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The lithospheric mantle is one of the key layers controlling the stability of continents. Even a small amount of water can influence
many chemical and physical properties of rocks and minerals. Consequently, it is a pivotal task to study the distribution of water
in the continental lithosphere. This paper presents a brief overview of the current state of knowledge about (1) the occurrence of
water in the continental lithospheric mantle, (2) the spatial and temporal variations of the water content in the continental litho-
spheric mantle, and (3) the relationship between water content and continent stability. Additionally, suggestions for future re-

search directions are briefly discussed.
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The lithospheric mantle is the lowermost part of continental
plates; its viscosity contrast with the underlying astheno-
sphere induces positive buoyancy and maintains its long-
term stability. It is pivotal to investigate the formation and
evolution of the continental lithospheric mantle when stud-
ying the formation, destruction and evolution of continents,
and doing so is a prerequisite to understanding the processes
that have occurred in the Earth’s interior.

Hydrogen that is structurally bound to other ions (mainly
oxygen) in minerals is traditionally referred to “water” in
earth sciences and is calculated as H,O by weight. Its exist-
ence, even at trace levels (ppm level), can disproportionate-
ly change many chemical and physical properties (e.g. wave
velocity, electronic conductivity, rheology, thermal conduc-
tivity, optical properties, melting temperature, ion diffusion)
of minerals [1-13]. Consequently, water affects the chemi-
cal, physical and dynamic processes of rocks and their in-
volved mantle domains, such as the relative movement of
continental plates and the genesis and evolution of intraplate
magmas [7,14-24]. Additionally, the amount of water in the
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continental lithospheric mantle is tightly related to its vis-
cosity and stability [23,25-28]. Understanding the distribu-
tion of water in the continental lithospheric mantle, there-
fore, is an important part of studying its formation and evo-
lution.

1 Hydrogen species in the continental litho-
spheric mantle

There are three types of hosts for water in the continental
lithospheric mantle: (1) fluid inclusions; (2) hydrous miner-
als; and (3) nominally anhydrous minerals (NAMs; i.e.
minerals without H in the ideal chemical formula, such as
olivine, pyroxene, garnet, and feldspar).

Although fluid inclusions in peridotite minerals may
contain a certain amount of water when they are captured,
subsequent dehydration via exchange with host minerals
leaves dehydrated and CO,-dominated fluids [29]. There-
fore, the contribution of fluid inclusions in the total amount
of water in the lithospheric mantle is small.

Hydrous minerals, such as amphibole, phlogopite and
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apatite, may be present in lithospheric mantle by melt/fluid
metasomatism [30], but the premise of the formation of
these minerals is the strong enrichment of K, Na, P, F, CI,
etc., and therefore only occurs accidentally.

The continental lithospheric mantle consists dominantly
of peridotites (i.e. diamond-, garnet-, spinel- and plagio-
clase-facies) with minor pyroxenites and eclogites. The
main constituent minerals are olivine (ol), orthopyroxene
(opx), clinopyroxene (cpx), garnet (grt), spinel (sp) and pla-
gioclase (plag). Although these are “nominally anhydrous
minerals”, they can contain H in the crystal defects, in the
form of OH or H,O (the so-called structure H,O), and have
H,0 contents (H,O wt., hereafter the same) ranging from a
few to thousands of ppm [27,31,32]. Although the absolute
content of structure water in NAMs is not as high as in the
hydrous minerals, NAMs constitute the largest water reser-
voir in lithospheric mantle when considering their volume
and weight percentage. Overall, the main occurrences of
H,O in the continental lithospheric mantle comprise mainly
structure water hosted in crystal defects of NAMs in the
form of OH or molecule H,O.

