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ABSTRACT

Knowledge of the water capacity of deep lithosphere is crucial for validating models
of craton growth and for constraining solid earth volatile cycles over geologic time.
However, experimental constraints on water solubility and partitioning often
disagree with natural rock data. We present a bulk compositionally dependent
model of water storage capacity in pyrolite over a range of lithospheric mantle
pressures and temperatures. Models are compared against published xenolith
nominally anhydrous mineral (NAM) water contents, which have been recalculated
to reflect the last water content of the mantle lithosphere by using coexisting
pyroxene water contents in the same samples. Our main findings are that 1)
regardless of tectonic setting, olivine records similar recalculated water contents,
suggesting a common level of water undersaturation in the lithospheric mantle, and
2) equilibrium water partitioning between clinopyroxene and orthopyroxene
(Dcpx/opx) increases down-temperature. We propose these trends may be

explained by re-hydration/re-fertilization of cratonic mantle early during
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coalescence, followed by cooling-induced water exsolution from orthopyroxene and

garnet formation as cratons thicken and stabilize.

INTRODUCTION

Mantle water content is an important parameter that controls its petro-physical
properties and, as a consequence, evolution of the mantle lithosphere over Earth’s
history. On the present-day Earth, distribution of water in the mantle varies across
tectonic setting, with depleted upper mantle containing 50-200 parts per million (ppm)
H20 by weight (Demouchy and Bolfan-Casanova, 2016; Hirschmann, 2006), but up to
1500 ppm H20 occurring above subducted, devolatilized oceanic slabs (e.g., Ulmer,
2001). These variations largely reflect processes that have shaped the Earth’s mantle
during the Phanerozoic, since “cold, steep, and deep” subduction became the dominant
mechanism of volatile input into the deep Earth (Bodnar et al., 2013; Palin et al., 2020).

In contrast to Phanerozoic Earth, the geodynamics of early Earth are more
enigmatic, but likely differed significantly from the style of plate tectonics that operates
today (e.g. Piccolo et al., 2020). Higher initial mantle potential temperatures (e.g.
Herzberg et al., 2010; Ganne and Feng, 2017) led to unique styles and compositions of
magmatism, which infer that different mechanisms of lithospheric evolution governed the
Archean and Proterozoic compared to the Phanerozoic (Condie, 2021). The influence of
volatiles on mantle and crustal deformation and geodynamics may also have evolved
during these regime shifts, as distributions of melt inclusions in high-grade rocks through
geologic time show peaks correlating with major plate tectonic transitions (Nicoli and

Ferrero, 2021). In addition, the water carrying capacity of altered oceanic crust is also
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thought to have been higher in the geological past than today, owing to an evolution in its
maficity (e.g. Palin and White, 2016).

The most significant tectonic development in early Earth history was the fusion of
lithospheric nuclei into cratons, setting the stage for formation of the continents.
However, the mechanisms by which cratons coalesced remains open to debate (Pearson
etal., 2021). On one hand, cratons must have remained cold, thick, and buoyant for long
periods of time to satisfy current seismic imaging, xenolith constraints, and heatflow
data. On the other hand, at some point in the cratons’ evolution, they must have been
deformable enough to suture into large blocks, perhaps facilitated by hydrated mantle
shear zones (Lee et al., 2008). Trace amounts of water in olivine enhances the creep rate
via hydrolytic weakening (Brodholt and Refson, 2000) and water also lowers mantle
viscosity (Hirth and Kohlstedt, 1996), with both factors enhancing deformation. Present-
day constraints of water content in the cratonic mantle from xenoliths show spatial
heterogeneity at both vertical and lateral scales (Peslier et al., 2017). However, the
origins of such water heterogeneity are not agreed upon — either it was inherited, i.e.
“frozen in” after the cratons formed, like fossil seismic anisotropy that somehow persists
over billions of years (Silver and Chan, 1988), or, post-cratonization metasomatism
modified the original hydration state of the cratonic mantle.

