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Fluid release associated with serpentinite dehydration (de-serpentinization) during subduction plays a key role in
fundamental geological processes such as element transport and recycling, seismicity, and arc magmatism.
Although the importance of these fluids is well-known, evidence of de-serpentinization remains scarce in the rock
record. Here, we investigated the effects of de-serpentinization and fluid circulation in exhumed metaperidotites
from the Raspas Complex (Ecuador). This Early Cretaceous complex records warm subduction (~13.5 °C/km)
and has been hypothesized to represent a coherent slab sliver that preserves the mantle-crust contact (moho)
between eclogite-facies metaperidotites and the corresponding crustal section. Petrological observations reveal
that titanian-clinohumite-bearing metadunites and banded metaperidotites underwent de-serpentinization after
reaching peak pressure-temperatures (P-T) of ~1.3-1.6 GPa and 620-650 °C. The peak paragenesis is partially
obscured by a strong retrograde overprint, driven by crust-derived metamorphic fluids (5*'B ~ -6 to +8 %o) that
infiltrated at varying fluid/rock ratios, triggering the re-serpentinization of metaperidotites during exhumation
(P < 1.3 GPa and 320-400 °C). Thermodynamic forward modeling reveals that fluid release in the Raspas paleo-
subduction zone is controlled by brucite breakdown and de-serpentinization, which occur at depths of 25-30 km
and ~50 km, respectively, accounting for a total of up to 10 wt. % HO of water stored in the rock. Compara-
tively, dehydration of the crustal section, albeit a minor component, promotes enhanced fluid circulation be-
tween 25 and 45 km. During exhumation, circulating crust-derived metamorphic fluids heavily metasomatized
the ascending slab sliver and effectively modified its geochemical signature. The depth range of the dehydration
reactions overlap the depth of non-volcanic tremors and slow-slip events in warm, active subduction zones
worldwide (25-65 km). Thus, the Raspas Complex offers an in-situ window into the fluids responsible for trig-
gering these seismic events.

1. Introduction

The subduction of serpentinized mantle is key for different funda-
mental processes at convergent boundaries. Along with the transport of
water and other volatiles deep into the Earth, dehydration of serpenti-
nized slab peridotites (hereinafter referred to as de-serpentinization)
contributes to element cycling, seismicity, and arc magmatism (e.g.,
Condit et al., 2020; Evans et al., 2013; Gutiérrez-Aguilar et al., 2022).
These slab serpentinite-derived fluids have been suggested to be

responsible for the oxidized nature of arc magmas (Zhang et al., 2021),
although this interpretation is debated (e.g., Ague et al., 2022; Piccoli
et al., 2019). Yet, despite the importance of fluids derived from slab
de-serpentinization, evidence of this process recorded in the geological
record is scarce.

Deeply exhumed slab slivers offer empirical evidence of their fate
during subduction and exhumation. However, upper mantle sections are
usually incomplete, dismembered, and often tectonically juxtaposed to
lithospheric sections (e.g., Angiboust et al., 2009; Scambelluri et al.,
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2014). In the Betic Cordillera, the Nevado-Filabride Complex recorded a
prograde transition from antigorite-serpentinite to
chlorite-metaharzburgite, suggesting a complete de-serpentinization at
peak pressure-temperature (P-T) of 1.6-1.9 GPa of 680-710 °C (e.g.,
Padron-Navarta et al.,, 2011; Trommsdorff et al., 1998). Similarly,
chlorite-metaharzburgites and garnet peridotites from the Alpine Cima
di Gagnone suite are hosted in a mélange and regarded as slab fragments
that record slab de-serpentinization and chlorite dehydration at peak
conditions of <3 GPa and 750-850 °C (Scambelluri et al., 2014). Partial
de-serpentinization of ultramafic rocks at peak conditions of 3.2-4.2
GPa and 520-540 °C have been reported in the high- to ultra-high
pressure (UHP) suite in the Changawuzi area of southwestern Tian-
shan. A retrograde re-serpentinization stage during exhumation is also
interpreted from the breakdown of Ti-chondrodite into Ti-clinohumite +
Olivine + Antigorite (Shen et al., 2015). Another example of partial
de-serpentinization has been described in the high-pressure (HP)
Zermatt-Saas  ophiolite in  the  western  Alps,  where
Ti-chondrodite-bearing metaperidotites attained peak conditions of
2.8-3.5 GPa and 600-670 °C (Luoni et al., 2018). This complex pre-
serves an intricate metamorphic olivine vein network associated with
incipient antigorite dehydration (Kempf et al., 2020; Ulrich et al., 2024).

In the upper mantle section and along an apparent mantle-crust
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contact (moho) of the Andean Raspas Complex (Fig. 1), de-
serpentinization and intense fluid-rock interaction have been proposed
based on the occurrence of metamorphic olivine- and Ti-clinohumite-
bearing metaperidotites, chlorite-metaharzburgites with a spinifex-like
texture resembling dehydrated serpentinites, and fluid inclusion-rich
zoisite and vesuvianite-bearing vein rocks and eclogites (Gabriele,
2002; Halama et al., 2013; Herms et al., 2012). This Early Cretaceous
complex is hypothesized to represent a coherent slab section that pre-
serves its mantle and crustal sequences and records warm subduction,
reaching peak eclogite facies (da Silva et al., 2023; Feininger, 1980;
John et al., 2010). Much of the work has been carried out on the crustal
sections of the Raspas Complex, albeit the ultramafic lithologies are of
key importance in the release of fluids upon antigorite dehydration.
Therefore, this unique exposure thus represents a unique natural labo-
ratory to study the petrological and geochemical record of
de-serpentinization, fluid release, and subsequent retrograde fluid-rock
interaction on an exhumed slab section. In this contribution, we present
mineral chemistry, whole-rock geochemistry, and in-situ boron isotope
data on a set of ultramafic samples collected in an open pit quarry near
the Tahuin Dam (Ecuador). We couple these results with forward ther-
modynamic models of different key lithologies within the Raspas
Complex to shed light into slab dehydration and fluid circulation in

