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ophiolite in Albania, and we explore the effects of such heterogeneities on slab dehydration during subduction.
The dataset consists of chemical and geological mappings from the micron to the meter scale, spanning five orders
of magnitude. At each scale, we investigate the interplay of metamorphic reactions as well as porosity and fluid
production through thermodynamic modeling along a slab Moho P-T path typical for subducting plates. Notably,
our results show that chemical heterogeneities are preserved, regardless of the observation scale, even in the
case of local homogenization by events such as the lizardite-antigorite transition. Consequently, scale-invariant
patterns of porosity evolution and fluid production along the P-T path emerge, with characteristic peaks for each
dehydration reaction. As such, the dehydration behavior on the slab scale seems to be controlled by the processes
on the millimeter scale, whereby resulting peaks correspond to pulsed slab fluid release localized in space and
time at each scale, along the strike and along the dip of the subducting plate.
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1. Introduction

Subduction zones play a crucial role in the Earth’s deep water cycle
by transporting large amounts of water stored in the hydrated oceanic
lithosphere into the mantle (Brovarone et al., 2020; Schmidt and Poli,
1998; Ulmer and Trommsdorff, 1995; Riipke et al., 2004). The release of
this water during slab dehydration, together with the subsequent fluid
flow back to the surface, is a process that affects several geological
phenomena, including arc volcanism (John et al., 2012; Elliott et al.,
1997; Ague et al., 2022), seismicity (Hacker et al., 2003; Ferrand et al.,
2017; Shao et al., 2023), and mantle rheology (Hirth and Guillot, 2013;
Reynard, 2013; Nakagawa et al., 2015). In addition, slab dehydration
mechanisms and subsequent fluid ascent must keep pace with subduc-
tion rates on the order of millimeters per year to avoid significant loss of
water from the Earth’s surface into the mantle (van Keken et al., 2011;
Riipke et al., 2004, 2006; Pliimper et al., 2017).

To understand slab dehydration processes, geochemical (Chen et al.,
2019; John et al., 2012), geophysical (Bloch et al., 2018), and field-
based observations on partially dehydrated exhumed meta-serpentinites
show that fluid release from the slab occurs via an interconnected, chan-
neled vein network that forms dynamically during dehydration at depth
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(Groppo and Compagnoni, 2007; Pliimper et al., 2017; Jabaloy-Sanchez
et al., 2022; Kempf et al., 2020; Scambelluri et al., 1991). Vein networks
associated with mantle dehydration are reported in several localities
(Groppo and Compagnoni, 2007; Jabaloy-Sanchez et al., 2022; Lopez
Sanchez-Vizcaino et al., 2009; Scambelluri et al., 1991; Herms et al.,
2012; John et al., 2012; Spandler et al., 2011; Ulrich et al., 2024) and
often consist of a mineral assemblage rich in metamorphic olivine con-
trasting with a matrix that often still contains abundant hydrous miner-
als. The high olivine content within these veins can provide information
about the processes controlling their formation and the composition of
the percolating fluid.

The formation of such a vein network is thought to occur in three
main steps (e.g., Zack and John, 2007; Taetz et al., 2018; Miller et al.,
2003). First, at the microscale, fluid is liberated by mineral dehydra-
tion. As dehydration progresses, the previously isolated fluid pockets
form an interconnected vein network, eventually allowing the fluid to
escape from the rock (Taetz et al., 2018). In the first step, dehydration is
controlled by the heterogeneities in the local bulk composition (Plim-
per et al., 2017). In the second step, reactive transport within the porous
network becomes important at larger scales (Huber et al., 2022; Chen
et al., 2019; John et al., 2012). Finally, fluid escape from the dehydrat-
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ing rock is likely facilitated by mechanical processes such as hydraulic
fracturing (John et al., 2012; Padrén-Navarta et al., 2010) or porosity
waves (Connolly and Podladchikov, 2015; Yarushina and Podladchikov,
2015; Yarushina et al., 2022).

The extent to which chemical heterogeneities influence or even con-
trol the overall dehydration process as the system evolves from the mi-
croscale to larger scales remains uncertain. Huber et al. (2022) demon-
strated the importance of centimeter-scale chemical heterogeneities for
reactive fluid flow in a dehydrating serpentinite by showing that flu-
ids liberated from silica-poor parts of the rock also have a low silica
concentration. These silica-poor fluids can trigger dehydration in other
parts of the rock when fluid flow within the porous network is possible.
However, the question remains as to what extent such heterogeneities
occur at even larger scales and how these variations affect the overall
dehydration process.

We present a multiscale dataset from highly hydrated serpentinites
of the Mirdita ophiolite in northern Albania. Because the microstruc-
tures and composition of our samples fit into the range of other oceanic
serpentinites worldwide (e.g., Niu, 2004; Evans and Frost, 2021), we
assume the Mirdita serpentinites can be considered as a reasonable
case study of serpentinites entering subduction zones worldwide. Spa-
tial variations in silica and iron content occur from the micro-up to the
kilometer scale, and we investigate whether the chemical heterogeneity
affects dehydration systematics along a typical slab Moho P-T path.

2. Geological setting - the Mirdita ophiolite

Ophiolites of Tethyan origin are common in the Alpine-Himalayan
orogenic belt. However, many ophiolites experienced at least a low
degree of metamorphism due to tectonic burial, such that their orig-
inal ocean floor textures and mineral assemblages were modified. Yet,
some sections of oceanic lithosphere have undergone only little orogenic
metamorphism, like the Mirdita ophiolite of the Western Vardar Zone in
northern Albania (Bortolotti et al., 1996; Morishita et al., 2011; Nicolas
et al., 1999).

