MORB has been determined as
d11B ¼ �7:1� 0:9‰, and no variation was
detected between N-MORB and E-MORB, or as a
function of degree of melting or spreading rate.
This value also represents the B isotopic compo-
sition of the depleted upper mantle, and probably
that of the primitive mantle. Mantle-source vari-
ations for ocean island basalts detected so far show
deviations of less than 5‰ from theMORB value,
and this spread may still be affected by crustal
assimilation processes. Assimilation of
seawater-altered materials or brines into magmas
lead to elevated d11B values in MORB and OIB.
Assimilation of crust altered by meteoric water
leads to low d11B values in OIB.

The B concentrations and B isotopic varia-
tions in pristine, uncontaminated MORB and
mantle samples are too low to be resolved with
currently available analytical tools. Future ana-
lytical development may make these samples and
their variability accessible. OIB samples already

show a certain variability that is currently
underexploited.

Alteration of the oceanic crust and of the
exposed mantle is a major boron sink in the
oceans. Low-temperature alteration and weath-
ering of basalts lead to a strong enrichment in
boron with a moderate increase in the d11B value
of the rocks (Fig. 8.8). High-temperature alter-
ation of the mafic igneous crust leads to only
moderate enrichment or even leaching of boron
from the rocks, but with a strongly elevated d11B
value in the altered rocks (Fig. 8.8).
High-temperature vent fluids are consequently
enriched in boron compared to seawater, and
their isotopic composition is enriched in iso-
topically light boron leached from the rocks
(Fig. 8.8). Sediments show a very similar
behavior, whereas serpentinization of mantle
rocks leads to a strong enrichment of B in the
serpentinite even at high temperatures.

Boron isotopes also play a vital role in
low-temperature geochemistry, and foremost in
the reconstruction of paleo-seawater pH related
to the evolution of the CO2 content of the
atmosphere. The application of this tool hinges
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on the accurate knowledge of the secular evolu-
tion of the B isotopic composition of seawater,
which is currently poorly constrained. Models for
the evolution of seawater are afflicted with large
uncertainties, and carbonate and halite records
are in conflict with each other for the Phanero-
zoic. No reliable estimates are available for the
first 85% of Earth history.
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