The published data of H,O content in mantle minerals in
the literature are obtained from the Fourier Transform In-
frared Spectroscopy (FTIR) analysis and Secondary Ion
Mass Spectroscopy (SIMS) analysis, though most of the
data come from FTIR. The infrared absorption coefficient
used for H,O content calculations varies in different litera-
tures, but the generally accepted infrared absorption coeffi-
cients for ol, cpx, opx and grt are from Bell et al. [33,34]. If
the Bell absorption coefficient was not used in the original
study, all FTIR data involved in this paper were recalculated
accordingly, using the same method as Peslier et al. [27].

2 The distribution of water in the continental
lithospheric mantle

H,O behaves as an incompatible element in the melt system
of mantle rocks, with a partition coefficient close to that of
Ce [22,35]. Like other incompatible trace elements, the dis-
tribution of H,O in the continental lithospheric mantle is
heterogeneous, both spatially and temporally. The discus-
sion in this paper is based on the dataset of peridotite min-
erals because (1) peridotite is the dominant rock type of the
continental lithospheric mantle and (2) the majority of the
published data on the water contents of the continental lith-
ospheric mantle is from minerals in peridotite xenoliths.

The host rocks for peridotite xenoliths are mainly kim-
berlites and alkali basalts. Previous studies have shown that
both olivine and pyroxene in peridotite xenoliths hosted by
kimberlites may have preserved the initial water contents of
the mantle source in their cores, though their rims likely
experienced a loss of H [27,31,36-38]. In the peridotite
xenoliths hosted by alkali basalts, the cores of cpx and opx
can effectively preserve their initial water contents from the
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mantle source [23,31,36,39-41]; however, both the rims and
cores of ol may experience H loss during the xenolith ascent
[23,37,42,43] and result in a low measured water content.
Differences in the behaviors of ol and pyroxene may be
related to a variety of factors [27]: (1) H in ol may partially
exist in planar defects that are easier to diffuse out of the
structural lattice, (2) ol is weaker than pyroxene and conse-
quently deforms more easily, and (3) H-bond strength is
weaker in ol than in pyroxene. The fact that olivines in per-
idotite xenoliths hosted by alkali basalts are more prone to
diffusion compared to those hosted by kimberlite may be
related to lower water content, higher temperatures, and a
slower rate of ascent for basalts [27,42,43].

There are two methods to calculate the whole-rock water
content based on mineral water content and their modes: (1)
using the measured H,O content of ol [23,31,36] and (2)
estimating the H,O content of ol from the measured H,O
content of cpx and assuming a partition coefficient of 0.1
for ol/cpx [40,44]. Both experimental and natural observa-
tions show that, at the conditions of P <3 GPa, the partition
coefficient of H,O between ol and pyroxene is less than 0.1
[22,27,31,36-38,45,46]. For peridotite xenoliths hosted by
alkali basalts, due to the rather low H,O content of ol com-
pared to that of pyroxene, the difference between the whole-
rock water contents calculated using these methods is minor.
For this reason, a direct comparison of H,O content of ol in
peridotites (even if the data are from the core) hosted by
alkali basalts with those hosted by kimberlites is futile, but
comparisons of the H,O content in cores of pyroxenes and
the calculated whole-rock H,O content of peridotites hosted
by both magmas are credible. In this paper, the H,O content
of ol, cpx, opx and whole rocks are all used when compar-
ing peridotites hosted by kimberlites from different locali-
ties (Figure 1). In contrast, when comparing peridotite xen-
oliths hosted by alkali basalts with those hosted by kimber-
lites and comparing peridotite xenoliths hosted by alkali
basalts from different localities (Figure 2), only the H,O
content of opx, cpx and whole rocks are used.