The Jurassic Mirdita ophiolites are situated in the northernmost Hel-
lenides and originate from the Neotethys Ocean, which separated the
Adriatic microcontinent from Europe. They formed in a slow-spreading
back-arc basin above the subducting Triassic (Meliata) Neotethyan
oceanic lithosphere that was part of the Adriatic plate. Following the
complete subduction of the Meliata oceanic lithosphere, the ophiolites
were obducted onto the Pelagonian zone of the Adriatic margin in the
Late Jurassic to Early Cretaceous (e.g., Bortolotti et al., 2005; Schmid
et al., 2008; Tremblay et al., 2015). The Western Vardar ophiolites and
their Pelagonian sole were imbricated during Alpine orogeny in a pig-
gyback style and formed a stack of nappe complexes, each consisting of
ophiolites on top of Adria-derived rocks. The Mirdita ophiolites lie on
top of the upper Pelagonian and were not buried under higher tectonic
units, thus the temperature gradient in the ophiolite was not signifi-
cantly raised during Alpine orogeny.

Geochemical and petrological differences further divide the ultra-
mafic massifs of the Mirdita ophiolite into western and eastern units.
The signature of the western units indicates a mid-ocean ridge (MOR)
origin, in contrast to the predominantly supra-subduction zone (SSZ) sig-
nature of the eastern units (Dilek et al., 2007, 2008), with the thickness
of the units increasing from 2 to 3 km in the west to 10 to 12 km in the
east. We conducted the fieldwork and sampling for this study in the ul-
tramafic Kukes massif in the eastern units of the Mirdita zone, because
the eastern units are exposed in a reasonable thickness and comprise
all units of the “Penrose style” type of an oceanic lithosphere (Fig. 1).
Our hypothesis is that these serpentinites represent a reasonable typical
example of a hydrated oceanic lithosphere entering a subduction zone
because they contain the right lithological stratigraphy and bulk chem-
istry as well as characteristic low-temperature mineral assemblages. For
a more detailed description of the regional geology, we refer the reader
to the Supplementary Information.
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3. Methods
3.1. Fieldwork and analytical methods

3.1.1. Sampling

Based on field observations of the ultramafic section of the Mirdita
ophiolite, we chose a representative outcrop for detailed lithological
mapping (42°01°27”N 20°17’33”E, Fig. 2). The outcrop is located at the
eastern portal of the Thirré-Kalimash tunnel, along a small road built
during tunnel construction in 2009, thus providing access to relatively
fresh rock. The outcrop is a 16 m long, north-south oriented wall, 3
to 5 m high. Within the outcrop, we identified serpentinized harzbur-
gites and dunites as the primary lithologies and sampled them using a
portable drill and rock saw. To prepare the multiscale dataset, we took a
representative piece of serpentinized harzburgite and cut from it a circu-
lar sample with a diameter of ~10 cm, sample ALBO5. From this sample,
we collected six EDS (energy dispersive spectroscopy) maps of varying
sizes, from the decimeter scale down to the microscale.

3.1.2. Analytical methods

A ZEISS Axio Imager M2m optical microscope at the Freie Univer-
sitdt Berlin was used to map entire thin sections using reflected and
plane polarized transmitted light. Subsequently, selected regions on the
thin sections were mapped in the ZEISS Automated Mineralogy Lab at
the Freie Universitét Berlin using a ZEISS Sigma 300 VP field-emission
scanning electron microscope, integrating two energy dispersive X-ray
silicon drift detectors (Bruker Quantax XFlash 6, 60 mm?). The mea-
surements were performed with an acceleration voltage of 20kV, an
aperture size of 120 um, and a dwell time of 100 ms. To obtain the
multiscale dataset, we collected six maps on a representative region by
varying the size of the domain and the pixel resolutions: 76, 36, 20, 10,
5, and 2.5 um, respectively. Quantitative wavelength dispersive spec-
troscopy (WDS) point analyses on the harzburgite (sample ALB09-1) and
dunite (sample ALB06-1) were carried out using the JEOL JXA 8200 Su-
perprobe at Freie Universitit Berlin, using an acceleration potential of
20kV, abeam current of 20 nA, and a beam size of 1 pum. Table 1 shows a
summary of representative analyses. Raman mapping was performed to
reveal characteristics of the serpentinite and brucite mineral phase dis-
tribution within a domain of 40 X 60 pm on a typical mesh texture of the
dunite sample ALB06-2. We used a WiTec alpha 300 R spectrometer at
Freie Universitit Berlin equipped with a Zeiss EC Epiplan 50X/0.75 ob-
jective and a polarized solid-state laser with a wavelength of 532.1 nm.
Because brucite grains are sensitive to the laser heating, potentially trig-
gering a dehydration reaction, we set the laser power to ~1 mW, using
a pixel dwell time of ~10 s and step size of 0.5 um. The obtained Raman
spectra were fitted with a MATLAB script to obtain the peak position
and peak area. The peaks at 230 cm and 1100 cm were taken to identify
the distribution of lizardite and chrysotile (Compagnoni et al., 2021;
Groppo et al., 2006), whereas the peak at 440 cm was used to charac-
terize brucite (Groppo and Compagnoni, 2007).

3.2. Upscaling method

For upscaling, we selected representative areas of 1 X 1 mm for the
millimeter scale on the 2.5-um pixel size map, 1 X 1 cm for the centime-
ter scale on the 20-um pixel size map, and 5 X 5 cm for the decimeter
scale on the 76-um pixel size map. We considered an area representa-
tive if it contained the prominent textural and chemical heterogeneities
found at that scale (Fig. 2). From the millimeter to the decimeter scale,
this includes the difference between bastites and mesh texture; from the
meter to outcrop scale, this includes the lithological difference between
dunites, harzburgites, and pyroxenites.

To create the meter-scale dataset, we rearranged and resized the ge-
ological map (Fig. 2C). We saved an image of the rearranged outcrop
at a resolution of 100 x 100 pixels so that each pixel represented 1 dm?.
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Fig. 1. Geological map of the Mirdita ophiolite in northern Albania [redrawn from Bortolotti et al. (2005)] with green areas marking the occurrence of ultramafic
units. The yellow star in the Kukes massif highlights the outcrop’s location. The top right panel shows a simplified lithostratigraphic chart representative of the
eastern part of the Mirdita ophiolite. Dunite content and the abundance of chromite pods in the ultramafic section increase with proximity to the Moho. Note that
the sketch of the rock column is not to scale. The graph to the right of the column shows estimates of H20 bound in the solid for the different lithologies [from
Riipke et al. (2004)]. The 3 wt.% bulk H20 in the mantle implies about 20% hydration of the upper mantle, which contains up to 13 wt.% when fully serpentinized.