While metasomatized mantle may contain hydrous minerals, the vast majority of
cratonic mantle is highly depleted (Lee et al., 2011), which confers the long-lived
chemical buoyancy needed to counteract the negative buoyancy associated with a cold,
thick thermal boundary layer (Jordan, 1981). The largest mantle water reservoir is

incorporated within nominally anhydrous minerals (NAMs) (Bell and Rossman, 1992)
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where water is substituted as various species in crystal lattice defects. Water solubility
in NAMs increases with increasing pressure, and experimental mineral/melt partition
coefficients are highest for clinopyroxene and orthopyroxene followed by garnet, then
olivine (Aubaud et al., 2004; Hauri et al., 2006; Tenner et al., 2009). Here, the partition

coefficient is defined as the ratio of the concentration of a trace element (in this case,

H20
water) in the mineral to that in the melt at equilibrium: DH20 = = C’Zjﬁ};gal .

mineral —
melt

Pyroxenes, in particular, are an important NAM water reservoir owing to them
having higher D values compared to olivine and garnet. Hauri et al. (2006) found that D
positively correlates with Al in orthopyroxene, owing to the coupled substitutions H* +
AP — 2 Mg?* and H* + AI** « Si** (Keppler and Bolfan-Casanova, 2006). Aluminum-
free enstatite has comparable H-solubility to clinopyroxene at <4.5 GPa, but Al-bearing
enstatite may contain up to three times as much Hz0O at these conditions (Mierdel et al.,
2007). Importantly, Dcpxiopx, converges to values ~1 for melt-present, high-T conditions
(>1000 °C) (Hauri et al., 2006), though subsolidus values are higher at ~2 (Demouchy et
al., 2017). This suggests that water partitions equally between clinopyroxene and
orthopyroxene in the presence of partial melt, but water is preferentially partitioned into
clinopyroxene as the mantle cools.

Despite extensive experimental and observational data on water partitioning
between mantle NAMs, straightforward interpretation of measured NAM water contents
in exhumed mantle rocks remains challenging. This is largely due to: (1) a lack of
synergistic information reported from xenoliths (e.g. the absence of calculated final
equilibration P—T conditions that constrain the sample’s thermal history); (2) H* only

measured in one NAM, but not in coexisting minerals, thus prohibiting effective
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determination of partitioning relationships; and (3) the lack of a thermodynamically
based framework for predicting the maximum solubility of H* in different NAMs as a
function of P, T, and mineral composition. While individual parameterizations exist for
certain NAMs, as derived from high-P/high-T laboratory experiments, an integrated
approach is needed that considers all coexisting NAMs within mantle rocks to
quantitatively compare water storage model predictions as a function of geodynamic
environment to measured data obtained from natural peridotites. Here, we directly
address this issue, and combine a survey of global xenolith NAM water data with the
results of petrological forward modelling at upper mantle P-T conditions, which allows
us to determine mineral equilibria and storage capacities in canonical pyrolite mantle
(Ringwood, 1975) (Fig. 1a). We then compare these predictions to H20 contents from
mantle xenoliths erupted within cratonic and non-cratonic regions worldwide, and
propose that cooling-induced hydrogen loss (or “sweating™) during craton formation is a
common geological phenomenon, which may be necessary for cratons’ long-term

preservation.

H>O CAPACITY OF MANTLE NAMS
Models

Stable phase equilibria for anhydrous pyrolite (Ringwood, 1975) and an average
garnet harzburgite from the Slave craton (Kopylova and Russell, 2000) (Fig. S1) were
calculated in the Na2O—CaO—-FeO—MgO-Al203-SiO2—Cr203 (NCFMASCr) chemical
system using the Gibbs free energy minimization modeling program Theriak-Domino

(De Capitani and Petrakakis, 2010), internally consistent thermodynamic dataset ds-622
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(Holland and Powell, 2011), and activity—composition relations for olivine, garnet,
clinopyroxene, orthopyroxene, spinel, plagioclase, and ultramafic silicate melt (Jennings
and Holland, 2015). The pyrolite and Slave compositions were selected as representative
end members of typical cratonic mantle lithosphere. The Slave sample’s lower Al20s3
content and slightly higher XMg (Table S1) expands the orthopyroxene stability field
compared to pyrolite and suppresses garnet stability, but other phase relations are similar.
Calculated phase relations for pyrolite (SI Fig. 1a—b) resemble those for typical
peridotite (cf. KLB-1; Jennings and Holland, 2015).