2.1 Heterogeneity of water contents in different types
of the continental lithospheric mantle

(1) Typical cratonic and off-cratonic lithospheric mantles.
Examples of typical stable cratons are peridotite xenoliths
hosted by kimberlites from the Kaapvaal craton in South
Africa [27,31,36-38,47-49] and the Siberia craton in Russia
[50,51]. The Siberia craton peridotites only include the H,O
content data for ol and grt, and the pyroxene data are not
available. The H,O contents of ol in peridotites from the
Kaapvaal craton are 0-152 ppm (average 47 ppm, N=52),
and those of ol in peridotites from the Siberia craton are
6-194 ppm (average 87 ppm, N=13). The H,O contents of
garnets in peridotites from the Kaapvaal and Siberia cratons
are 0-82 ppm (average 10 ppm, N=56) and 1-163 ppm (av-
erage of 28 ppm, N=40), respectively. Both the range and
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Figure 1 Comparison of the H,O content of olivine and garnet from the Kaapvaal and Siberia craton lithospheric mantle. Numbers in the figure are the
average and standard deviation. Data for the Kaapvaal craton are from [27,31,36-38,47—49] and those for the Siberia craton are from [50,51].

frequency distribution of H,O contents of ol and grt from
these two cratons are essentially identical (Figure 1); the
difference in the average values could be derived from dif-
ferences in sample numbers. In other words, the lithospheric
mantles of the Kaapvaal and Siberia cratons have similar
water contents based on the ol and grt data.

The H,O contents of cpx and opx in peridotites from the
Kaapvaal craton are 149-399 ppm (average 283 ppm, N=18)
and 41-460 ppm (average 188 ppm, N=29), respectively,
and the calculated H,O content of whole rocks is 16-175
ppm (average 82 ppm, N=29).

The lithospheric mantle of the off-craton localities can be
classified into two categories based on the age of formation:
Proterozoic and Phanerozoic. The Proterozoic samples are
garnet peridotite xenoliths hosted by kimberlites from Na-
mibia [47], and only the H,O contents of garnets are availa-
ble (1-22 ppm, averaged at 10 ppm, N=26). The Phanero-
zoic samples are peridotite (mainly spinel-facies) xenoliths
hosted by alkali basalts from the Basin and Range Province
of North America [23,31,36,39,43,48,52,53], Pali-Aike of
Chile [42], Eifel of Germany [48], Massif Central of France
[36], Victoria of Australia [48], Greene Points and Baker
Rocks of Antarctica [54], and Cape Verde of Africa [54].
The H,O contents of ol, cpx and opx in the Phanerozoic
samples are 0-56 ppm (average 12 ppm, N=36), 5-550 ppm
(average 282 ppm, N=39) and 9-246 ppm (average 110 ppm,
N=41), respectively. The calculated whole-rock H,O con-
tent is 28-155 ppm (average 99 ppm, N=20). Figure 2
shows that although the whole-rock H,O content of perido-
tites from the Kaapvaal craton has the same range as the
typical off-craton samples, its peak and average values are
lower and consistent with the overall “depleted” chemical
composition of cratonic mantle [55,56].

(2) Thinning cratonic mantle—-Colorado Plateau. The
Colorado Plateau is an “isolated” island in the Cordillera
orogen that has not experienced significant tectonic defor-
mation. However, many studies have shown that since at
least the Eocene, the lithospheric mantle in this area has
thinned by several tens of kilometers and is continuing to
thin [57-60]. Li et al. [23] analyzed the H,O content of
minerals in peridotite xenoliths hosted by alkali basalts and
minettes from the Colorado Plateau; they found that the
H,O contents of cpx from 9 samples are 439-957 ppm (av-
erage 677 ppm) and those of opx from 10 samples are
274-402 ppm (average 344 ppm). These values are much
higher than those from the Kaapvaal craton and other typi-
cal off-craton samples (Figure 2). In addition, the H,O con-
tents of ol from 13 samples are 11-45 ppm (average of 20
ppm). Although ol grains have been shown to experience H
loss upon the xenolith’s ascent and produce the minimum
estimates of H,O content for the mantle source, the highest
H,O content of these olivines is still higher than the esti-
mated values for olivines in the mid-ocean ridge basalts
(MORB) source (10-30 ppm) [23]. The hydration of the
lithospheric mantle of the Colorado Plateau has been as-
cribed to the subduction of the Farallon plate.