We then assigned each pixel a bulk composition based on the lithol-
ogy that each pixel represented on the geological map. As harzburgite
bulk composition, we used 46 wt.% SiO,, 42 wt.% MgO, and 9 wt.%
FeO; as dunite bulk composition, we used 41 wt.% SiO,, 44 wt.% MgO,
and 10 wt.% FeO; for the pyroxenite bulk composition, we used 56 wt.%
Si0,, 35 wt.% MgO and 5 wt.% FeO. To add bulk composition variations
within each lithology, we varied each composition by using a Gaussian
distribution with the bulk composition as the mean value and a stan-
dard deviation of 4 wt.% for both SiO, and MgO and 3 wt.% for FeO.
The chemical heterogeneities and thus the bulk composition variations
produced by this method are within the natural range found in oceanic
peridotites and dunites (Niu, 2004) and reflect observations in partially
serpentinized high-pressure units such as Erro Tobbio (see, e.g., Peters
et al., 2020).

For the final dataset, we performed the map coarsening for each
of the selected representative areas (mm, cm, and dm scales) and the
rearranged outcrop (m scale) by dividing the chemical maps of the re-
spective domains into a coarser grid of 10 x 10 pixels (Fig. 2C) and
applying a volumetric averaging (e.g., Zhang et al., 2021) within each of
these coarse pixels. We considered the area covered by the coarse pixel
as the effective thermodynamic domain size, i.e., an area over which the
domain behaves as a chemically effective bulk volume for which we ex-
plore the mineral assemblage, porosity formation, and fluid production
by applying equilibrium thermodynamics. Our approach led to thermo-
dynamic equilibrium domain sizes of 0.01 mm? for the millimeter scale,
1 mm? for the centimeter scale, 2.5 cm? for the decimeter scale, and 1 m?
for the meter scale. A similar approach of varying thermodynamic do-

main sizes was used by Pliimper et al. (2017), who additionally used a
diffusion model to obtain a local bulk composition. For the sake of sim-
plicity, we apply this rather simplified concept. We refer to Evans et al.
(2013) for a detailed discussion about exploring length scales of equilib-
rium for mineral reactions and system and domain sizes of equilibrium
in the context of serpentinization/deserpentinization.

3.3. Thermodynamic model and porosity calculation

3.3.1. Phase equilibria calculations

To study the effect of the chemical variations found in the chem-
ical mappings at each scale (mm, cm, dm, and m scale; Fig. 2C), we
performed Gibbs free energy minimization calculations along a typical
slab Moho P-T path in a subduction zone (Fig. 6A) for every com-
position (pixel) in the coarse 10 X 10 pixel maps of each scale. For
the thermodynamic calculations, we used Thermolab codes (Vrijmoed
and Podladchikov, 2022) with the thermodynamic dataset tc-ds633
from Holland and Powell (2011). Calculations were done in the FMSH
(FeO-MgO-SiO,-H,0) chemical subsystem, with values for SiO,, FeO,
and MgO taken from the coarse chemical maps (e.g., those of the mm
scale in Fig. 5) and H,O in excess. Additional calculations were done
considering Al,0; (FMASH) and with variations of the Fe3* /Feror
(FMSHO). The solid phases considered in our calculations were lizardite,
antigorite, brucite, talc, orthopyroxene, and olivine. For chemically
more complex calculations (FMASH and FMSHO), magnetite and chlo-
rite were also considered. We accounted for the effects of Fe-Mg par-
titioning for each solid phase using the solution models of Evans and
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Fig. 2. (A, B) Photograph and geologic map of outcrop. (C) Approach to generate a multiscale dataset. Starting with field observations at the tens of meters scale,
we identified representative units and examined them in more detail at the next smallest scale until we reached the submillimeter scale. For the meter scale, we
rearranged the outcrop by stacking the northern half on top of the southern half (the vertical dashed line in B indicates where we separated the map, see Upscaling
Methods). From the decimeter down to the millimeter scale, we performed chemical mapping with increasing resolutions toward smaller scales to capture chemical
heterogeneities. For the submillimeter scale, we performed Raman mapping. At the submillimeter scale, we then upscaled our results by homogenization to finally

reach the meter scale again (see Upscaling Methods).

Frost (2021) and added an ideal solution model for lizardite. To gen-
erate the lizardite iron endmember, we used the reaction Fe-lizardite
= Fe-talc + 3 Fe-brucite, assuming AH, =0, as we are currently un-
aware of any thermodynamic data on this reaction. In the discussion,
we address our choice of solution models and compare our results to
those obtained when using the solution models of Holland and Powell
(2004).

3.3.2. Slab Moho P-T path

We performed Gibbs free energy minimization for every composi-
tion in the 2D serpentinite domains along a distinct slab Moho P-T path
from the compilation of Syracuse et al. (2010, P-T paths given in the
appendix). We chose the Lesser Antilles P-T path for our calculations
because it represents an intermediate P-T path and, therefore, is similar
to many other subduction zone P-T paths worldwide. The subduction
zone data are taken from the Supplementary Material of Syracuse et
al. (2010, fig. 13), and pressure is calculated as lithostatic overburden
pressure.

3.3.3. Porosity calculation

To study the effects of chemical heterogeneities on the timing and
the amount of porosity production, we used eq. (1) to calculate poros-
ity along the P-T path. This equation is based on the conservation of
non-hydrous mass (Malvoisin et al., 2015), i.e., mass always bound to
the solid, and has been successfully applied in previous studies, such
as Plimper et al. (2017); Beinlich et al. (2020); Huber et al. (2022).
In our system, with H,O being the only fluid mobile component, the
non-volatile density was calculated as p (1 — Xy,0), with p, and Xy,
obtained from the post-processing of the Gibbs free energy minimization
results, with p; and Xy o being the solid density and the rock-bound wa-
ter content, respectively. Equation (1) accounts for porosity formation
by densification of the solid during dehydration without considering
mechanical effects, such as compaction, or metasomatic effects, such as
reactive fluid flow.