The potential H20 contents (ppm) of diopside, pyrope, Al-free enstatite, and
olivine (Fo = 0.9) (Fig. S3) were individually calculated within the pressure—temperature
(P-T) range 0-5 GPa and 6001600 °C using parameterizations experimentally
determined by Bromiley et al. (2004), Lu and Keppler (1997), Mierdel and Keppler
(2004), and Zhao et al. (2004), respectively, alongside the Pitzer and Sterner (1994)
equation of state for H20O. For both considered bulk compositions, the total potential bulk
H20 content hosted within NAMs at any given P—T condition (Fig. S3) was determined
using a two-step mass-balance procedure: (1) calculated volume proportions of each
NAM were converted to weight percentages using their densities, and then individually
combined with their maximum H20 content at that P-T point; and (2) bulk rock H20
content was calculated by summing the H20 contents of each mineral constituent with
respect to their individual mass fraction. Contributions from olivine in the bulk pyrolite
model considered variations in the calculated equilibrium Fo content [atomic Mg/(Mg +

Fe)] over the modeled P-T range.
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The calculated potential H20 content of individual NAMs is shown in Fig. 1b-d,
and that for bulk pyrolite was determined from a weighted calculation involving the
proportions of each phase and their individual H solubilities at P—T conditions relevant to
continental lithospheric mantle. The potential H20 carrying capacity increases with P and
T, ranging from ~30-60 ppm at 600 °C and 1-3 GPa, and up to ~2400 ppm at 5 GPa at
~1400 °C (Fig. 1a). H20 carrying capacities in individual NAMs along model geotherms
for cold, moderate, and warm cratonic lithosphere are shown in Fig. 1b-d and are
compared to xenolith data in Fig. 2 and Fig. 3. Modeled mineral composition and phase
proportion data within this P-T space and along specific geotherms are detailed in Figs.

S1-6.

Xenolith data

Given the strong thermobarometric dependence of hydrogen solubility in NAMs,
the tectonic and thermal evolution of a xenolith should be considered when interpreting
lithospheric water content. Literature data (see Sl for references) have been compiled for
mantle xenoliths that report H20 concentrations in coexisting olivine, orthopyroxene, and
clinopyroxene and a previously published final P—T condition of equilibration (SI Table
3). As we discuss further in the following section, our filtering of published xenolith
NAM H:z0 values yields an internally consistent dataset, as we recalculate olivine H20
contents using both orthopyroxene and clinopyroxene present in the same xenolith
(discussed below). While this approach results in fewer plotted data points (Fig. 2, 3)

compared to previous literature surveys of NAM H20 in mantle minerals (Peslier, 2010;
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Demouchy and Casanova, 2016; Peslier et al., 2017) it allows a direct comparison to
experimentally derived H20 partitioning studies as well as our phase equilibria models.

Calculated final P—T conditions for xenoliths from Siberia, Kaapvaal, and
Wyoming Cratons plot close to geotherms corresponding to low heat flow (3040 mW m-
2), which is characteristic of present-day Archean shields (e.g., Pollack and Chapman,
1977) (Fig. 3a). A notable exception in this data set is the North China Craton, with
xenoliths plotting along a hotter geotherm (Fig. 3a), consistent with proposed recent
magmatic rejuvenation and lithospheric thinning (Xu et al., 2009). Off-craton xenoliths
from the Basin and Range, USA, which fall close to or above the 60 mW m geotherm
(Fig. 3), also reflect actively extending lithosphere. Off-craton xenoliths from Mexico
and Simcoe plot near to the 60 mW m geotherm, which is typical of active arcs (e.g.
Ziagos et al., 1985). In contrast, xenoliths sampling the extinct Sierra Nevada arc
(subduction ended at ~80 Ma; garnet-bearing xenoliths were erupted at ~8 Ma) plot along
a 40 mW m~2 geotherm, similar to cratons, and indicative of the cold and thick final

conditions of the Sierran arc root (Chin et al., 2015).

Seeing through the “veil” of diffusive loss of water in NAMs

A major concern when studying volatiles in NAMs is the extent to which post-
formation processes affect the water content of the mineral (i.e. determining whether the
measured concentration is primary or secondary). For xenoliths, rapid diffusive water
loss from olivine during ascent to the Earth’s surface is common (Mackwell and
Kohlstedt, 1990). Importantly, the activation energy for H* diffusivity in olivine is

higher than that for pyroxenes (Xu et al., 2019). Thus, at high T (>1000 °C), diffusive
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water loss may be significant in olivine, but negligible in pyroxene, despite similar
diffusivities at lower temperatures in both minerals.