(3) Thinned “cratonic” mantle-North China craton.
The North China craton (NCC) experienced a large-scale
lithospheric thinning from late Mesozoic to early Cenozoic
[61,62], so peridotite xenoliths hosted by the Cenozoic bas-
alts (<40 Ma) are from a thinned “cratonic” (the present
NCC is not a craton) lithospheric mantle. The H,O contents
have been obtained for ~150 peridotite xenoliths from 13
localities, covering both the eastern and western parts of the
NCC [40,41]. The main feature is the strikingly low H,O
content (Figure 2): olivine contains almost no water; the
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Figure 2 Comparison of the H,O content of peridotite from different types of lithospheric mantle. Numbers in the figure are the average and standard
deviation. Due to the small sample size for the whole rock H,O content from Colorado and the back-arc (N <10), there is no statistical significance, and we
therefore did not calculate the average. Data for typical cratons are from [27,31,36-38,47-49], those for typical off-cratons are from [31,36,39,43,48, 52-55],
those for the Colorado Plateau are from [23], those for the arc mantle are from [48], those for the NCC are from [28,40,41], and those for South China are

from [75].

H,O contents of cpx and opx are usually <200 ppm (average
134 ppm, N=137) and <100 ppm (average 52 ppm, N=154),
respectively; and the calculated H,O contents of whole
rocks are usually <50 ppm (average 31 ppm, N=146). These
values are not only lower than those of the typical craton
and off-craton samples but also significantly lower than

those of the MORB (50-200 ppm) [63—-66] and oceanic is-
land basalts (OIB) sources (3001000 ppm) [64,66-70].
Unlike the mantle wedge peridotites in Simcoe of the Unit-
ed States, which have low H,O contents that account for the
high oxidizing fluids (section 2.1(4) in Peslier et al. [39]),
the low H,O contents of the NCC samples cannot be as-
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cribed to highly oxidized conditions but may instead be
related to a thermal disturbance associated with lithospheric
thinning (e.g. H,O loss by heating and/or extraction of H,O
by melting). Therefore, the majority of the present litho-
spheric mantle of the NCC should comprise the relict an-
cient mantle after the lithospheric thinning event [40,44].
Some samples are from the localities close to deep faults,
such as Nushan in Anhui Province, Beiyan in Shandong
Province, and Yangyuan in Hebei Province, and are either
located in the Tan Lu fault zone or the central part of the
NCC, where mantle upwelling has been observed in geo-
physical studies. Some of these samples exhibit H,O con-
tents and Sr-Nd isotopic compositions similar to the
MORB/OIB source and may represent the newly accreted
mantle after thinning [40,44].

(4) Sub-arc lithospheric mantle. The sub-arc litho-
spheric mantle samples are peridotites from Simcoe in
Washington (USA) [39] and Ichinomegata (Japan) [48] that
had undergone subduction-related metasomatism, and the
reported data are still limited. The H,O contents of ol from
14 samples from Ichinomegata are 13-26 ppm; those of opx
from 4 samples are 270-350 ppm [48]. Olivine from 3 sam-
ples from Simcoe have almost no water; the HO contents
of opx, cpx, and the calculated whole-rock contents are
71-109 ppm, 140-205 ppm and 25-41 ppm, respectively
[39] (Figure 2). The high water content of the island arc of
Japan is consistent with the water-rich characteristics of
island arcs [71-74], but the samples from Simcoe showed
abnormally low H,O content. The data from the former is as
expected from a water-saturated environment of mantle
wedge under arcs; the data from the latter suggests metaso-
matism by water-poor fluids with very high oxygen fugacity,
based on the anti-correlation between H,O content and ox-
ygen fugacity [27,39].