PO = X7 (1 —¢°)
b=1- 0O €b)
ps(1 —XH20)
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Fig. 3. Representative field images and textures found in serpentinized harzburgites and dunites in the outcrop. (A) Bastite-rich layer, resulting from high-T mantle
layering. (B) Serpentinized dunite with chromite pods. (C, D) Thin sections of serpentinized harzburgite and dunite, respectively. (E, G) Mesh texture in serpentinized
harzburgite and dunite, respectively, with remnants of mantle olivine. (F) Contact between bastite and mesh texture in serpentinized harzburgite.

The superscript 0 refers to the reference point for the background poros-
ity ¢°, which we set to zero before the first dehydration reaction occurs.

4. Results
4.1. Sample characteristics at various scales

The bulk part of the outcrop consists of serpentinized harzburgite
including a significant volume of serpentinized dunite. Both lithologies
have undergone almost complete serpentinization, but we use the termi-
nology based on the precursor rock because this difference matters for
our study. Dunite occurs as lenses within harzburgite, often reaching
sizes of several meters or more (Fig. 2B). For example, near the outcrop,
the entire section above the tunnel portal consists of a single dunite lens
about 20 m in diameter. Both harzburgites and dunites are cut by py-
roxenite dykes with centimeter-sized pyroxene crystals, most of which
are altered to bastites. Bortolotti et al. (1996) recognized an increasing
dunite content toward the Moho in their geological map of the ophio-
lite, and the presence of significant amounts of dunite is considered to

indicate proximity to the petrological Moho (e.g., Morishita et al., 2011,
and references therein), which in our case lies about 3 km further to the
southwest (Fig. 1). The presence of dunite and harzburgites represents a
first-order chemical heterogeneity on the kilometer scale of the Mirdita
ophiolite (Bortolotti et al., 1996) down to the meter scale of our out-
crop. A similar pattern emerges on the decimeter scale and is visible in
the field photographs (Fig. 3). The view of a fresh harzburgite surface
(Fig. 3A), taken perpendicular to the mantle layering, shows the abun-
dance of pyroxenes oriented along the primary mantle layering. Such
pyroxene-rich layers are absent in the dunite (Fig. 3B), which appears
more homogeneous at the decimeter scale compared to the harzburgite.

Zooming further in reveals that the same principal heterogeneity is
also present on the centimeter scale (Fig. 3C, D). In Fig. 3, panels C and
D show thin-section photographs of a representative sample of harzbur-
gite and dunite, respectively. On the millimeter scale, some domains in
the harzburgite are dominated by bastites, others by mesh texture only,
as highlighted by the white boxes in Fig. 3C. In contrast, all millimeter-
scale domains in the dunite are dominated by mesh textures. A direct
comparison of the millimeter-scale textures shows the textural similarity
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Mineral chemical data of mesh texture and main minerals found in our samples. Values are mean
values of the single measurements given in the Supplementary Information. H = harzburgite, D
= dunite with the number of measurements considered given in parentheses.

Mesh (Srp.+Brc.) Serpentine Olivine Cpx Opx

H(17) D (17) H (18) D (10) H(17) D (17) H (15 D (3) H (18)
SiO, 32.11 30.28 38.42 38.06 41.00 40.74 54.14  54.03 56.92
MgO 41.23 41.39 35.22 39.23 49.98 49.86 17.84  17.38 34.52
FeO 8.03 8.83 6.18 4.95 8.65 8.85 1.78 1.40 5.64
Ca0O 0.10 0.10 0.47 0.09 0.03 0.06 2429  25.39 0.74
Cr,04 0.29 0.01 0.40 0.29 0.42
Al 04 0.49 0.75 0.60 0.89
TiO, 0.01 0.01 0.01 0.02 0.01
Na,O0 0.04 0.04 0.03 0.02 0.01 0.08 0.08 0.01
K,O 0.02 0.01
MnO 0.09 0.11 0.19 0.07 0.12 0.13 0.07 0.02 0.13
Total 81.6 80.75 81.32 82.43 99.79 99.65 99.36  99.22 99.28
atoms per unit formula, normalized to the number of oxygens given in the last row
Si 2.18 2.10 2.53 2.47 1.00 1.00 1.98 1.98 1.97
Mg 417 4.28 3.46 3.79 1.82 1.82 0.97 0.95 1.78
Fe 0.46 0.51 0.34 0.27 0.18 0.18 0.05 0.04 0.16
Ca 0.01 0.01 0.03 0.01 0.00 0.00 0.95 1.00 0.03
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01
Al 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.01 0.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
o 14.00 14.00 14.00 14.00 4.00 4.00 6.00 6.00 6.00

between mesh textures in harzburgite and dunite (Fig. 3E and 3G, re-
spectively). However, a clear textural difference is visible between mesh
textures and bastite (Fig. 3F).

4.1.1. Mineral chemical data

The information we could extract from mesh textures below the mil-
limeter scale using optical microscopy is limited. To obtain further in-
formation about chemical heterogeneities and differences in the mineral
chemistry between both lithologies, we performed chemical mappings
and quantitative point analysis on individual minerals; Table 1 shows
representative results. We provide a complete list of all microprobe data
in the Supplementary Information.

The characteristic of the mesh texture is the serpentine mineral with
intergrown brucite (Fig. 4). Our measurements show two main composi-
tional differences between the two lithologies. Mesh textures in dunites
contain about 2 wt.% less SiO, and are slightly FeO richer than the tex-
tural equivalent mesh textures in harzburgites (Table 1). The second
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main difference is the MgO content of serpentine. Dunite serpentine is
MgO richer (about 4 wt.%) and FeO poorer (about 1.2 wt.%) than ser-
pentine minerals in the harzburgite sample.