1N *‘;k;l;

OSA7" ity p |c belts
Le v -‘ ate Cretaceous
/ Early Cretaceous

[ Late Paleozoic

[ Early Paleozoic
[ Precambrian

— Major fault systems

K La Palma-
El Guayabo

— Raspas Complex —
Kla KEI ' TR Rio
Chilca Toro ‘ Panupali

EI Oro Metamorphic Complex

TR
Piedras Moromoro D Palenque

* TR-Pe HP-LT rocks

Tahuln K-T Geological Normal Thrust
Lake I:ldeposns sequences ﬁontact / fault / fault fault

Strike-slip

a
400+
200

s I

276°/20°

273°/68°

c 283%/55° 255%124°
280°/44°
1180650
0900170
n - 080°/44°

0 0.75

Horizontal scale

1.5 km

Kamb contours in
standard deviations

Fig. 1. Overview of the Raspas Complex. A. Map of Ecuadorian Andes displaying the metamorphic belts and major fault systems. B. Geologic map of the northern
section of the El Oro Metamorphic Complex. The white oval indicates the location of the Tahuin Quarry Dam, where the samples were collected. C Geologic cross-
sections through the Raspas Complex displaying its highly folded nature (dash lines show apparent dips of foliation). Stereonets are equal-area, lower hemisphere
projections depicting contoured poles to foliation within each unit along the profiles. Great circles represent the average foliation planes, and black triangles
represent the fold hinge within the El Toro unit. Maps and structural features after Aspden et al. (1995); Donoso-Tapia et al. (2024); Egiiez and Gaona (2017);
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subduction zones.
2. The Raspas complex

The Raspas Complex is a fault-bounded, Early Cretaceous meta-
morphic sequence within the El Oro Metamorphic Complex exposed in
the Amotape block in southwest Ecuador (Fig. 1A-B). This block has
been interpreted as an allochthonous accreted continental terrane dur-
ing the Early Cretaceous or as a para-autochthonous domain displaced
northward and juxtaposed to the Gondwana margin in the Cretaceous
(Bellido et al., 2009; Mourier et al., 1988). The Raspas Complex is
interpreted as a complete exhumed oceanic crust section that preserves
all slab components (i.e., ultramafic, mafic, and sedimentary layers).
The lower unit comprises meta-ultramafic rocks with varying degrees of
serpentinization often cut by mafic dikes (El Toro unit). The upper
section (La Chilca unit or Raspas Formation) consists of eclogites and
mafic blueschists locally interlayered with garnet-chloritoid-kyanite
metapelites (Aspden et al., 1995; Feininger, 1980; Gabriele et al.,
2003). The contact between the uppermost mantle and oceanic crust
(moho) is exposed in the Raspas River (Fig. 1B).

Petrochronological constraints on eclogites and metapelites indicate
that the eclogite-facies peak occured at ca. 130 Ma, followed by exhu-
mation to shallower crustal levels at ca. 129-123 Ma (da Silva et al.,
2023; Gabriele, 2002; John et al., 2010). Previous peak P-T conditions
were determined using conventional thermobarometry and chemo-
graphic projections, yielding P-T conditions of ~2.0 GPa and ~550-600
°C for the metapelites, and ~1.6 GPa and ~600 °C for the eclogites
(Gabriele et al., 2003; John et al., 2010). Blueschists have been inter-
preted as retrogressed eclogites that record an amphibolite-facies
overprint at 1.4-1.6- GPa and ~600 °C (John et al., 2010). Recent P-T
estimates derived from thermodynamic modeling and Zr-in-rutile ther-
mometry suggest a prograde P-T path from ~1.4 GPa and ~600 °C to
~1.6 GPa and ~660 °C, followed by an isobaric heating phase to ~710
°C (da Silva et al., 2023).

Geochemical studies of Raspas rocks indicate that the blueschists and
eclogites were derived from a subducted oceanic plateau (Arculus et al.,
1999; Bosch et al., 2002; da Silva et al., 2023). Contrarily, it is also
argued that the crustal rocks were part of subducted seamounts, while
the metaperidotites may represent depleted, MORB-like mantle rocks,
both layers interpreted as representing a coherent, exhumed HP
ophiolite suite (John et al., 2010; Urann et al., 2020). Nevertheless, in
both scenarios it is argued that it corresponds to an anomalous, thick-
ened oceanic crust.

The occurrence of chlorite-harzburgites and zoisite- and vesuvianite-
bearing sections within metaperidotites, dikes, and eclogites have been
linked to de-serpentinization, fluid circulation, and intense fluid-rock
interactions. Initial strontium isotope ratios and rare earth element
(REE) contents in metaperidotites indicate an intense hydrothermal
alteration at or near the seafloor during initial serpentinization. By
contrast, whole-rock oxygen isotopes yield inconclusive data, as they
indicate that serpentinization took place at low temperatures or was
driven by a high §'%0 fluid, comparable to %0 values obtained in HP
zoisite-bearing eclogites in the study area (Halama et al., 2011; 2013).
Two types of eclogites have been identified in the El Toro dikes and La
Chilca unit and have been grouped as MORB- and zoisite-type. Both
record an intense HP metasomatic overprint with contrasting
geochemical signatures. Radiogenic and stable isotopes (Sr, Nd, Ni, Li,
0) and fluid inclusion analysis suggest that metasomatism was triggered
by externally sourced low salinity fluids associated with the dehydration
of oceanic crust or a mixture of fluids sourced from metasediments and
serpentinites (Halama et al., 2010; 2011; 2013; Herms et al., 2012).