Given the large difference in diffusivity at >1000 °C (Xu et al., 2019),
clinopyroxene water contents in erupted xenoliths may be less susceptible to water loss
compared to orthopyroxene and olivine (Warren and Hauri, 2014; Chin et al., 2021).
However, limited xenolith evidence also suggests that orthopyroxene may be more
susceptible to diffusive water loss compared to clinopyroxene (Tian et al., 2017). Thus,
we use the water contents of clinopyroxene, where available in the same xenoliths, to
recalculate olivine water contents to concentrations that were last in equilibrium with the
pyroxene, assuming that present-day water contents reflect some post-formation water
loss. We refer to these recalculated values, abbreviated as “RC” henceforth, as “last”
values, denoting the water content that was presumably reflective of last equilibration in
the lithosphere. We also recalculated olivine water contents based on water contents of
orthopyroxenes coexisting with olivine (see SI Table 1), but for the purposes of this
paper, focus on clinopyroxene-recalculated olivine water contents based on the
diffusivity arguments above.

To obtain RC olivine water contents from our compilation of observed olivine
water contents, we used an averaged experimental partition coefficient of Depx/ol = 12
from Hauri et al. (2006). In other words, RC Crzo olivine = (measured Crzo cpx)/12.
While Dpyroxene/H20 Varies as a function of the AI®* content in pyroxene (Hauri et al.,
2006), this effect is most pronounced at high Al203 (>4 wt. %). Most cratonic pyroxenes,
particularly those that have equilibrated with garnet, have <4 wt. % Al.Os (Pearson et al.,

2003). Unfortunately, there is a lack of experimental data on the variation of Deyroxene/H20
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for such low-AI** pyroxenes, and so we use a fixed (Dcpxor = 12) partition coefficient in
all olivine water recalculation. Figure 2 compares observed olivine water content with
recalculated-to-clinopyroxene olivine (RC) water content.

In their comprehensive survey of mantle peridotites, Warren and Hauri (2014)
found that both clino- and orthopyroxene water contents may be better archives of
primary mantle hydration state than olivine or either pyroxene alone. In particular, the
ratio of water contents in coexisting pyroxene pairs (Rcpx/Ropx) is often compared to
experimentally determined Dminerai/meit Values — from which an effective Dcpx/opx Can be
calculated — to assess the degree of equilibrium. For Repx/opx, Warren and Hauri (2014)
compiled literature xenolith data and report an equilibrium value of 2.6 + 0.9 (n = 141).
By contrast, the average experimental Dcpxiopx 1S 1.3 £ 0.3 (n = 10) (Aubaud et al., 2004;
Hauri et al., 2006; O'Leary et al., 2010; Tenner et al., 2009). For all localities investigated

in this study, Repxopx fall within these established ranges, indicating equilibrium (Fig. 4).

Xenolith NAM water contents
Although Siberian xenoliths report very high measured olivine water contents (>300 ppm
at 7 GPa, 1250 °C), RC values for these olivines are much lower than measured values
(Fig. 2, SI Table 3). Such a large negative difference in RC versus measured olivine H20
content could indicate re-hydration of olivine during eruption or during emplacement, or
anomalously high olivine water content due to metasomatism shortly before eruption.
However, Repxiopx for Siberian xenoliths (0.91 £ 0.32) is close to experimental D values
(1.3 £0.3) (Fig. 4), indicating that the pyroxenes retained an equilibrium state. Kaapvaal

xenoliths have an average RC olivine H20 content of 25 ppm and show a smaller
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dispersion of AH20 (Fig. 2) compared to those from Siberia; Kaapvaal xenoliths also
have Repxiopx Within the range of experimental D values (1.72 + 0.4) (Fig. 4). The
Wyoming Craton has the highest RC olivine H20 out of all cratons (39 ppm), Repx/opx 1S
within the experimental range (1.6 £ 0.35), and generally shows a positive AH20. Finally,
the craton-like Proterozoic Colorado Plateau is characterized by unusually high RC
olivine water contents attributed to Cenozoic flat slab subduction and metasomatism (Li
et al., 2008) (Fig. 2).

