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Serpentinised mantle rocks reflect the cumulative sum of multiple alteration events,
but to date, identifying distinct serpentinisation episodes has remained challenging
due to limited knowledge of the spatial distribution of tracers of fluid-rock exchange.
Here we present novel high spatial resolution (~10 pm) boron, nickel, calcium, and
lithium concentration maps combined with in situ boron isotope analyses of strongly
serpentinised mantle peridotites from the Troodos ophiolite, Cyprus. Our maps indi-
cate strongly heterogenous boron concentrations with high boron concentrations in
early formed serpentine replacing olivine but much lower boron contents in mesh-
textured serpentine and bastitic pyroxene. Late stage crosscutting serpentine veins
have very low boron concentrations. In contrast, boron isotope measurements, made
at coarser scales, are remarkably uniform (mean value +11.9 + 3.2 %o, 10, n = 49). We
interpret the high boron serpentine as reflecting the partial preservation of an early

pervasive serpentinisation episode by fluids with high boron concentrations sourced from the dehydration of the subducting
Cyprus slab. Subsequent serpentine phases with moderate to low boron reflect progressive recrystallisation and leaching by

low boron concentration meteoric waters.
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¥ Introduction

Serpentinisation, the interaction of water with mantle rocks, is a
crucial process in the Earth system, influencing the planetary
water cycle. It plays a key role in plate tectonics (Guillot et al.,
2015), forms mountains through isostatic uplift (Evans et al.,
2021), and stores water, carbon, and fluid-mobile elements
(Kodolanyi et al., 2012). Understanding where, when, and with
what fluids mantle rock alteration occurs is vital for quantifying
serpentinisation's role in planetary cycles. Existing evidence,
such as crosscutting relationships and stable isotopic composi-
tions, suggests a progressive series of reactions during multi-
ple water-rock interaction episodes (Alt and Shanks, 2006).
However, determining the conditions of distinct serpentinisation
events is challenging due to the complex geological histories of
altered mantle rocks, often overwritten by subsequent inter-
actions (Kyser and Kerrich, 1991). Whole rock analyses reflect
cumulative signatures, making geochemical and isotopic finger-
printing of discrete events difficult (Wenner and Taylor, 1973; Alt
and Shanks, 2006) due to poorly constrained spatial and tempo-
ral distributions of elemental and isotopic changes resulting from
serpentinisation events.

Boron, an abundant element in serpentine with concen-
trations reaching ~250 [g/g (Pabst et al., 2011), far exceeds levels
in the primitive mantle (<0.25 pg/g; Marschall et al., 2017). This
discrepancy makes boron and its isotopes valuable for discerning

serpentinisation processes and conditions (Boschi et al., 2008;
Vils et al. 2009; Martin et al., 2016). Previous studies noted var-
iations in boron concentrations and isotopic compositions, yet
the lack of spatial context raises uncertainty about whether these
variations indicate distinct serpentinisation events or the accu-
mulation of successive episodes.

Our investigation focuses on the Troodos ophiolite's ser-
pentinised mantle rocks, utilising high resolution (10 pm/pixel)
2D maps of boron content, calibrated against in situ and powder
measurements. In conjunction with in situ boron isotope analy-
ses, our results reveal contrasting boron signatures in the
strongly altered Troodos mantle peridotites. This allows us to
identify distinct serpentinisation events by contrasting fluid
sources.

! Geological Setting

The Troodos Massif in Cyprus houses an exceptionally well
preserved ophiolite sequence, featuring an elliptical bullseye-
patterned welt at its centre (Fig. 1a). This welt, with the highest
elevations composed of mantle peridotites, is part of the Troodos
Mantle Sequence, which is divided into two regions: the Olympus
and Artemis domains (Wilson, 1959) that are interpreted as
nested serpentinite diapirs with contrasting serpentinisation
and deformation styles and intensities (Evans et al, 2021).
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Figure 1 (a) Geological map of the Troodos ophiolite with the bullseye geometry of the Mantle Sequence highlighted (adapted from Evans
etal., 2021). (b) Representative photomicrograph of completely serpentinised mantle peridotite located within the Artemis Diapir with var-
iably recrystallised serpentine mesh texture, bastite, crack-seal serpentine vein and fibrous chrysotile vein. Scale bar is proportional to the

mapped region of Figure 2.

The Olympus Diapir consists of partially serpentinised tectonised
harzburgites, while the Artemis Diapir is a sub-circular region
with completely serpentinised peridotite blocks and clasts in a ser-
pentinite breccia matrix (Wilson, 1959; Evans et al., 2021). The
Artemis rocks display variably recrystallised mesh-textured ser-
pentine assemblages with distinctive features, including mutually
crosscutting, fibrous asbestiform chrysotile and crack-seal serpen-
tine vein sets (Fig. 1b). These serpentinite diapirs are proposed to
originate from the tectonic juxtaposition of geochemically distinct
mantle regions through serpentinite diapirism (Batanova and
Sobolev, 2000).