Serpentine polymorphs and other mineral phases were differentiated
by Raman microscopy at Cornell University, while mineral phase com-
positions were obtained by electron-probe microanalyzer (EMPA) at the
American Museum of Natural History. In-situ boron isotopes were
measured by LA-MC-ICP-MS at the Lamont Doherty Earth Observatory,
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following the method developed by Martin et al. (2015). Thermody-
namic phase equilibria and forward modeling were done using Perple X
software, version 6.9.1 (Connolly, 2005). A detailed description of the
methodology is included in Appendix 1 Supplementary Material (SM)
along with supporting figures, tables, and data. Collected analytical data
is reported in the Data Sets S1-3, which can also be found at EarthChem
Library — Repository, an open-source online data repository for
geochemical datasets (Donoso-Tapia et al., 2025a, b, ¢). Mineral ab-
breviations follow those suggested by Warr (2021).

3. Field observations

The El Toro and La Chilca units crop out along a highly deformed E-
W belt bounded by a dextral-shear zone in the north, and a southward
dipping thrust fault in the south (Fig. 1B). Analysis of existing foliation
data (Table S1) indicates that the Raspas Complex is structurally distinct
to the surrounding units. Foliation within both units generally strikes E-
W with steep north and south dips (~90-60°) within La Chilca, and large
variations in the dip angle (~90-30°) from north to south within El
Toro. Foliation analysis within the El Toro unit shows large-scale folds
with hinges of 280°/44° in the west and 276°/20° in the east (Fig. 1C).

Exposures of the El Toro metaperidotites are limited to scattered
quarries, creeks, and outcrops along the Raspas River (Fig. 1B). The
Tahuin Dam open pit quarry (3°37'1.33" S - 80° 00.51" W, Fig. S1) offers
a unique window into the El Toro unit, where the outcrop is highly
deformed and displays a well-developed foliation. In the southern wall
of the quarry, metadunites and banded metaperidotites are locally fol-
ded, intruded by metagabbroic dikes, and cut by west-dipping reverse
faults (Fig. 2A-C). In the northern section, a high-angle west-dipping
fault separates foliated metadunites and minor metaclinopyroxenites
from olivine-bearing serpentinites (Fig. 2D). Modal estimates of the li-
thologies in the quarry show that metadunites are the most common
rock exposed (~85 %, Fig. 2F), albeit with varying degrees of foliation
and folding, followed by banded metaperidotites (~10 %, Fig. 2G-H)
and serpentinites (~5 %).

4. Petrology

Representative thin-section scans and additional figures are provided
in the appendix SM1. Electron microprobe analyzer (EMPA) mineral
chemistry is given in dataset S1. Metadunites are characterized by a high
modal proportion of olivine granoblasts (generally 60-90 %) and scarce
pyroxenes and amphiboles (Fig. 2F, Fig. 3). Folded and foliated meta-
dunites often contain antigorite-rich domains and sheared olivine ag-
gregates (Fig. S2). Accessory minerals include spinel, Ti-clinohumite
(only in sample 44-6), diopside, amphibole, and chlorite. Antigorite
was identified through Raman spectroscopy and it is the main serpentine
polymorph, displaying the typical well-defined shoulder in the 550-670
cm’! region and double peaks in the high wavenumber region at c. 3670
and 3710 cm™! (Fig. S7). It occurs as inclusions in olivine, interstitial
networks around olivine, and retrograde veins that crosscut the olivine-
rich assemblage.

Banded metaperidotites are mainly composed of three alternating
bands (Fig. 2G-H; Fig. S3); the first is an olivine-rich band that grades
into a transitional zone marked by the appearance of rusted olivine
grains that leads into a second antigorite-rich (+ amphibole) band with
no olivine. The third band comprises diopside-amphibole-chlorite (Di-
Amp-Chl band) and has a sharp contact with the antigorite-rich band.
The olivine-rich bands constitute most of the banded assemblage and are
composed of pristine to heavily altered/rusted olivine and antigorite
with accessory Ti-clinohumite (+ ilmenite), spinel, chlorite, diopside,
amphibole, and apatite (Fig. 4A). The antigorite bands have accessory
diopside, amphibole, and rare spinel relics, whereas the Di-Amp-Chl
bands consist of pseudo-spinifex to anhedral diopside grains over-
grown by amphibole in a chlorite-rich matrix (Fig. 4B). Minor Di-Amp
and Di-Chl bands only occur in samples 44-2 and 3, respectively.
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Hand specimen of a highly foliated metadunite (sample 44-8). G-H. Hand specimens of banded metaperidotites (samples 44-4 and 3, respectively). The colored stars

represent the sampling points.

Retrograde antigorite occurs as veins crosscutting the observed banding.

The metaclinopyroxenite (44-10) consists of moderately to heavily
altered diopside within a chlorite-rich matrix. A chlorite vein cuts
through the main assemblage and is accompanied by carbonate,
amphibole, magnetite, and garnet.

An antigorite-rich matrix dominates the serpentinites. Sample 44-11
has a massive texture and over 95 % modal antigorite, whereas sample
44-12 has a strong foliation preserved in sheared spinel and olivine
grains (Fig. S3). Olivine veinlets are rare and typically do not exceed ~2
mm in length. Accessory phases include spinel grains that contain
antigorite, chlorite, and garnet inclusions in the magnetite rims and are

associated with small Ni-silicate overgrowths. Other retrograde features
include a diopside vein with amphibole overgrowths (44-11) and
discrete chrysotile and magnesite veinlets (44-12).

The metagabbroic dike (44-1) is porphyroblastic and consists of an
amphibole matrix with associated omphacite, vesuvianite, and titanite
(Fig. S3). Amphibole crystals are optically zoned with orange cores and
blue rims under plane polarized light. Omphacite is rich in fluid in-
clusions and contains blue amphibole patches overgrowths. Vesuvianite
occurs as elongated or round grains and contains titanite, omphacite,
and amphibole inclusions.