Measured orthopyroxene water contents are shown in Fig. 3b for the same
xenoliths for which RC olivine water contents are reported. As clinopyroxene water
contents show a similar distribution to values for orthopyroxene in Fig. 3a, we only show
orthopyroxene for simplicity. In general, orthopyroxene water content does not show a
marked increase with increasing depth.

In contrast to cratons, non-cratonic mantle xenoliths show RC olivine water
contents that are higher than measured values (Fig. 2). Notably, neither olivine nor
orthopyroxene in xenoliths from lithospheric mantle above subduction zones (Simcoe,
Mexico, and Sierra Nevada) are particularly more hydrous than those in xenoliths from

the Basin and Range and cratons.

DISCUSSION

A consistent level of olivine water undersaturation in the lithospheric mantle?
Although our method of pyroxene-anchored recalculation of olivine water

contents usually yields a higher value than the observed water content (Fig. 2b), it is

possible that even these values may be a minimum bound on the last water content
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representative of the lithospheric mantle. Recent work comparing spectroscopic versus
bulk methods of analyzing water in NAMs shows higher values using bulk methods,
suggesting there may be “missing” water stored in minerals, perhaps as molecular H2
(Moine et al., 2020). In addition, water freed during metamorphic reactions in the deep
lithosphere could also form hydro-garnet, which is undetectable during routine
petrographic study (Lamadrid et al., 2014). Despite these uncertainties, the RC values we
report are internally consistent with coexisting pyroxenes, and thus reflect the last water
content of the lithospheric mantle prior to eruption.

When the RC olivine water contents are plotted as a function of depth (Fig. 3), we
find a relatively constant value around 30 ppm (Fig. 2). This holds across cratonic versus
off-cratonic boundaries — the average RC olivine is 28 + 18 ppm for cratonic xenoliths
(Siberia, Kaapvaal, Wyoming, North China, Colorado Plateau) and 26 + 12 ppm for off-
cratonic xenoliths (Simcoe, Mexico, Sierra Nevada, Basin and Range). Such a consistent
RC olivine water content may reflect a universal equilibrated state of water
undersaturation in the background lithospheric mantle. Interestingly, the observation that
global olivine has recalculated water contents around 30-40 ppm could also reconcile
why a large number of mantle xenoliths with “dry” A-type fabric often contain large
populations of “wet” E-type intragranular microstructures (Bernard et al., 2019; Chin et
al., 2021), since this water content is at the boundary between the two olivine fabric types

(Karato et al., 2008).

Implications for cratonization processes

P-T paths and water “sweating”
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Various aspects of mineral-based thermobarometry should be considered when
interpreting thermal histories of xenoliths with respect to the hydration state of the
lithosphere, because the solubility of volatiles is strongly pressure and temperature
dependent. Most P—T conditions of equilibration of peridotites are constrained
simultaneously using Al-in-orthopyroxene barometry coupled with Mg, Fe, or Ca-based
cation exchange thermometry between garnet and orthopyroxene or clinopyroxene.
However, because AI®* diffusivity is much slower than that of divalent cations at
temperatures of the cool lithospheric mantle (Cherniak and Dimanov, 2010), transient
thermal events may shift previously equilibrated xenoliths off the geotherm, leading to
spurious calculated P-T arrays (Lee, 1998). Large temperature shifts will thus
significantly affect the potential water capacity of a NAM, allowing it to release and
redistribute previously incorporated water into the surrounding matrix or consume more
in post-formation hydration events (Fig. 1).

This issue may be particularly important for Al solubility in mantle minerals,
especially for metamorphic reactions involving pyroxenes and garnet. Owing to the
positive dP/dT slope of the spinel-garnet transition, garnet inevitably forms during
isobaric cooling (Fig. 5a) at high pressure subsolidus conditions of the cratonic
lithospheric mantle. H* participates in a coupled substitution with AI®* in orthopyroxene
(Keppler and Bolfan-Casanova, 2006), and so the behavior of AI** in the lithospheric
mantle should also impact its water content and distribution. Studies of cratonic
peridotites show that garnet and clinopyroxene are often spatially associated with
orthopyroxene (Cox et al., 1987; Saltzer et al., 2001; Tomlinson et al. 2017), with the

former occurring as lamellae within the latter. This led to the idea that garnet and