The Troodos ophiolite originated at a Neo-Tethyan
spreading ridge around 90-92 million years ago above a
supra-subduction zone (Moores et al., 1984). However, its recent
uplift and exposure, approximately 5.5 million years ago, is
attributed to concentrated serpentinisation of the mantle wedge
above a new north-dipping subduction zone. This zone con-
sumes old oceanic crust, at least Mesozoic in age, on the leading
edge of the Sinai plate (Cyprus slab) in the Cyprean trench to the
south of the island. The initiation of subduction occurred in the
early Miocene (~20 million years ago) (Robertson, 1998; Feld
et al., 2017). A significant negative Bouguer anomaly is centred
on the Artemis Diapir, modelled as a vertical, cylindrical body of
low density (~2,700 kg/m3) strongly serpentinised peridotite
extending to a depth of approximately 11 km. This depth aligns
with the inferred minimum depth of the top of the downgoing
plate (Gass and Masson-Smith, 1963; Feld et al, 2017). It's
important to note that modern subduction differs from the
supra-subduction zone setting that led to the formation of the
Troodos ophiolite (Moores et al., 1984; Robertson, 1998).
Subduction beneath Cyprus stalled due to the collision of the

Eratosthenes plateau with the Cyprean trench less than 5 million
years ago. This collision focused fluids released by the dehydra-
tion of the downgoing Cyprus slab beneath the Mount Olympus
region, inducing serpentinisation hydration reactions and iso-
static uplift (Robertson, 1998; Evans et al., 2021, 2024).

The Troodos mantle peridotites have been uplifted and
exposed since the Pleistocene (Poole and Robertson, 1991), a
process enhanced by the incursion of meteoric waters.
Oxygen and hydrogen isotope analyses of serpentinised
Troodos rocks have yielded various interpretations, including
exchange with Cretaceous seawater at the spreading ridge,
exchange at 200 to 300 °C with waters sourced from the
Cyprus slab, or exchange at less than 50 °C with meteoric water
(Magaritz and Taylor, 1974; Sheppard, 1980; Nuriel et al., 2009;
Evans et al., 2021, 2024).

! Analytical Methods

Boron concentrations were mapped in polished serpentinite
thick sections using a 10 x 10 pm ablation beam from an
Elemental Scientific Lasers NWR193 Excimer laser ablation
(LA) system with a TwoVol2 ablation cell coupled to an
Agilent 8900 Triple Quadrupole ICP-MS. Boron concentrations
were calibrated against in sifu and pressed powder pellet (PPP)
boron concentrations determined at coarser resolutions (150 x
50 pm). Boron isotope analyses of polished thick sections and
pressed powder pellets (PPP) were acquired using a Thermo
Scientific Neptune Plus multi-collector inductively coupled
plasma (MC-ICP) mass spectrometer. For more details on our
analytical procedures refer to the Supplementary Information.
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! Results

The in situ boron elemental 2D map of a fully serpentinised sam-
ple from the Artemis Diapir (Fig. 2a) indicates three distinct ser-
pentine styles with varying boron concentrations: 1) high boron
concentration serpentine, pseudomorphing original olivine
grains, 2) moderate boron serpentine, coexisting with the B-rich
style, and 3) discrete, irregular low boron concentration serpen-
tine veins and mesh-textured background serpentine, which
crosscuts types 1 and 2. The nickel content map (Fig. 2b) reflects
the original primary texture before serpentinisation, with former
olivine grains exhibiting high nickel contents and former pyrox-
ene grains having relatively lower nickel contents. Calcium maps
(Fig. 2¢) highlight the contrast between mesh-textured serpen-
tine and serpentine veins, with high calcium counts indicating
calcium-rich inclusions. Lithium contents (Fig. 2d) show a dis-
tinct pattern from boron, with high lithium content occurring
in serpentine pseudomorphing original pyroxene grains, while
some late stage serpentine veins with mesh-textured serpentine
generally have low lithium contents.

Samples from the Olympus and Artemis diapirs show
similar boron concentrations and isotopic compositions (Fig. 3).
In the Troodos Mantle Sequence, whole rock pressed powder
pellet boron concentrations range widely (7 to 80 pg/g, mean
34 +21 pg/g, n=17; Fig. 3a). In situ boron concentrations from
polished thick sections exhibit a similar range (3 to 49 pglg,
mean 21+13 pg/g, n=49; Fig. 3b), with notable differences
between serpentine types (Fig. 3b). Mesh-textured serpentine

has a higher mean boron concentration (26 +12 pg/g, n =26)
compared to serpentine veins (12 +11 pg/g, n = 20). Chrysotile
veins in thick sections and pellets have boron concentrations
ranging between 10 and 35 pg/g (Fig. 3).