D. Donoso-Tapia et al.

Metadunites Banded P
A ead Serpentinites
Folded  Foliated Metaperidotites
100- om o
S kS
X Q
: s
S ES)
£ S
754 Y
] s
s
S
1S ]
>
@
2504
© |
=
£
=)
o [
L]
254
I L
6 7 8 9 2 3 4 5 10 1 12

Sample (E16-44-#)

Earth and Planetary Science Letters 653 (2025) 119213

B Highest Modal — Rock Highest Modal
Peak Type Retrograde
@ (0}
hs] ] <]
& .g ©
g s g
D ()
@l ° 14
5
S
() (0}
S ks}
i - g
S| 8 g
S 3
i< § @
Q
Retrograde 7] = Retrograde
£ e
£
hd
& 58
Protolith/ S |8 §,
Prograde [ ne_ QO
B sp [ chi ] omp
B o [ At B Amp
N Ti-chu [ Amp [ 1] Ves
|:| Di - Ttn

— Metaultramafics — — Dike —

Fig. 3. Mineral assemblages of the Tahuin Quarry Dam sample suite. A. Mineral modal proportion estimated for the collected samples. B. Relative proportion

between protolith/prograde, peak, and retrograde phases.

4.1. Mineral chemistry

Spinel cores and rims are classified as Fe-chromite and Cr-magnetite,
respectively (Fig. S4). The cores are heavily depleted in Mg (#¥Mg = Mg/
(Mg+Fe2+) = 0.10-0.22) and Al (#Cr = Cr/(Cr+Al) = 0.72-0.99) but
have TiO3 and MnO contents up to 3.9 wt. % and 2.1 wt. %, respectively.
By contrast, the rims and individual magnetite grains are enriched in
ferric iron (#Fe>t = Fe®*/(Cr+Al+Fe") = 0.74-1.00) and depleted in
TiO3 and MnO (0.2-2.1 wt. % and 0.0-0.4 wt. %, respectively) relative
to the cores.

Three main types of olivine occur in the metaperidotites (Fig. 4C).
Zoned olivine is present in banded metaperidotites (samples 44-2 to 5)
and a folded metadunite (sample 44-6), they display a core-to-rim
zonation coupled with a decrease in Xumg; (Xmg = Mg/(Mg-+Fe);
0.87-0.91 in cores, 0.82—0.89 in rims) and increase in MnO (0.10-0.21
wt % in cores, 0.19-0.50 wt. % in rims). Unzoned olivine occurs in
folded (sample 44-7) and foliated (sample 44-9) metadunites, and
serpentinite 44-12. These have a narrow Xy, range between 0.88 and
0.90 and MnO contents overlap those of olivine cores and rims
(0.14-0.31 wt. %). Highly sheared olivine aggregates are in banded
metaperidotites, the strongly foliated metadunite 44-8, and serpentinite
44-12; their Xy is comparable to olivine rims (0.85-0.88), whereas
MnO contents range from 0.19 to 0.32 wt. %. These aggregates typically
contain sheared antigorite inclusions and display a well-developed
antigorite outer rim.

Ti-clinohumite may contain chlorite inclusions or rims consisting of
metamorphic olivine and ilmenite (Fig. 4A). TiOy contents range be-
tween 3.8 and 6.4 wt. %, while fluorine (F) measurements were below
the detection limits (~0.1 wt. %).

The clinopyroxenes are mainly classified diopside
(Engg_36Wo0s0_34Fs7_¢) in metaperidotites and omphacite
(Jds2_39Aegi3 4Quadsy 41) in the metagabbro, based on Morimoto
(1988) (Fig. S5A). The Xyig has a narrow range in banded, massive, and
serpentinite samples (0.92-0.96) and is negatively correlated with Al,O3
concentrations, except for two augite cores within pseudo-spinifex
diopside in 44-3 that show lower Xy (0.78-0.83) (Fig. 4C). In the
metaclinopyroxenite, Xy is lower (0.86-0.91) and not correlated to

as

Al,O3. Diopside contents of Al, Cr, Ti, and Na are positively correlated,
and some grains may display a concentration gradient in these elements
between the center of the crystal and the border. By contrast,
pseudo-spinifex diopside (sample 44-3) is markedly depleted.

Amphiboles in metaperidotites and metagabbro vary from calcic to
calcic-sodic based on Hawthorne et al. (2012). In the former, they are
classified as edenite/pargasite and richterite, whereas in the latter they
plot as sadanagaite and Mg-taramite/Mg-katophorite (Fig. S5B). Rare
pargasite inclusions within diopside and edenite/richterite occur in
some samples (44-2, 4, 5, 6), while in the metaclinopyroxenite, parga-
site is the only amphibole present and overgrows diopside. In the met-
agabbroic dike, the orange amphibole cores are calcic (sadanagaite),
and the Dblue rims and overgrowths are calcic-sodic
(Mg-taramite/Mg-katophorite).

Chlorite composition in banded metaperidotites, metadunites, and
serpentinites have a narrow Xy range (0.90-0.96) and octahedral Al
(®Al in a.p.f.u) between 0.60-1.20. Metaclinopyroxenite chlorite
generally has a higher ®Al than all other samples (0.80-1.20), and lower
Xng (0.83-0.87). In the banded metaperidotites, compositional differ-
ences in chlorite are mainly dependent on the domain. Chlorite in
olivine-rich bands occurs as spinel rims and inclusions, intergrowths
with antigorite, or interstitial around olivine grains, have a higher Cr,O3
than chlorite from the Di-Amp-Chl bands (Fig. S6).

Antigorite is ubiquitous in all samples except for 44-10, which is
serpentine-free. Late chrysotile veinlets were also identified (Fig. S7).
Primary antigorite is preserved as inclusions within metamorphic
olivine or diopside, whereas secondary antigorite (+ magnetite) occurs
as bands, veins, interstitial networks around mafic minerals, and in-
clusions within magnetite rims of spinel grains. Chemical analysis shows
a negative trend between Si and Al compatible with Tschermak-type
substitution (Al;Mg 1Si.1) (Fig. 4E). There are no general trends be-
tween different antigorite generations. The analyzed late chrysotile
veinlets have a narrow range of Si and Al (2.01-2.04 a.p.f.u. and 0.02 a.
p.f.u., respectively), and higher Fe than antigorite (0.24-0.36 a.p.f.u. vs
0.12-0.22 a.p.f.u.).