The occurrence of clinopyroxene (Cpx)-bastites near some measure-
ment points can explain the 0.47 wt.% CaO in harzburgite serpentines.
The composition of remnant mantle olivines is similar in both litholo-
gies, with FeO contents of about 8-9 wt.%, which is typical for mantle
olivines. Orthopyroxenes (Opx) are abundant in harzburgite and are of-
ten heavily altered to talc and serpentine (bastites). The contact zone
between bastites and mesh textures usually consists of pure serpentine
due to the transition from relatively high SiO, in bastites to lower SiO,
contents in the mesh texture. Clinopyroxenes (Cpx) are more common in
harzburgites and only occur as small remnants in dunites. The number
of Cpx measurements in dunites is limited to only three; no signifi-
cant compositional differences exist between Cpx in harzburgites and
dunites.

Low-T mesh texture (Mirdita, ALB)

Antigorite schist (Voltri massif, IT)

Fig. 4. Results of (A) Raman mapping and (B, C) mineralogical and textural changes during the lizardite-antigorite transition. (A) Two representative spectra whose
positions on the map are shown on the right (Panels 1, 2) by two circles in corresponding colors. Panels 1-3 show the peak intensities for brucite (440 cm), lizardite
(230 cm), and chrysotile (1105 cm), respectively. Chrysotile occurs only in minor amounts along with lizardite, typically filling up voids during the final stages of
serpentinization (Evans, 2004). (B) BSE image of a typical low-temperature mesh texture (sample ALB06-2) found in both harzburgites and dunites (Fig. 3E, G).
The blue box highlights the Raman mapping area. The single brucite flakes are typically iron rich and preferably occur along veins of pure lizardite, commonly
interpreted as the result of a multistage serpentinization process. (C) Crossed polarizers photomicrograph of an antigorite schist (courtesy of E. Schwarzenbach) with
typical interlocking texture, showing the effect of grain coarsening after the lizardite-antigorite transition. BSE = backscattered electron, XPL = crossed polarizers.
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Fig. 5. Element distribution mappings for an area of 1 mm? in sample ALBO5 (serpentinized harzburgite). Top (A-C): Original maps with a step size of 2.5 um (or
6.25 um? /pixel). Bottom (D-F): Coarsened maps with a step size of 100 um, which is equivalent to 100,000 um?/pixel. The map covers a bastite-dominated part (top
left) and a mesh texture-dominated part (lower right) with remnant mantle olivines (visible at high Mg contents). The coarsened maps preserve the primary chemical
heterogeneities. All plots in a row and column share the same y- and x-axis, respectively. Each component’s original and coarse maps share the same color bar.

4.2. Grain coarsening during the lizardite-antigorite transition

The minerals’ chemical data show that the mesh texture has a sig-
nificantly lower SiO, content than areas consisting of pure serpentine
minerals, which are present in bastites (along with talc) or in veins cut-
ting the mesh texture (Fig. 4B). SiO, contents of less than ~42 wt.% are
insufficient to form pure serpentine and may result in the formation of
fine-grained (< 1 pm) intergrown brucite. Brucite also commonly occurs
as single crystals in both lithologies and is visible in backscattered elec-
tron images due to its typically high iron content (Fig. 4B). To confirm
the presence of brucite within the mesh texture, we performed Raman
spectroscopy mapping in the area depicted by the blue box in Fig. 4B.
The results of Raman mapping and two representative Raman spectra
are shown in Fig. 4A. The two circles on the map indicate the location
of the two spectra, showing the representative peaks for lizardite and
chrysotile (top spectrum), and brucite (bottom). Panels 1-3 in Fig. 4A
show the spatial distribution of the peak intensity for each of these three
peaks.

Our Raman mapping results confirm that the mesh texture consists
mainly of a mixture of lizardite and brucite along with minor amounts
of chrysotile. Accordingly, varying contents of iron-rich brucite lead to
the more subtle brightness differences in Fig. 4B in the mesh texture,
with brighter gray tones indicating higher brucite content. Panel B of
Fig. 4 also shows veins of pure serpentine cutting through the mesh
texture. These veins are common in serpentinites and are interpreted
as the result of a multistage serpentinization process (e.g., Evans and
Frost, 2021). In our samples, fine-grained magnetite is distributed in
the mesh texture (Fig. 4B). This texture is interpreted as the result of
serpentinization below ~200 °C, while magnetite concentrated in the
center of serpentinization veins indicates serpentinization between 200
and 300 °C (Bach et al., 2006).

During the onset of subduction and with increasing P-T conditions,
lizardite and chrysotile transform into antigorite during the lizardite-

antigorite transition, which Schwartz et al. (2013) report to occur at
temperatures between 300 and 390 °C. Antigorite overgrows the previ-
ous fine-grained texture and forms an interlocking or interpenetrating
texture of coarser antigorite blades. In Fig. 4C, which shows a crossed
polarizer photomicrograph of an antigorite schist from the Voltri Massif
in Liguria, Italy, a complete lizardite-antigorite transition is displayed,
but the sample has not yet experienced P-T conditions high enough for
dehydration to begin. As such, the textural difference between Fig. 4B
and C must be considered when studying the effects of chemical hetero-
geneities on dehydration dynamics, because, at the time of dehydration
onset at depth, the coarser antigorite texture will most likely have al-
ready replaced the low-temperature mesh texture.

Antigorite growth is accompanied not only by textural but also by
chemical changes. The growth of antigorite flakes leads to a local ho-
mogenization, overprinting the previous submicron- to micron-scale
chemical heterogeneities (see also Evans et al., 2013). To account for
the grain coarsening and the local homogenization, we added coars-
ening and local homogenization to our millimeter-scale chemical maps
(Fig. 5). Note that each of the 10x 10 pixels of the coarse map (Fig. 5D-F)
are modeled following the P-T path (Fig. 6).