Boron isotopic compositions (§'B) of serpentine veins
and serpentinites in the Troodos Mantle Sequence range
from +6.7 to +18.4 %o (mean +11.9 3.2 %o, n =49; Fig. 3¢).
Olympus and Artemis Diapirs' serpentinites have indistinguish-
able boron isotopic compositions, suggesting alteration by a
uniform external fluid despite their different mantle origins.
The Troodos Mantle Sequence's boron isotopic compositions
align with those from various serpentinisation settings, yielding
amean §"'B value of +17.3 + 10.2 %o (n = 195; Fig. 4). Published
serpentinite boron concentrations vary widely (mean 8B of
35+ 32 pg/g, n=195; Fig. 4b).

! Discussion

High resolution (10 pm) boron elemental mapping of serpenti-
nised mantle rocks highlights a highly heterogeneous spatial dis-
tribution of boron (Fig. 2). We interpret the three texturally
distinct serpentines resulting from at least two temporally dis-
tinct alteration events. The initial pervasive serpentinisation by
a fluid with a high boron concentration formed B-rich serpentine
through the pseudomorphic replacement of olivine and serpen-
tine vein precipitation. A second pervasive alteration event by a
low boron concentration fluid is recorded by the mesh-textured
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Figure 2 In situ (a) boron, (b) nickel, (c) calcium, and (d) lithium elemental count map of a completely serpentinised peridotite (sample
AY2-2) from the Artemis Diapir. Data is plotted as counts per second and the relative differences are colour mapped accordingly using a

linear colour map scale.
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Figure 3 Caltech plots showing (a) B (ug/g) concentration data
from pressed powder pellet LA-ICP-MS, (b) In situ LA-ICP-MS B
(Mg/g) concentration, (c) in situ LA-MC-ICP-MS &§''B on samples
from the Artemis and Olympus Diapir. Boundaries of B (ug/g)
and 8'"B of Troodos for the reservoirs and reference materials
shown are given in the Supplementary Information. Shading
shows +20 of the reported value. Analytical errors (2 s.e.) are gen-
erally smaller than symbols.

serpentine, with lower boron concentrations indicating the dif-
ferential leaching of boron. A subsequent channelled fluid event
precipitated low boron and calcium but high lithium concentra-
tion serpentine in discrete veins and further leached boron from
the surrounding mesh-textured host (Fig. 2).

An interpretation of multiple temporally distinct alteration
events with contrasting fluid sources yielding serpentine of pro-
gressively lower boron concentrations is in agreement with the
outlined geological history of the Troodos Mantle Sequence and
interpretations of previous stable oxygen and hydrogen isotope
analyses (Evans et al.,, 2021). The initial high boron (~80 pg/g)
pervasive serpentinisation most likely results from fluid liberated
by dehydration of ocean crust and sediments from the sub-
ducting Cyprus slab (e.g., Robertson, 1998; Evans ef al., 2021,
2024), similar to high B concentration fluids from Mariana fore-
arc serpentinite mud volcanoes that are interpreted to be upwell-
ing slab-derived fluids (~40 pg/g Benton et al., 2001; Mottl
et al., 2004).

The boron isotopic compositions (mean +11.9 +3.2 %o,
10, n=49) of the Olympus and Artemis diapirs are similar to
strongly serpentinised ultramafic clasts recovered from Mariana
forearc serpentinite mud volcanoes (mean +14.5 +4.5 %o, 10,
n =21; Benton et al., 2001). Estimating the §''B of serpentinising
fluids from rock analyses is complex, requiring assumptions
about the isotope partitioning of boron fluid species (Spivack
and Edmond, 1987; Benton et al.,, 2001; Boschi et al., 2008;
Vils et al., 2009). However, at typical serpentinising conditions
in the mantle wedge above subduction zones (pH > 8, ~250 °C;
following McCollom et al. (2020), experimental determination of
pKg yields values of <5 (following Dickson, 1990; Arcis et al.,
2017). Consequently, borate ion is the dominant fluid species
resulting in minimal pH dependent fractionation (Spivack and
Edmond, 1987; Benton et al., 2001; Boschi et al., 2008; Arcis et al.,
2017). The 8B of the Mariana forearc slab-derived fluid is esti-
mated to be ~+13 %o (Benton et al., 2001). We note that the
depths of dehydration beneath the Mariana forearc (~15 to
29 km; (Mottl et al., 2004) are similar to the depths of the
Cyprus slab beneath the Troodos Mantle Sequence region
(Feld etal., 2017; Evans et al., 2021). The range (6.7 to +18.4 %o)
in 8B in Olympus and Artemis serpentinites most probably
reflects the progressive evolution of a serpentinising fluid that
can be modelled by Rayleigh fractionation (Eq. 1; Fig. 4a)