Garnets are rare and only present as intergrowths with magnetite
from spinel rims or single grains in samples 44-10 and 44-11. Their
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chemistry is comparable to Ti-rich andradite from other subduction
complexes, with TiO, contents between 0.1 and 9.8 wt. %. Raman
spectra of garnet grains show weak to moderate OH- stretching bands in
the 35503700 cm™ region (Fig. S8).

Vesuvianite porphyroblasts chemistry is comparable to the vesuvi-
anite found in other dikes from the quarry reported in Halama et al.
(2013), albeit the TiO5 contents in our sample are generally higher (3.5 -
6.3 wt. % vs. 0.3 — 6.4 wt. %) and no associated garnet was found
(Fig. S9).

5. Geochemistry

Whole-rock chemistry compositions are given in Dataset S2. Whole-
rock Xy values trend to a narrow range (0.83-0.85) except for the Di-
Amp-Chl and Ol-rich band bearing samples, with values of 0.88 and
0.81, respectively. SiO5 ranges between 42.5 and 48.0 wt. %, and the Di-
Amp-Chl-band bearing sample tends to have higher CaO, NayO and K20
(Fig. S10). Rare earth element (REE) data show a general depletion
relative to chondrite, similar La contents, and a positive Ce anomaly
(Fig. 5A-C). Contrastingly, the metagabbro has a flat, enriched REE
pattern relative to the chondrite and the metaperidotites. An extended
spider diagram shows similar patterns and particular enrichments in

2+,

trace (e.g., Sb, As, Cs, Pb) and major elements (e.g., Na, K) relative to a
depleted mantle source (Fig. 5D-F). The moderate enrichments in Na, K,
and Sr are prominent only in Di-Amp-Chl bands.

5.1. In-situ Boron isotopes

Photographs of the analyzed sample mounts and the respective
dataset can be found in the supplementary information appendix
(Fig. S11-13) and dataset S3.

Interstitial antigorite from massive metadunites and banded meta-
peridotites yielded 5!'B values that range between —2.71 + 1.66 %o and
+8.78 + 2.91 %o. In the serpentinites, matrix antigorite displays a
similar range, between —1.25 + 2.63 %o and +7.04 + 3.96 %o, with a
single outlier point of —7.68 + 2.33 %.. The analyzed retrograde anti-
gorite veins have varying 5!!B; in the metadunite 44-6, the measured
vein has a narrow range between +5.73 £ 3.95 %o and +6.81 + 3.29 %e.
Similarly, banded metaperidotite 44-2 has vein 5''B values of +5.93 +
1.38 %o and +7.68 + 1.30 %.. However, the antigorite vein in sample
44-3 has a broad isotopic range from —4.96 + 1.49 %o to +7.29 + 1.67
%o depending on the band it traverses through. An antigorite-rich band
(e.g., Fig. 2G-H) yielded &!'B compositions of —1.22 + 1.49 %o and
+2.37 £ 1.57 %o.
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Chlorite was measured from a spinel rim in folded metadunite 44-6
(—5.63 4 1.76 %o to +5.67 & 2.27 %o, n = 4) and from the matrix of a
chlorite-rich band in sample 44-3 (—5.63 4+ 1.76 %o to +5.67 =+ 2.27 %o,
n = 2). Pristine and rusted olivine grains from the banded metaper-
idotites have similar 8''B, generally ranging between —3.27 + 1.42 %o
and +8.35 £ 2.11 %o (n = 14), and —4.12 4 1.55 %o and +6.81 & 1.67
%o (n = 5), respectively. Fine antigorite-olivine intergrowths from met-
adunites and banded samples have a wide 5''B range from —6.55 + 6.37
%o to +9.49 + 2.83 %o (n = 7). Ti-clinohumite patches in olivine grains
from metadunite 44-6 yielded values of +3.76 + 4.34 %o and +6.59 +
3.40 %o. Amphibole from a diopside-amphibole vein in serpentinite
44-11 trend to lower values overall (—1.61 + 3.17 %o to —1.42 + 3.46
%o).

6. Phase-equilibria modeling: thermobarometry and slab
dehydration

Peak P-T conditions of the Raspas metaperidotites are determined
based on petrological observations and phase equilibrium modeling. For
instance, the absence of talc suggests minimum peak pressures of
~1.3-1.4 GPa, whereas the breakdown of Ti-clinohumite to olivine and
ilmenite indicates temperatures that likely crossed the antigorite-out
isograd, between ~620 and 650 °C (Fig. 4A, 7A). To further constrain
the peak P-T conditions, we coupled our phase equilibria model with
results from piston-cylinder experiments of a mixture of mineral sepa-
rates commonly found in HP-UHP serpentinites (Shen et al., 2015) . In
their study, the Ti-clinohumite-out and antigorite-out isograds intercept
at ~1.3 GPa and ~650 °C (red lines in Fig. 7A). The offset between the
antigorite-out isograds can be related to differences in the bulk
composition, given that the stability of antigorite varies depending on its
aluminum content (e.g., Padron-Navarta et al., 2013). Maximum peak
pressures for the metaperidotites are hypothesized to be similar to the
adjacent eclogites, of 1.4-1.6 GPa, due to their spatial proximity and
preserved contact between the two units (da Silva et al., 2023; Feininger,
1980). A retrograde stage is recorded in the folded metadunite by an
antigorite vein, which suggests re-serpentinization temperatures

between ~320-400 °C and pressures below 1.3 GPa.