A second chemical effect during the lizardite-antigorite transition is
attributed to the slightly higher SiO, content of antigorite compared to
lizardite. Antigorite may form by one of the following two reactions:
(1) liz/chr + SiO,(aq) = atg or (2) liz/chr =
2004). Reaction 1 occurs at least locally in an open system where an

atg + br (e.g., Evans,

external fluid adds SiO,, whereas reaction 2 occurs in a closed system
with additional brucite growth during the transition. As we performed
our thermodynamic calculations in a closed system, the results of our
calculations show increasing brucite abundance during the lizardite-
antigorite transition according to reaction 2 (Fig. 6).
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4.3. Chemical heterogeneities on millimeter scales

We started our investigations with representative mapping on the
millimeter scale. Here, Fig. 5 shows the distribution of SiO,, MgO, and
FeO, the main elements of interest for our thermodynamic calculations.
The top row of Fig. 5 (A-C) shows the original maps with size 1xX1 mm
with a step size of 2.5 um, i.e., every pixel covers an area of 6.25 um?.
Two distinct domains are visible in the SiO, and MgO distributions.
The upper left parts of the maps consist of serpentine, characterized by
relatively high SiO, and low MgO contents. Toward the bottom right
corners, the maps consist of mesh texture, visible by lower SiO, and
higher FeO contents, attributed to brucite. Spots with the highest MgO
contents are remnant mantle olivine grains. The bottom row of Fig. 5
(D-F) shows the coarsened maps with 10x10 pixels, i.e., each pixel now
covers an area of 10,000 mm?2. Each pixel in the coarsened maps re-
flects the average composition of 1600 pixels (40x40) in the original
maps. The result is an overall more homogeneous material and a loss
of information about the chemical variability, but the coarsened maps
still preserve the primary information about the presence of a bastite-
dominated part and a mesh texture-dominated part.

4.4. Metamorphic evolution along the P-T path

The chemical heterogeneities in the coarse millimeter-scale chemical
maps affect the spatial distribution of the initial stable mineral assem-
blage at the first point of the P-T path and the subsequent metamorphic
evolution. Panel A of Fig. 6 shows the P-T path used in our calculations,
with three boxes highlighting the main events during dehydration. First,
the lizardite-antigorite transition at temperatures below ~350 °C; sec-
ond, the onset of dehydration as defined by the first occurrence of a
non-hydrous phase (Ol or Opx); and, third, the subsequent porosity evo-
lution due to dehydration reactions.

In Fig. 6B and 6C, we show the evolution of the stable mineral assem-
blage for the coarse-mapped pixel with the lowest and highest temper-
ature of dehydration onset, respectively. The bulk rock composition for
the mineral assemblage shown in Fig. 6B contains more SiO, than the
bulk composition of Fig. 6C, which stabilizes antigorite over lizardite
and brucite at lower P-T conditions. Because we performed our ther-
modynamic calculations in a closed system, additional brucite formed
in both Fig. 6B and Fig. 6C during the lizardite-antigorite transition.

The dehydration onset, marked by the occurrence of the first metamor-
phic olivine, was at 498 °C in the SiO,-richer composition (Fig. 6B),
compared to 520 °C in the SiO,-poorer domain (Fig. 6C). The higher
brucite abundance in Fig. 6C led to more antigorite consumption in the
brucite-out reaction and, thus, a larger decrease in solid-bound H,O. The
SiO,-richer domain retained more antigorite until the antigorite-out re-
action started at ~580 °C. Therefore, this second dehydration reaction
was more pronounced in the SiO,-richer domain. Our results show that
dehydration starts in parts of the rock with a relatively high SiO, and
FeO content. However, these domains will retain more solid-bound H,O
in antigorite until the antigorite-out reaction, whereas SiO,-poorer parts

of the rock, with a later dehydration onset, release more H,O with the
brucite-out reaction.

5. Discussion
5.1. Effects of local variations in FeO and SiO, abundance

Compared to other rock types undergoing dehydration during sub-
duction, serpentinites have a relatively simple chemistry, making them
an ideal lithology for studying the effects of chemical variations on dehy-
dration dynamics through single-component exploration. In the FMSH
system, the local FeO and SiO, contents control both the temperature
of the dehydration onset and the extent of each of the two subsequent
dehydration reactions (and, thus, the porosity evolution) while dehydra-
tion proceeds. At low P-T conditions, SiO, abundance governs brucite
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Fig. 6. (A) Slab Moho P-T path with a blue and red box highlighting the P-T
range for the lizardite-antigorite transition and the onset of dehydration, re-
spectively. Blue circles indicate the P-T conditions of the porosity snapshots in
Fig. 7C. (B, C) Evolution of mineral assemblage along the P-T path for the do-
main in the coarse map with (B) the lowest and (C) the highest temperature for

dehydration onset, as marked by the vertical dashed line. Bulk compositions are
given in wt.%.

stability and, thus, the extent of the brucite-out reaction (Fig. 6B, C).
A higher FeO abundance leads to Fe-richer compositions of ferromag-
nesian silicates, which react at lower temperatures than their Mg-richer
equivalents. Thus, higher FeO contents extend the divariant field of the
dehydration reaction toward lower temperatures.
We show the combined effects of SiO, and FeO abundance on the

dehydration onset in Fig. 7A, which displays the molar Si ratios of all
pixels in the coarse millimeter-scale maps against molar Fe ratios. The
colors filling the circles indicate the temperature for the dehydration
onset as defined by the first occurrence of a metamorphic non-hydrous
phase. The figure shows that the temperatures of dehydration onset de-
crease upon increasing molar Si/Fe ratios. The spatial distribution of
the dehydration onset temperature (Fig. 7B) and three snapshots of the
spatial porosity distribution (Fig. 7C) also show the correlation between
porosity and the spatial distribution of SiO, and FeO in the coarse maps
(Fig. 5). This figure also demonstrates that domains with a higher SiO,

and FeO content form the first porosity (Fig. 7B, C1), whereas the SiO,-

poorer regions produce more porosity during the brucite-out reaction
(Fig. 7C2). At P-T conditions above the terminal antigorite-out reaction

(Fig. 7C3), all pixels have similarly high values for the cumulative poros-

ity of around 0.3.