13



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

clinopyroxene may have exsolved as a result of cooling from originally homogenous
high-T, low-P, and high-Al orthopyroxene (Cox et al., 1987). Exsolution-induced water
release could therefore be significant for Al-enstatite, which can theoretically hold similar
concentrations of H* as olivine at high temperatures (Fig. 1), and which participates in
the metamorphic garnet-forming reaction during cooling and/or increasing pressure (Fig.
5a). Because garnet has much lower D120 compared to pyroxene (Hauri et al., 2006;
Tenner et al., 2009), garnet formation from orthopyroxene should thus release water into
the host peridotite, which may then be taken up by clinopyroxene, which has a higher
Dh20, or react to form amphibole. We propose that the down-temperature increase in
Repwiopx (Fig. 4) may partially reflect closed-system re-partitioning of water into

clinopyroxene as orthopyroxene exsolves garnet.

The Sierra Nevada mantle as an analog for cratonic lithosphere formation

One example of potential cooling-induced water exsolution due to garnet
formation from orthopyroxene is recorded by peridotite xenoliths from the Sierra Nevada,
California (Chin et al., 2012). Although the Sierra Nevada formed as a Mesozoic arc,
several aspects of its lithospheric evolution are reminiscent of the cratonic lithosphere
(Lee etal., 2011; Gibson, 2017). These include equilibration of Sierran peridotite
xenoliths along an anomalously cold geotherm similar to cratonic conditions, and
recording final pressures up to ~4 GPa (Ducea and Saleeby, 1996), similar to cratonic
xenoliths. The inferred P-T path (Fig. 5a) of the Sierran peridotites is interpreted to
represent significant tectonic thickening in a compressional subduction zone (Chin et al.,

2012). Following melt depletion and subsequently during deformation and thickening,
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the Sierran mantle was melt-infiltrated and hydrated (Lee, 2005; Chin et al., 2014). The
final equilibration at low temperatures (<800 °C) and high pressures (3-4 GPa), together
with rapid cooling to “lock” in chemical and textural evidence, preserved garnet
exsolution lamellae in orthopyroxene grains (Chin et al., 2014). Furthermore, rapid
thickening and cooling may have promoted minor exsolution of water from olivine to
form amphibole replacing clinopyroxene (Chin et al., 2016). In fact, Chin et al. (2016)
found that the observed discrepancy between measured olivine water content versus
clinopyroxene-recalculated (i.e., RC) olivine water content could actually account for the
“missing water” needed to form the observed amphibole, further bolstering an exsolution
hypothesis. In Fig. 4a, the Sierran xenoliths plot at the lowest temperatures and have the
highest Repxiopx, consistent with subsolidus re-equilibration and re-distribution of water

between pyroxenes.

The need for an early re-hydration process during cratonization

Exsolution-induced garnet formation and associated water release from
orthopyroxene in melt-depleted peridotites, alone, is unlikely to account for the puzzling
occurrence of garnet harzburgite in the cratonic lithosphere. Metasomatism is usually
required to explain the observed proportions of garnet and clinopyroxene compared to the
volumes expected for melt-depleted peridotite, as well as the mineralogical heterogeneity
observed in xenoliths sampled at different depths. Yet, a balance must be struck between
“ad hoc” metasomatism, which re-introduces major elements, volatiles, heat-producing
incompatible elements and thus will reheat and redensify the mantle, and the apparent

long-term preservation of stable, thick, cold cratonic mantle lithosphere (Rudnick et al.,
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1998). We propose that metasomatism occurring early in the cratonization process — for
example, while initially melt-depleted residues undergo thickening, deformation, and
stabilization, as discussed above in the Sierra Nevada case — could re-introduce volatiles
into a rock matrix during retrograde metamorphism, after which exsolution-induced
garnet formation and water release due to decreased temperatures and increased pressures
results in water re-distribution.

Our argument stems from the geophysical imaging showing that many cratons
contain complex internal structure, such as dipping layers reminiscent of subducted slabs
(Mercier et al., 2008) or suture zones formed via continent—continent collision (Fig. 5b).
This indicates that these cratons likely formed due to mobile lid tectonics, which have
operated at an increasingly global scale since at least the Mesoarchean (Palin and
Santosh, 2020). Owing to their cold, highly viscous states, it is unlikely that significant
deformation occurred in most cratons after their initial formation, although, the disturbed
Wyoming and North China Cratons are notable exceptions (Liu et al., 2018). Thus, the
presence of intra-cratonic layering and/or past plate boundaries suggests that cratonic
nuclei were initially mobile and deformed during coalescence in the Archean —
Proterozoic to generate such structures (Capitanio et al., 2020).