Forward modeling of the metaperidotites in a HyO-saturated system
along the Raspas geothermal gradient (~13.5 °C/km) reveals that
complete de-serpentinization occurs at depths of ~45-50 km. The
isobaric heating stage experienced by Raspas rock assemblages does not
affect the phase equilibria. For the El Toro metadunite, fluids are
released in two pulses (Fig. 8A). The first pulse gradually releases ~6 wt.
% of the water content at shallow depths (20-30 km) during early stages
of subduction, mainly driven by the consumption of brucite and anti-
gorite to form metamorphic olivine. At higher temperatures, an abrupt
release of ~4 wt. % water results in the de-serpentinization of the rock,
leading to the formation of an olivine-dominated metaharzburgite with
chlorite as the main repository of the remaining water. Conversely, the
chlorite-metaharzburgite only experiences a single, gradual water
release pulse (~7 wt. %) associated with the simultaneous breakdown of
talc and antigorite to form metamorphic olivine and orthopyroxene; in
this rock, brucite is absent. The resulting mineral assemblage is domi-
nated by orthopyroxene, contrary to the olivine-dominated assemblage
in the metadunite.

For comparison, eclogites and metapelites from the La Chilca unit
release discrete amounts of water (1-2 wt. % H,0) associated with the
breakdown of chlorite and chloritoid, respectively (Fig. 8C, D). The
dehydration of these phases occurs at 520-580 °C and prior to complete
de-serpentinization of the ultramafic rocks. Only minor pulses of water
release are predicted at higher temperatures, related to partial amphi-
bole (<1 wt. %) and white mica (<0.5 wt. %) breakdown.

7. Discussion
7.1. The exhumed record of de-serpentinization and dehydration

The recorded P-T conditions in the El Toro metaperidiotites and the
La Chilca eclogites (Fig, 7B), and therefore the Raspas slab, indicates a
warmer subduction compared to other exhumed counterparts and active
subduction zones, such as Cascadia and Mexico (e.g., Syracuse et al.,
2010; van Keken et al., 2018). For instance, Ti-chondrodite has been
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reported in metaperidotites from Tianshan (China), Zermatt-Saas (Italy),
and La Cabana (southern Chile), and its occurrence has been used as an
indicator of HP-UHP conditions attained during colder subduction
(Gonzalez-Jiménez et al., 2017; Luoni et al., 2018; Shen et al., 2015).
Ti-chondrodite becomes unstable with decreasing pressure and produces
Ti-clinohumite via the reaction Ti-chondrodite + Antigorite + Olivine =
Ti-clinohumite + Hy0 (Shen et al., 2015). In comparison, Ti-clinohumite
is found in antigorite-serpentinites and chlorite-metaharzburgites of the
Betic Cordillera, which record similar P-T conditions as the El Toro
metaperidotites (e.g., Lopez Sanchez-Vizcaino et al., 2005; Trommsdorff
et al., 1998).

De-serpentinization of the Raspas metaperidotites, although
obscured by the partial retrograde overprint, is preserved locally by the
incipient breakdown of Ti-clinohumite following the reaction Ti-
clinohumite = Olivine + Ilmenite + Hy0 (Engi and Lindsley, 1980). In
fluorine-free systems, this reaction is interpreted to be concomitant with
the crossing of the antigorite-out isograd at temperatures between 620
°C and 640 °C (Lopez Sanchez-Vizcaino et al., 2009; Padron-Navarta
et al.,, 2011). Our phase equilibria model agrees with the temperature
range expected for the antigorite and Ti-clinohumite breakdown,
placing them at temperatures between 620 and 650 °C (Fig. 7). How-
ever, forward modeling of the metadunite (E16-44-7) cannot reproduce
the observed mineralogy, which is largely dominated by metamorphic
olivine (Fig. 3). The metamorphic nature of the olivine is evidenced by
the occurrence of small antigorite inclusions within these grains
(Fig. 4A). In addition, in a HyO-saturated system, very little

Abyssal Serpentinites

Mid-Atlantic Ridge <-g{-HHEmarH=-=-
Tock
Corsica <r<HHEHHFH—F4+  <HiHH-—

Whole-]
Exhumed Slab Serpentinites

Earth and Planetary Science Letters 653 (2025) 119213

mantle-derived olivine (~4 %) is expected to be preserved at 300 °C, as
the assemblage is dominated by antigorite (~80 %) and brucite (~10 %)
and the increasing modal abundance of olivine is associated to the
growth of metamorphic grains at the expense of brucite and antigorite
(Fig. 8A). The discrepancy between the predicted versus observed
mineralogy in the metadunite can be leveraged through additional for-
ward modeling of a dunite and a harzburgite from the Oman ophiolite
(Fig. S14). These models reveal that a HoO-saturated dunite will produce
an olivine-dominated + chlorite assemblage (metadunite) after com-
plete de-serpentinization (Fig. S14A). Similarly, a HyO-saturated harz-
burgite will yield the assemblage of olivine-orthopyroxene-chlorite
(chlorite-metaharzburgite) upon antigorite breakdown (Fig. S14B). This
suggests that the modeled Raspas metadunite, despite the lack of other
retrograde phases (diopside, amphibole, chlorite), experienced changes
in its bulk composition during exhumation. The model predicts ~15 %
modal metamorphic orthopyroxene after de-serpentinization albeit this
phase is absent in the sample suite (Fig. 3). These changes were likely
driven by extensive retrograde Si-rich metasomatism which results in
the incorrect prediction of metamorphic orthopyroxene formation after
de-serpentinization. =~ On  the other hand, the Raspas
chlorite-metaharzburgite does agree with the textural and petrological
observations reported in samples below the moho in the Raspas River
(Herms et al., 2012). Therefore, while the occurrence of spinifex-texture
orthopyroxene in chlorite-metaharzburgites may be an unequivocal in-
dicator of complete de-serpentinization (e.g., Padron-Navarta et al.,
2013), metadunites dominated by metamorphic olivine also serve as
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evidence of complete antigorite breakdown.