(5) South China Block. Yu et al. [75] reported the H,O
contents of 35 peridotite xenoliths hosted by the Cenozoic
basalts from 4 localities southeast of South China. The H,O
contents of ol are 0—41 ppm (average 24 ppm, N=5), which
are minimum values of the mantle source due to the possi-
ble H diffusion lost during ascent. The H,O contents of cpx
and opx may have largely preserved the initial values in the
mantle source and are 58-488 ppm (average of 251 ppm,
N=30) and 38-213 ppm (average of 115 ppm, N = 33), re-
spectively. The H,O content of the calculated whole rocks is
12-94 ppm (average 60 ppm, N=35). Unlike the NCC sam-
ples, most samples from the South China block have whole-
rock H,O contents falling within the range of the MORB
source; only a few samples exhibit the low H,O content that
is characteristic of most samples from the NCC (Figure 2).
In addition, peridotite xenoliths hosted by the Cenozoic
basalts from the NCC and the South China block have no
significant differences in rock types, mineral assemblages,
major and trace elements and radiogenic isotope composi-
tions [76-90]. Therefore, the significant difference of H,O
content between peridotites in the two regions should not be

Chin Sci Bull

November (2013) Vol.58 No.32 3883

due to processes of partial melting and mantle metasoma-
tism but should be attributed to the differences of origin.
The South China lithosphere mantle is mainly the newly
accreted mantle from the asthenosphere with a few relict
ancient portions, whereas the lithospheric mantle of the
NCC consists dominantly of relict ancient mantle with some
newly accreted asthenospheric mantle.

It is still not clear whether the South China block has
experienced the similar lithospheric thinning event as the
NCGC; if it has, the H,O content differences between the two
regions suggest different mechanisms and processes of lith-
ospheric thinning.

2.2 Vertical variations of H,O content in the continen-
tal lithospheric mantle: The case from the Kaapvaal
craton

A comprehensive analysis of HyO content and formation
pressure of peridotite xenoliths from the Kaapvaal craton in
South Africa demonstrates vertical variations in H,O con-
tent in the lithospheric mantle of South Africa [38,91]. Fig-
ure 3 shows variations in formation pressure of peridotites
versus the H,O content of ol, including the peridotite xeno-
liths that are hosted by kimberlites with both pressure esti-
mates and the H,O contents of ol available [27,36-38,48].
Profile FTIR analyses have confirmed that the H,O content
of these olivines preserved the source values and have
not been affected by H loss during ascent. At P<3 GPa
and >6.5 GPa, the H,O content of ol are quite low (<10
ppm); at P=3.5-5.5 GPa, the region is water-rich, and the
H,0 content of ol is >100 ppm, which is much higher than
the expected value of the olivines in the MORB source.
Although the host magma of these peridotites erupted in the
Mesozoic and even the Proterozoic (1202-86 Ma), this ver-
tical distribution of H,O content of the lithospheric mantle
is expected to be preserved after the host magma’s eruption
and reflects the present hydrous state of the Kaapvaal craton
[38,91]. Considering elemental and radiogenic isotope
characteristics, Peslier et al. [91] proposed that the water-
rich layer in the central lithospheric mantle is the product of
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Figure 3 Formation pressure vs. H,O content of olivine in peridotite
from Kaapvaal craton, South Africa.
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mantle metasomatic events that occurred in Archean-
Proterozoic. This layer actually corresponds with the “met-
asome” layer revealed by petrological and geochemical
studies and is believed to be the source of small-scale alkali
magmas [30].

2.3 Temporal variations of H,O content in the conti-
nental lithospheric mantle: The case from the NCC

The Early Cretaceous was the peak time of the NCC de-
struction [62]; the basalts derived from the Early Cretaceous
lithospheric mantle therefore provide an opportunity to
study the hydrous state of the Late Mesozoic NCC litho-
spheric mantle and make it possible to compare the Meso-
zoic and Cenozoic hydrous states of the lithospheric mantle.