The choice of solution models has a significant impact on the results.

We used the solution models of Evans and Frost (2021), as the results
of the calculations are in good agreement with experimental data (e.g.,
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Padrén-Navarta et al., 2011, 2013). In addition, we performed the same
calculations using the Holland et al. (2018) solution models, and we
found that olivine is stable at temperatures as low as 200 °C, or already
at the beginning of the P-T path. Brucite consumption by the brucite-
out reaction starts at around 400 °C, thus about 100 °C lower than in the
results presented in Fig. 7. The reason for olivine stability at such low
temperatures is the fayalite-rich olivine compositions with Mg-numbers
of around 0.04 using the solution models of Holland et al. (2018). In
comparison, the Evans and Frost (2021) solution models result in Mg-
numbers for the first stable olivine of ~0.7, which is in better agreement
with our measured olivine compositions (Table 1). The appendix con-
tains a figure that compares the results of both solution models.

To investigate a potential scale dependence of the spatio-temporal
fluid production during slab dehydration, we calculated the cumulative
fluid release and the time-dependent fluid production over five orders of
magnitude, from the millimeter scale to the outcrop scale (Fig. 8). The
top row of Fig. 8 shows the evolution of cumulative fluid release for the
domain with the earliest, the mean, and the latest dehydration onset on
each scale (blue, red, and yellow graphs, respectively). The figure shows
that the later the brucite-out reaction starts, the more fluid it liberates,
while the opposite trend occurs for the antigorite-out reaction.

5.2. Fluid production comparison across all scales

To investigate a potential scale dependence of the spatio-temporal
fluid production during slab dehydration, we calculated the cumulative
fluid release and the time-dependent fluid production over five orders of
magnitude, from the millimeter scale to the outcrop scale (Fig. 8). The
top row of Fig. 8 shows the evolution of cumulative fluid release for the
domain with the earliest, the mean, and the latest dehydration onset on
each scale (blue, red, and yellow graphs, respectively). The figure shows
that the later the brucite-out reaction starts, the more fluid it liberates,
while the opposite trend occurs for the antigorite-out reaction.

In the middle row of Fig. 8, we show the fluid production between
two steps along the P-T path. The graphs in the middle row represent the
first derivative of the curves in the top row with respect to time. Every

graph shows two distinct peaks corresponding to the two dehydration
reactions. We calculated time intervals by calculating the vertical slab
velocity and assuming lithostatic pressure to calculate the time between
two points along the P-T path. For the depicted P-T path, we used a con-
vergence rate of 17.9 km/Ma and a subduction angle of 42.4°, as given in
Syracuse et al. (2010), and a mantle density of 3300 kg m~3. Under these
assumptions, the 20 °C difference in the temperature for the dehydra-
tion onset corresponds to a time difference of about 0.3 Ma, or less than 4
km depth. The complete brucite-out reaction within the millimeter-scale
domain would occur over 0.6 Ma (or 9 km), compared to about 0.7 Ma
for the antigorite-out reaction. The fluid production evolution demon-
strates that similar peaks of fluid production occur over five orders of
magnitude of length scales. The peak distribution shows that fluid pro-
duction during subduction occurs in scale-independent pulses, which
vary in time and space due to the intrinsic chemical heterogeneities of
the slab. The results of our fluid release calculation show that a coher-
ently similar pattern for the production emerges across all scales due to
the highly similar patterns in SiO, and FeO abundance on every scale.
On the millimeter to centimeter scale, these differences in SiO, and FeO
availability emerge as mesh texture and bastites, i.e., textural differ-
ences. On the meter or even kilometer scale, these chemical differences
manifest as different lithologies such as dunite, harzburgite, or pyrox-
enite and their intrinsic chemical heterogeneities (e.g., Bortolotti et al.,
1996; Niu, 2004; Peters et al., 2020).

5.3. Effects of extension to FMSHO and FMASH systems

For simplicity, we performed all our thermodynamic calculations in
the FMSH system, as it allows for exploring the effects of the principal
dehydration reactions systematically. However, serpentinization is often
accompanied by the formation of various amounts of magnetite, which
may occur localized along veins or more disseminated in other cases
(Bach et al., 2006; Schwarzenbach et al., 2016; Klein et al., 2014; Evans
and Frost, 2021). This suggests that serpentinites are to some extent
oxidized, although it is difficult to accurately estimate both the extent of
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Fig. 8. Comparison of fluid production evolution along the P-T path across all scales considered in this study, focusing on domains with the lowest, mean, and
highest temperatures of dehydration onset in case of a reduced bulk composition without fluid fractionation. Time (t) is calculated for the Antilles subduction zone,
assuming lithostatic pressure, a subduction angle of 42.4°, a mantle density of 3300 kgm~3, and a subduction rate of 17.9 km/Ma (Syracuse et al., 2010). The effects
of an oxidized bulk composition and complete fluid fractionation after each P-T step are shown in columns four and five, respectively. Top row: total H,O released;
center and bottom row: fluid and porosity production per Ma, respectively; lowermost row: heterogeneous SiO, distribution at each scale. Colored boxes highlight
the domains whose evolution is depicted in the plots above. Note that all chemical maps have a range of 7 wt.% with different minimum and maximum values.

oxidation and the spatial extent of variability, especially when departing
from the thin-section scale (e.g., Evans and Frost, 2021).