7.2. Re-serpentinization of exhuming slab slivers

Slab serpentinites are expected to preserve their B isotopic signature
acquired during ocean floor serpentinization (~> 410 %o; Martin et al.,
2020; Vesin et al., 2024) until the antigorite-out isograd is crossed. In
this critical point, a !B-rich fluid with a significantly positive 8''B is
released and the residual 5''B of the de-serpentinized rock will trend
towards lower and negative values (Cannao et al., 2015; Harvey et al.,
2014; Martin et al., 2016). In the El Toro metaperidotites, the boron
isotopic signature is akin to serpentinization by subducted crust-derived
metamorphic  fluids (Fig. 6), overlapping the ranges of
chlorite-harzburguites from the Betic Cordillera and ophiolitic serpen-
tinites from the Cordillera Real (Donoso-Tapia et al., 2024; Harvey et al.,
2014). In this scenario, the re-serpentinization of the metaperidotites
likely erased the original seawater-derived signature typical of slab
serpentinites (Martin et al., 2020). Moreover, the observed differences in
serpentine textures (e.g., interstitial porosity network, veins, matrix
antigorite) and the extent of serpentinization (e.g., partial and fully
serpentinized samples) suggest that the fluid infiltration occurred as
pervasive and channelized events at temperatures between 320 and 400
°C, indicated by aluminum in antigorite isopleths from a retrograde vein
(Fig. 7A).

The boron isotopic signature is expected to behave differently
depending on the fluid infiltration style (e.g., channelized vs. pervasive),
displaying either homogeneous or heterogeneous &!'B values
throughout the different microtextures in a sample depending on the
relative fluid/rock ratio (Evans et al., 2024; Martin et al., 2023). Ho-
mogeneity in our sample suite is particularly notable in the metadunite
44-6 and serpentinite 44-12, where the SUBAtg values vary between
~2-3 %o. The dense vein-veinlet network observed in the metadunite
may attest that a mainly channelized fluid under high fluid/rock ratios
also facilitates isotopic homogeneity, something usually expected for
serpentinization by a pervasive fluid (Martin et al., 2023). In
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comparison, wider 611BAtg ranges compatible with heterogeneous iso-
topic signatures are recorded in veins and veinlets of the banded met-
aperidotites 44-2 and 44-3, in which there is a difference of up to ~10
%o between the center of the veinlet and interstitial antigorite away (~1
mm) from the vein, and an along-vein 611BAtg variation of ~12 %,
respectively. This strongly suggests that the channelized fluids respon-
sible for these veins/veinlets infiltrated at fluid/rock ratios low enough
to prevent isotopic homogenization. In summary, the observed isotopic
homogeneity allows to constrain the boron isotopic signature of the fluid
responsible for re-serpentinizing the metaperidotites, ranging from ~—6
to +8 %o and compatible with metamorphic fluids derived from sub-
ducting crust.

Along with the re-serpentinization of the metaperidotites, the strong
metasomatic overprint is also evidenced by the development of
diopside-amphibole-chlorite bands and amphibole overgrowths around
diopside and olivine (Fig. 2E, 2G, & 4B). The contrasting modal pro-
portion and style of occurrence of these phases in massive metadunites
and banded metaperidotites indicate that fluid circulation was facili-
tated and likely controlled by interconnected porosity networks (e.g.,
Huber et al., 2022), hydraulic fracturing (i.e., veins and veinlets), and
pre-existing mantle layering (Fig. 3). In the latter case, the association of
rusted olivine near the edge of the olivine-rich bands and antigorite-rich
bands may be direct evidence of channelized flow along a pre-existing
discontinuity that acted as a pathway, in this case, the contact be-
tween the olivine and pyroxene-rich layers. Similarly, the resulting
Di-Amp-Chl bands are metasomatic products of relic augite alteration
and recrystallization under varying fluid-rock ratios, this explains the
well-preserved pseudo-spinifex diopside grains versus the amorphous
diopside cores overgrown by edenite/richterite (Fig. 4B).

7.3. The Raspas paleo-subduction zone: a window into shallow slab
dehydration and fluid circulation

Previous studies on the Raspas Complex have sparked a debate
concerning its origin, either relating it to a subducted seamount (e.g.,
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John et al., 2010) or a subducted oceanic plateau (e.g., Arculus et al.,
1999; da Silva et al., 2023). Regardless of its origin, numerical models
simulating the subduction of such asperities and thickened oceanic crust
predict an impact on the stress distribution along the slab and overriding
plate, and in some cases, it can lead to the exhumation of HP-UHP ter-
ranes (Ruh et al., 2016; Vogt and Gerya, 2014). The subduction of an
oceanic plateau is capable of triggering flat-slab segments where the
thickened portion of the crust interacts with the overlying hot
asthenosphere, leading to a warmer geotherm (e.g., van Hunen et al.,
2002). This implies that the de-serpentinization of the oceanic mantle
can be achieved at shallower depths than expected, between 70 and 150
km (e.g., Reynard, 2013). Additionally, recent models of an evolving
subduction zone show that during early and intermediate stages of
subduction, slab dehydration, including de-serpentinization, occurs at
shallower levels when compared to mature subduction stages as a
consequence of a dynamic thermal structure (Epstein et al., 2024). In
this scenario, the subduction of an anomalous, thickened oceanic crust
may have driven the thermal gradient to higher values. Based on their
model, the duration of this warmer gradient was likely not prolonged,
given that after ~30 Ma, the subduction system is expected to be mature
enough to trigger de-serpentinization at deeper depths (~80 km).
Forward modeling integrating the Raspas slab lithologies reveals that
the subducted serpentinized mantle dominates the water released
compared to the crustal sections (Fig. 9A, B). Nonetheless, fluid circu-
lation along the Raspas paleo-subduction zone was already active at
depths of 25-45 km, and complete de-serpentinization at ~50 km
further enhanced the fluid flow along the slab and overlying mantle
wedge. This may explain the mixed fluid signatures that affected the
MORB- and zoisite-eclogites, which have been interpreted as being
sourced from dehydrating metabasites, metasediments, and serpentin-
ites (e.g., Halama et al., 2011; Herms et al., 2012). Our models for all
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lithologies agree with other fluid release calculations for different sub-
duction zones (Hernandez-Uribe and Palin, 2019; Smye and England,
2023). The depth range of metamorphic-driven dehydration in the
Raspas paleo-subduction system is compatible with the occurrence of
non-volcanic tremors (NVT) and slow-slip events (SSE) at depths of
~25-65 km in warm active subduction zones worldwide (Condit et al.,
2020; Gutiérrez-Aguilar et al., 2022; Hernandez-Uribe and Gutiérre-
z-Aguilar, 2021). However, this depth range is commonly associated to
the dehydration of metabasites and metapelites, while hydrated peri-
dotites are not expected to contribute significantly (Condit et al., 2020).
Thus, the Raspas paleo-subduction system records a particularly warm
environment where de-serpentinization enhanced an already active
fluid circulation network.