Xia et al. [28] conducted a detailed analysis of the H,O
content and chemical compositions of cpx phenocrysts in
the ~120 Ma lithospheric mantle-derived high-Mg basalts
erupted at Feixian, eastern NCC [92]. The measured H,O
content of the earliest crystallized cpx phenocrysts (Mg#
around 90) are 210-370 ppm, and the calculated H,O con-
tents of the equilibrated basaltic magmas are 3.4 + 0.7 wt%,
using a partition coefficient between cpx and melt [94]. This
value is much higher than that of MORBs (0.1-0.3 wt%)
[63-66], OIBs (0.3—1.0 wt%) [64,66-70] and the back-arc
basin basalts (BABB, 0.2-2.0 wt%) [94-96], falling within
the range of the island arc magmas (2.0-8.0 wt%) [71-74].
The estimated H,O contents of the lithospheric mantle
source are >1000 ppm, much higher than that of Cenozoic
lithospheric mantle of the NCC. The strongly water-rich
characteristics of the late Mesozoic NCC lithospheric man-
tle are likely related to multi-stage subduction events by the
surrounding oceanic plates since the Paleozoic [97]. Nota-
bly, the water-rich state of the Late Mesozoic corresponded

>1000 ppm
NCC ~120 Ma A liul
[l ncC <40 Ma
MORB source
'} A 'l A
0 100 200 300 400 500

Whole rock (H,O ppm)

Figure 4 Comparison of H,O content of lithospheric mantle of the NCC
in Mesozoic and Cenozoic. Data for the Mesozoic lithospheric mantle of
the NCC are from [28], those for the Cenozoic lithospheric mantle of the
NCC are from [28,40,41], and those for the MORB source are from
[63-66].
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to the lithospheric thinning and craton destruction of the
NCC, whereas the water-poor state of the Cenozoic corre-
sponded to the time when the NCC lithospheric mantle re-
gained stability.

The temporal and spatial distribution of H,O contents in
the continental lithospheric mantle is most likely associated
with a variety of factors [27,91], including the degree of
partial melting and metasomatic overprint of rocks, crystal
chemical characteristics of minerals, diversity of tempera-
ture, pressure, oxygen fugacity and water fugacity. There-
fore, a systematic and combined examination of petrological
(i.e. petrography, P-T conditions and even petrogenesis) and
geochemical (i.e. major and trace elements and isotopic
compositions) data for specific regions is needed to explore
the heterogeneity of H,O contents. In addition, to make
large-scale comparisons and understand the regional heter-
ogeneity, tectonic environments and geophysical data need
to be incorporated.

3 Heterogeneity of HO contents of the conti-
nental lithospheric mantle and overlying
lower crust

Comparative studies [98—100] of peridotite xenoliths (rep-
resenting the lithospheric mantle) and coexisting mafic
granulite xenoliths (representing the lowest lower crust)
hosted by the Cenozoic basalts from Nushan in Anhui
Province, Hannuoba in Hebei Province and Junan in Shan-
dong Province of the NCC have revealed significant differ-
ences in H,O contents between the lithospheric mantle and
the overlying lower crust: the lower crust has much higher
H,O content (Figure 5). Differences between the two layers
may be related to their petrogeneses: the protoliths of mafic
granulites were gabbros that were crystallized from basaltic
melts, and peridotites are melting residues. The residues of
melts would be strongly depleted in HyO due to the com-
pound’s incompatible behavior during the mantle melting
processes [22,35]. When considering the impact of H,O on
mineral/rock viscosity [1,8,13], the strength of the litho-
sphere above and below the Moho should be decoupled [99].
The current data are limited in these three locations, and
more observations are therefore needed to determine
whether the contrast of the H,O content of the lithospheric
mantle with that of the overlying lower crust is a common
phenomenon in the global continental region.