One way to enhance deformation in mantle rock is to add water, which has a
weakening effect and lowers viscosity (Hirth and Kohlstedt, 1996) and enhances creep
rate (Karato et al., 1986). Rehydration may therefore allow previously melt-depleted
cratonic nuclei to deform while forming thick roots. Too much hydration, however,
would impede preservation, owing to the low viscosity conferred by hydration. By

contrast, mantle lithosphere that is too dry will have difficulty in localizing shear zones
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and promoting ongoing deformation to form cratonic nuclei. One potential scenario is
heterogeneous distribution of water in the mantle lithosphere, perhaps localized in fossil
shear zones (Speciale et al., 2020), which we discuss further below.

Syn-cratonization scenarios that could rehydrate proto-cratonic roots as they
deform and thicken into keels include serpentinization and refertilization. If cratons form
by imbrication of oceanic slabs (Fig. 4b), (re)hydration could occur by serpentinization.
In fact, serpentinization has been called upon to explain Si-enrichment observed beneath
the Kaapvaal Craton (Canil and Lee, 2009). Refertilization during thickening, via melt
infiltration and hydration (cf., Chin et al., 2012), may be another way to re-introduce
volatiles. We propose that syn-cratonization rehydration/refertilization, akin to the
process described earlier in this paper for the Sierra Nevada, could have also been
favorable for development of deep lithospheric shear zones (e.g. Dijkstra et al., 2002). In
experiments on an H20-saturated, olivine-rich shear zone (1.2 GPa, 900 °C), Precigout et
al. (2019) found high H20 content in olivine in areas where shear strain was localized.
The observed H20 amounts exceeded the predicted amount for grain boundary saturation;
instead, cavitation rate may increase with strain rate, resulting in progressive H20 transfer
from low to high strain zones.

Initially small grain size and high water contents could facilitate early strain
localization and craton mobility, perhaps aiding the several 100’s of Ma timescales
needed for craton coalescence. Grain size in shear zones and mylonites tends to be
reduced because dynamic recrystallization promotes weakening; but, grain growth (static
recrystallization) counteracts this process (Montesi and Hirth, 2003). In fact, olivine

grain growth takes far longer if the grains are “damp” as opposed to being water-
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saturated (Speciale et al., 2020). Damp, rather than water-saturated or completely dry,
olivine and pyroxene could be prevalent shortly following syn-cratonization rehydration,
boosting the originally depleted mantle lithosphere’s water content. Following the final
cooling and stabilization of the craton, this re-introduced water would exsolve from
orthopyroxene during garnet formation. Olivine would also exsolve water due to the
reduced solubility at decreased temperature, increasing mantle viscosity and ending this
initial window of craton deformation. The slowing of grain growth with decreased water
content and this inherited heterogeneity of water distribution in the lithosphere could also
explain why, despite average coarse (~1 cm) grain sizes, cratonic peridotites of various
grain sizes and textures are still sampled in geologically recent kimberlites.

In summary, we propose that “sweating” of lithospheric water during
cratonization could explain the roughly constant 30 ppm last water content observed in
mantle olivines. In addition, the increase of Rcpx/opx with decreasing temperature,
particularly for cratonic regions (Fig. 4), is consistent with the subsolidus re-distribution
of water into clinopyroxene compared to orthopyroxene. This may occur as
orthopyroxene exsolves garnet, releasing water which would favor to enter clinopyroxene

due to its higher D relative to garnet, olivine, and orthopyroxene.