During exhumation, the Raspas slab sliver interacted with fluids that
triggered the re-serpentinization of the metaperidotites (Fig. 9C). The
measured boron isotopes in the metaperidotites reveal that the re-
serpentinization was driven by slab-derived crustal fluids, similar to
subduction interface- and mantle wedge-derived serpentinites from
Central America and the Ecuadorian Cordillera Real (Donoso-Tapia
et al., 2024; Martin et al., 2016). These Si-Ca-Na-K-rich fluids were also
responsible for promoting the development of Di-Amp-Chl bands
through pre-existing discontinuities and/or foliation that acted as fluid
pathways, similar to jadeitite-forming fluids (e.g., Angiboust et al.,
2021; Harlow et al., 2016). The associated amphibole-vesuvianite dikes
and overlying eclogites and blueschists were similarly affected during
exhumation, revealed by the strong peaks in K and P, and moderate
peaks in Ba (Fig. 9D). In the metaperidotites, enrichments in Na, K, Ba,
and Sr are nearly exclusive to the Di-Amp-Chl bands, confirming that
these bands effectively served as fluid channels (Fig. 9E). Thus, the
ascending Raspas slab sliver encountered metamorphic fluids sourced
from the upper portion of the underlying subducting crust. Common



D. Donoso-Tapia et al.

Earth and Planetary Science Letters 653 (2025) 119213

A ~350-450°C| B Depth (km) 15 30 45
~20-30 km L ' '
Mantle Wedge
124
Chl-metaharzburguite
S8
Not to scale E Clay phases + Stp
~550-650°C 5 breakdown Y Bre-out
Mantle Wedge ~40-50 km - Metadunite
4]
Chl-out
/
Grt-Ctd-Ky Metapelites S :
Ctd-out
Not to scale T(°C) 200 300 400 500 600 700
5
% Not to scale| p o 10 Eclogites
———————— | Eclogites LU 10 emmm  Amp-V'sv Dikes f§
gites < & | — Blueschists
ntle wedge x UI) 10%F
\ Metapelit =3
etapelite o
O 10°
Lenses 8
< 10°
[}
- 107
® 102
10-3 1 1 1 1 1 1 1 1 L 1 1
10° Na Cs Rb Ba U K La Ce Pb Sr P
=== Banded Metaperidotites
2 = Other Metaperidotites
s
=
kel
]
Q
&
Crustal Fluid S a
Si-Ca-Na-K-rich 2
0""B ~ -6 to +8 %o E
w
10-2 1 1 1 1 1 1 1 1 L 1 1
Na Cs Rb Ba U K La Ce Pb Sr P

Fig. 9. Summary of the metamorphic history of the Raspas slab. A. Cartoon of the prograde path showing key layers and dehydration reactions. B. Evolution of the
water content stored in the lithologies found in the Raspas Complex along the estimated geothermal gradient by da Silva et al. (2023). C. Cartoon of the retrograde
path showing key fluid circulation features. D. Spider diagram of eclogites, dikes, and blueschists from the La Chilca unit; and of the metaperidotites from this study.

Geodynamic model in C is after Vogt and Gerya (2014).

peaks in K, Ba, and Cs found in eclogites/blueschists and metaperidotites
suggest that both layers were affected by similar fluids. Peaks in As, Sb
and Pb in the metaperidotites further suggest that re-serpentinization
was driven by fluids derived from a slab, crustal source. While both
sediment- and seawater-derived fluids are capable of producing such
enrichments, the B isotope data suggest a negligible influence of
seawater, similar to serpentinites in the Cordillera Real of Ecuador
(Donoso-Tapia et al., 2024; Peters et al., 2017).

Further infiltration of fluids at shallow crustal levels and low tem-
peratures is evidenced by discrete veinlets of chrysotile + magnesite,
mainly present in the banded metaperidotites. However, the general
scarcity of carbonate phases suggests that the circulating fluids were
CO2-poor.
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8. Conclusions

Metaperidotites of the El Toro unit in the Raspas Complex preserve
evidence of total de-serpentinization after reaching peak P-T conditions
of 1.3-1.6 GPa and ~620-650 °C, based on the observed breakdown of
Ti-clinohumite to metamorphic olivine and ilmenite, which suggests the
crossing of the antigorite-out isograd. During exhumation, crust-derived
metamorphic fluids heavily metasomatized the metaperidotites through
pervasive and channelized fluid infiltration episodes under varying
fluid/rock ratios, triggering their re-serpentinization at shallower crus-
tal levels (<1.3 GPa, 320-400 °C). The circulating fluids were likely Si-
Ca-Na-K-rich and affected the overlying eclogites and blueschists from
the La Chilca unit, as indicated by common enrichments in these and
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other trace elements. Forward modeling of the Raspas slab reveals that
de-serpentinization of the subducted oceanic mantle is the primary
source of fluids at depths of ~50 km, while fluid circulation at shallower
levels (~25-45 km) is mainly controlled by brucite breakdown and
dehydration of chlorite and chloritoid from the crustal sections. This
range overlaps with depths of non-volcanic tremors and slow-slip events
observed in warm active subduction zones worldwide. Thus, the Raspas
Complex offers an in-situ window into the fluids responsible for trig-
gering these seismic events.
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