Br (a=1)
S Bpyig = (6llBF1uid(1nitiu1) + 1000) {7[ Fui] } — 1000
Fluid(Initial)
(B ]

Eq. 1

Calculations using fractionation factors of oc=0.982 and
0.989 for 100 and 400 °C respectively (following Liu and
Tossell, 2005; Boschi et al., 2008) and o =0.990 and 0.996 for
100 and 200 °C respectively (following Hansen et al., 2017) indi-
cate that as fluid boron is sequestered into serpentine the iso-
topic composition of the fluid evolves to higher 8!'B values,
regardless of which fractionation factors are used (Liu and
Tossell, 2005; Hansen et al., 2017). Consequently, higher §!'B
serpentinites will precipitate further along the flow path
(Spivack and Edmond, 1987; Vils et al., 2009).

Hydrothermally altered seafloor lavas commonly have
high boron concentrations up to 200 pg/g (Yamaoka et al,
2015b; Fonseca et al., 2017) and the downgoing ancient altered
ocean crust of the Cyprus slab is likely a significant reservoir of
boron. Consequently, we propose that dewatering and dehydra-
tion reactions during the subduction of altered ocean crust of the
Cyprus slab liberated the high boron fluid responsible for the ini-
tial pervasive serpentinisation of the Troodos Mantle Sequence.

Alternative interpretations such as Cretaceous seawater-
derived hydrothermal fluids penetrating through the Troodos
ocean crust and into the Olympus and Artemis mantle domains
do not match analyses of the Troodos ophiolite that show
decreasing boron concentrations (from 207 to 0.3 pg/g) and
lower 8''B signatures (from +15.6 to —1.7 %o) with depth in
the ocean crust and strong channelling of hydrothermal altera-
tion in the gabbros (Yamaoka et al., 2015b). Assuming that
Cretaceous seawater-derived hydrothermal fluids had similar
boron isotopic compositions and concentrations to modern flu-
ids (+13.5 to +36.1 %o and 4.5 to 16 |ig/g respectively; Yamaoka
et al., 2015a), the ratio of hydrothermal fluid relative to rock
required to form a high boron concentration (80 [ig/g) serpentine
is very high (from ~5 to ~18) and hence unlikely.

The low boron fluid end member attributed to the second
and third Troodos serpentinisation events is consistent with
alteration by meteoric waters, where boron derived from the
initial pervasive serpentinisation is remobilised by high pH
(>9) groundwaters (Evans et al, 2024) leaving residual or
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re-precipitated serpentine with lower boron concentrations but
with the boron isotope signature of the initial event (Fig. 3). This
meteoric water alteration event is consistent with previous stable
oxygen and hydrogen analyses (Magaritz and Taylor, 1974;
Nuriel et al., 2009; Evans et al., 2021) and is favoured over alter-
native interpretations of an evolving dehydrating slab fluid
source as proposed for the Mariana system (e.g., Kahl et al,
2015) or distinct fluid pulses with similar boron isotopic compo-
sitions but contrasting boron concentrations as suggested for the
Mid-Atlantic Ridge Atlantis Massif (e.g., Boschi et al., 2008).
These alternative interpretations are inconsistent with previous
Troodos stable oxygen and hydrogen isotope compositions.

Novel high resolution elemental serpentinite mapping is a
promising avenue in revealing the spatial distribution of boron
and other elements (Ni, Ca, Li) in serpentinites. Elemental map-
ping leveraging a fine ablation beam size of 10 x 10 pm illumi-
nates the heterogeneously distributed contrasting boron
signatures that would otherwise not be observed with a coarser
ablation beam or bulk rock sampling. This knowledge yields
deeper interpretation of determined boron concentrations of
pressed powder pellets and in situ polished thick sections.

In addition to boron, nickel mapping in serpentinites
appears to highlight the original primary texture of mantle peri-
dotites. Calcium mapping shows differences between mesh-
textured serpentine and serpentine veins. The distributions of
lithium and boron differ as these elements show contrasting
affinities for serpentine that pseudomorphs olivine or pyroxene
respectively. This is consistent with previous studies that dem-
onstrate serpentine Li content is dependent on protolith miner-
alogy and potentially previous melt-rock interaction events
(e.g., Kodolanyi et al., 2012). The high lithium abundance in some
serpentine veins within the element map (Fig. 2d) likely reflects
precipitation from Li-enriched meteoric-derived hyperalkaline
groundwaters (Evans et al., 2024).

Future studies to identify and determine the origin of fluid
in serpentinised rocks should combine elemental mapping with
in situ measurements of oxygen and hydrogen stable isotopes as
well as novel isotopic tracers such as boron to identify distinctive
geochemical and isotopic fingerprints of specific serpentinisation
episodes.
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