4 The relationship between the H,O content of
the lithospheric mantle and continent stability

The key factor controlling the stability of the continental
lithosphere is the viscosity contrast at the lithosphere-
asthenosphere boundary (LAB) [56]. Due to the significant
influence of H,O on mineral rheological strength [1,8,13],
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Figure 5 Comparison of H,O content of continental lithospheric mantle
and overlying lower crust. Numbers in the figure are the average and
standard deviation. Data are from [98—100].

the continental stability should be tightly related to the wa-
ter content [25,26]. Because olivine is the dominant mineral
in the lithospheric mantle and its strength is less than that of
pyroxene, the strength of the lithospheric mantle is mainly
controlled by ol. Figure 6 shows the correlation between the
calculated viscosity based on olivine H,O content and lith-
osphere depth, using the Paleozoic geothermal gradient of
the NCC [61]. The H,O contents of ol significantly affect
the viscosity contrast between the lithosphere and astheno-
sphere. Recently, several case studies have connected the
H,O content of ol from the lowermost lithospheric mantle
with the stability of continents, using the LAB viscosity
contrast calculated from the H,O content of ol and regional
geothermal gradients.

Peslier et al. [27] conducted an FTIR analysis for ol in
peridotites from the lowermost lithospheric mantle of the
Kaapvaal craton and found that the H,O contents of ol are
<10 ppm, which corresponds to a viscosity of the litho-
spheric mantle of 20 to >3000 times that of the astheno-
sphere (Figure 2 in [27]) and indicates that the long-term
stable cratonic lithosphere indeed has high viscosity. This
was the first study to directly connect the longevity of con-
tinents with the low H,O content of the lowermost litho-
spheric mantle.

Dixon et al. [19] combined the tectonic environment with
geochemical and geophysical data and noted that the low
viscosity of the western United States area could be due to
the hydration of the upper mantle by long-term subduction
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Figure 6 Effective viscosities with varieties of H,O content of olivine.
(modified from [28]). The shaded area is the range and average of asthen-
osphere viscosity, and the numbers on top of the curve are the H,O con-
tents of olivine.

of the Farallon plate. Using FTIR, Li et al. [23] directly
measured the H,O content of peridotite minerals hosted by
the Cenozoic basalts from the Colorado Plateau and its sur-
rounding areas. The results show that these minerals contain
much higher H,O content than the expected values in the
asthenosphere and that the H,O content of ol in peridotites
from the Colorado Plateau can have a value up to 45 ppm.
These olivines experienced H loss by diffusion upon the
xenolith ascent, so the measured H,O content only reflects
the minimum values of the mantle source. Simulation re-
sults shows that, even with the minimum estimated H,O
content of ol, the hydration process is also able to lower the
viscosity of the lowermost lithosphere by an order of mag-
nitude (Figure 9 in [23]). Thus, Li et al. [23] speculated that
the hydration that caused lithosphere weakening might be
an important mechanism in the lithospheric thinning in the
Colorado Plateau.

An example that directly links hydration and lithospheric
thinning (and craton destruction) is the study by Xia et al.
[28]. Based on detailed analyses of ~120 Ma Feixian basalts
from the NCC, they found that the H,O content of the early
Cretaceous lithospheric mantle was >1000 ppm. Further-
more, they calculated the H,O content of ol in such litho-
spheric mantle to be >180 ppm. The calculated viscosity
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based on the H,O content of ol demonstrates that the low-
ermost lithospheric mantle (~200 km) [61,62] of the NCC at
the early Cretaceous had a viscosity close to that of the as-
thenosphere (Figure 6). Regardless of the mechanisms of
lithospheric thinning and NCC destruction, the reduced
strength of the lithosphere by hydration is certainly an im-
portant premise. Because the Early Cretaceous was the peak
time of NCC destruction, this study directly links the craton
destruction with the reduced strength of lithospheric mantle
by hydration.