Speculations on the origin of the mid-lithospheric discontinuity

Finally, our data compilation and forward modeling may shed new light on the origin of
the so-called “mid-lithospheric discontinuity” (MLD), which has been identified through
seismic shear wave receiver function studies performed on all major continents on Earth

(e.g. Selway et al., 2015). Vertical seismic velocity profiles consistently observe a
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significant decrease in P- and S-wave velocities at depths of ~60-160 km, although this is
most pronounced at ~80-100 km. In regions that are tectonically active, this is often
interpreted as representing the lithosphere—asthenosphere boundary (LAB: Ford et al.,
2010); however, in stable continental and cratonic regions, the LAB may be as deep as
300 km (Artemieva and Mooney, 2001; Kind et al., 2012), and the continuity of this low-
velocity band through the lithosphere is more difficult to explain. Some previous studies
have invoked the presence of concentrated partial melt at MLD depths (Thybo and
Perchuc, 1997), an up-temperature transition in olivine deformation behavior from elastic
to anelastic that promotes grain boundary sliding and bulk-rock weakening (Karato,
2012), or compositional gradients that produce different mineral assemblages above and
below the MLD, such as bulk-peridotite Mg# (Yuan and Romanowicz, 2010).

An intriguing extension of the latter hypothesis is that the MLD may be caused by
a hydrated layer within the lithosphere, either caused by small concentrations of hydrous
minerals (phlogopite, amphibole) or wetter olivine compared to ambient lithospheric
mantle (Liu et al., 2018). Geochemical calculations performed by Selway et al. (2015)
showed that infiltration of water into pyrolite at various depths across the MLD produced
sufficient volumes of amphibole and phlogopite to reduce the bulk-rock seismic velocity
and replicate the MLD. In addition, Eeken et al. (2018) calculated that even 0.25 wt.%
H20 added to peridotite already produces ~13 % of a hydrous mineral assemblage in the
host peridotite, which is on the high end for generally “depleted” cratonic mantle.

However, to date, most or all such studies invoke post-cratonization
metasomatism to explain a hydration origin for the MLD. Instead, we argue that our

mechanism of early, syn-cratonization rehydration/refertilization followed by cooling-
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induced water exsolution from NAMs may release, at minimum, 100’s of ppm of water
per mineral. This may be further facilitated along favorable P-T paths such as (3) in Fig.
5a, wherein mantle is thickened isothermally (i.e., during rapid tectonic or magmatic
thickening) and then cooled isobarically into the garnet stability field. In fact, the
sharpest decreases in water solubility in olivine and orthopyroxene along the three
geotherms discussed above are predicted at pressures of 2.5-3.5 GPa just below the
solidus (Fig. S1), which is equivalent to 90—120 km depth below the Earth’s surface. \We
propose that “sweating” of water in the deep lithosphere due to changing P-T conditions
and hence solubility during cratonization may have been a ubiquitous phenomenon in the
early Earth, and circumvents the issue of different cratons having different geological
histories. Our hypothesis provides a self-consistent cratonization model that does not
necessistate ad hoc metasomatism post-dating craton formation to explain intra-cratonic

layering.

CONCLUSIONS

New thermodynamically constrained models of NAM water storage capacities for
pyrolite and garnet harzburgite at 0-5 GPa and 600-1600 °C show that cratonic mantle
can potentially hold up to ~2000 ppm H20 along typical geotherms. When comparing
these predicted capacities with published data, we show that: 1) recalculated olivine
water contents to be in equilibrium with clinopyroxene are consistent regardless of
tectonic setting, implying that global lithospheric mantle reflects an equilibrium level of
undersaturation (~10-times lower than its potential storage capacity), 2) pyroxene-

measured water contents reflect undersaturation (about ~2 times relative to maximum
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storage capacity), and 3) the ratio of water that can be incorporated in
clinopyroxene/orthopyroxene increases with decreasing temperature. These models
provide a quantitative framework onto which future investigations of NAM research can
build. In particular, knowledge of xenolith P—T history may be used to quantify the
potential magnitude of fluid release, and our calculated values may allow for predictive
modeling of subsolidus (re-)partitioning of water in different tectonic settings throughout
geological time. Cooling may thus dynamically drive devolatilization and self-catalyze
mineralogical transformation, eliminating the need for invoking ad hoc hydration events
driven by externally derived aqueous fluids, which are often suggested to explain the

trace element and volatile characteristics of many cratonic xenoliths.

DATA AVAILABILITY
All data used in this work are provided in Table S3 or can be found in articles referenced

in the main text.
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Figure 2. Literature xenolith data. A) Individual xenoliths with previously published
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references). All data plotted are olivine water contents. Open symbols = observed (i.e.,
measured) olivine water content. Filled symbols = olivine water contents recalculated to
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