5 Future studies

After nearly 20 years (though primarily the last decade) of
endeavored studies of the hydrous state of the continental
lithosphere, we have obtained some basic and structural
knowledge about it, including the H,O occurrence, the
range of H,O content, the partition of H,O among minerals,
the spatial and temporal heterogeneity of H,O content, the
complexity of factors controlling H,O content, and the ge-
odynamic significance of the hydrous state. Studying the
H,O content of mantle NAMs (then rocks) has extended
from the mineralogical and mineral physical fields to geol-
ogy, geochemistry, geophysics and geodynamics, and it has
attracted growing interest. The pioneering paper by Bell and
Rossman [31] on H,O content in mantle NAMs “Water in
Earth’s Mantle: Role of Nominally Anhydrous Minerals”
has been cited more than 300 times in the last decade
(2002-2012). Similarly, the paper by Hirth and Kohlstedt
[16] “Water in the oceanic upper mantle: implications for
rheology, melt extraction and the evolution of the litho-
sphere”, which discussed the influence of mineral H,O con-
tent on mantle melting, rheology and lithosphere evolution,
has been cited more than 560 times in the past decade
(2002-2012). However, because our understanding in many
fields is not comprehensive, future studies should focus on
the following aspects.

5.1 Accumulate more data on natural samples

As described above, the data of peridotites from cratonic
mantle are mainly from the Kaapvaal and Siberia cratons,
and only garnet data and sporadic olivine data are available,
while data from pyroxenes are absent. No data are available
for other cratons, and the data for the sub-arc mantle remain
sparse. Although there are off-craton samples from many
regions, the sample numbers are insufficient to provide a
statistically meaningful message, except in western North
America. As to a single tectonic block, only the NCC has
H,O content data covering nearly the entire geographic re-
gion with sufficient statistical means on the number of sam-
ples. The vertical heterogeneity of H,O distribution in the
continental lithospheric mantle is only confirmed in the
Kaapvaal craton. Moreover, the temporal heterogeneity of
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the HyO content in the continental lithospheric mantle is
only observed in the eastern NCC between the late Meso-
zoic and Cenozoic. Undoubtedly, in the future, we need to
accumulate more data from natural samples to develop a
more meaningful understanding of the spatial and temporal
distributions of the H,O content in the continental litho-
spheric mantle.

5.2 Identify the parameters controlling H,O content

We have realized that the factors affecting the H,O content
of the lithospheric mantle are variable, including the miner-
al crystal chemistry, H;O solubility in the mineral under
different physical and chemical conditions, and the H,O
partition coefficient between minerals, as well as different
geological processes during/after rock formation, even the
evolution of the Earth. However, the degree of impact in
different environments (including the physical and chemical
states, geological processes and tectonic settings) of various
factors and the possible affinity between factors and envi-
ronments need further study. We need to strengthen the ex-
perimental studies of the complex systems so they are closer
to the real mantle conditions and combine analysis of H,O
content and other data (including petrology, geochemistry
and geophysics) in natural samples to have a clear under-
standing of the parameters controlling the H,O content in
the continental lithospheric mantle.

5.3 Explore the potential for H,O as a tracer of
geological processes

In the mantle melting system, H,O has a partition coeffi-
cient close to Ce (~0.01) [22,35], and it can be treated as an
incompatible element. Like other trace elements (e.g. rare
earth elements, large ion lithophile elements, and high field
strength elements), the content, ratio, and isotope composi-
tion (H-O) can also be used as tracer of geological processes
(e.g. partial melting, fractional crystallization, and metaso-
matism). The exploration in this direction is still prelimi-
nary [101].

Although the link between H,O content and continental
stability is recognized, the specific mechanism, the process,
and the spatial and temporal scales of influence are unclear.
We need to strengthen the comparative analysis of H,O
content and lithospheric mantle stability in different tectonic
settings or different physical and chemical states to expand
the research into the link between H,O and continental dy-
namics.

5.4 TImprove analytical methods of H,O measurement

The methods for determining the water content of minerals,
in addition to the generally adopted FTIR and ion probe,
include vacuum extraction, nuclear reaction analysis (NRA),
elastic reflection detection analysis (ERDA) and proton-
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proton scattering analysis (PPSA). Different methods some-
times give contradicting water content data, reflecting not
only the limitations of the methods themselves but also the
complexity of H cooperation mechanisms in minerals (e.g.
point defects, line defects, planar defects, nano-scale inclu-
sions). In future research, we need to improve the methods
and choose the most suitable method based on different H
cooperation mechanisms.
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