Extending the chemical system to FMSHO has been done for a very
oxidized case, where approximately two-thirds of the total Fe is fer-
ric (i.e., Evans and Frost, 2021). For our decimeter scale, which already
considers a larger degree of chemical homogenization, such a highly ox-
idized system leads to an onset of dehydration at a higher temperature,
at about 550 °C for the earliest start (Fig. 8). The related divariant field
is very narrow, as only about 4.4 vol.% of rather Mg-rich brucite formed
because a significant portion Fe is bound in magnetite (approx. 4.6
vol.%), also causing lower Fe/Mg ratios in silicates (see also Tromms-
dorff and Evans, 1972; Evans and Frost, 2021). A second pulse of fluid
release occurs at about 595 °C which reflects the terminal antigorite-
out reaction, which again is characterized by a narrow divariant field as
the antigorite composition is close to the Mg endmember (Fig. 8). These
findings indicate that for highly oxidized cases, the fluid production oc-
curs at minuscule T intervals and, thus, in short pulses (approx. 0.2 Ma
for the brucite-out reaction), with almost the entire fluid release being
connected to the terminal antigorite-out reaction. Consequently, higher
oxygen fugacities increase temperatures for the onset of dehydration by
decreasing the temperature intervals of the divalent fluid-releasing re-
actions.

Extending the chemical system to FMASH creates new divariant
fields by stabilizing chlorite and, at high P-T conditions, garnet (Padrén-

Navarta et al., 2013; Evans and Frost, 2021). Chlorite is an important
carrier of solid-bound water to sub-arc depths and is the last hydrous
phase to break down during prograde metamorphism. Considering chlo-
rite formation in our calculations would lower the magnitude of the
first two peaks for porosity production and result in a third peak at
about 770 °C, after the terminus of the antigorite-out reaction. Includ-
ing Al, O allows for the incorporation of Al in antigorite, which widens
the divariant field of the antigorite-out reaction (Padrén-Navarta et al.,
2013). Thus, Al in antigorite has a similar effect as Fe-Mg substitution,
which the FMSH system can reflect. Padrén-Navarta et al. (2013) note
that the divariant fields in the FMASH system widen compared to in the
FMSH system, which would result in less pronounced peaks in our poros-
ity evolution curves (Fig. 8). As Evans and Frost (2021) note, highly
oxidized serpentinites are probably rather rare, and while the spatial dis-
tribution of the different degrees of serpentinite oxidation is in principle
unknown, it is certainly heterogeneous. The low aluminum contents in
our samples suggest that aluminum is also heterogeneously distributed
within the slab mantle (e.g., Niu, 2004; Peters et al., 2020), contributing
to the mantle’s chemical heterogeneity. Consequently, the third peak in
porosity production will not occur in all parts of the slab. Al-bearing
parts will retain water at the same depths for which Al-free parts will
have undergone complete dehydration, whereas more oxidized parts
will have shorter and more pronounced pulses of fluid release.
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5.4. Porosity formation and percolation threshold

Our porosity calculation is based on densification of the solid phase
and neglects deformation effects, most importantly compaction. Our cal-
culations of porosity production (Fig. 8, bottom row) are conducted
similarly to those of fluid production (Fig. 8, middle row): As the dehy-
dration reactions cause densification of the bulk solid, porosity forma-
tion and fluid production display the same pulse-like pattern during the
simulated subduction. The liberated fluid will fill the dynamically form-
ing porosity and eventually flow along fluid pressure gradients within
the porous network when the newly formed porosity reaches the perco-
lation threshold. Thermodynamic and petrophysical modeling (Pliimper
et al., 2017) have shown that vein-like porosity structures are formed
even at the onset of serpentinite dehydration, and vein networks related
to slab mantle dehydration have been reported from several localities
(Groppo and Compagnoni, 2007; Jabaloy-Sanchez et al., 2022; Lopez
Sanchez-Vizcaino et al., 2009; Scambelluri et al., 1991; Herms et al.,
2012; John et al., 2012; Spandler et al., 2011).

For such a vein-like porosity geometry, the percolation threshold is
reached even for porosities below 0.1 vol.%, or 0.001 in volume frac-
tions (Bloch et al., 2018). Accordingly, considering the non-spherical
porosity shape in our domain (Fig. 7C), fluid flow within the porous
network will likely start soon after the dehydration onset, and com-
paction will lead to a dynamic closing of the compliant porosity. Such
a compaction-related deformation process would agree with a fluid-
channeling process such as porosity waves (Connolly and Podladchikov,
2015; Yarushina and Podladchikov, 2015; Yarushina et al., 2022), which
would accelerate the spatio-temporal pulse-like behavior of the slab
fluid release (Tian et al., 2018; Piccoli et al., 2021; Wilson et al., 2017).
Therefore, the peaks in our porosity- and fluid-production calculations
suggest that chemical heterogeneities at all scales lead to fluid pulses
through high-transient porosities localized in both space and time. The
vein-like shape of the porosity and the high porosity production rates
allow for efficient fluid transport within the porous network throughout
slab dehydration.

5.5. Effects of H,0 fractionation

We performed our thermodynamic calculations without removing
H,O in the liberated fluid phase from the bulk composition. However,
the elongated porosity shape shown in Fig. 7C likely facilitates fluid
flow even at low porosities, effectively removing some H,O in the liber-
ated fluid phase from the local bulk composition. To evaluate the effects
of fluid fractionation, we repeated the thermodynamic calculations for
the decimeter scale with complete H,O fractionation (Fig. 8). The com-
parison shows the system’s scale-independent behavior with two main
peaks for the brucite-out and antigorite-out reaction. With fractionation,
the peak amplitudes increase and the peaks narrow, corresponding to
a shorter reaction time span. The duration of the brucite-out reaction
decreases from approximately 0.5 Ma without fractionation to approx-
imately 0.4 Ma with fractionation. H,O fractionation also affects the
metamorphic evolution and significantly expands the P-T window for
the onset of dehydration. SiO,-richer domains form olivine at tempera-
tures as low as 250 °C; in contrast, the highest temperature for the onset
of dehydration occurs in a relatively SiO,-poor domain at 520 °C, i.e.,
at conditions similar to the non-fractionated case.

6. Implications for slab fluid release

Self-similar silica and iron distribution patterns occur in serpen-
tinites derived from harzburgitic or dunitic precursors over at least five
spatial orders of magnitude. These intrinsic chemical heterogeneities
manifest as differences between mesh texture and bastites on the mil-
limeter and centimeter scales and as lithological contrasts between
dunites, harzburgites, and pyroxenites on the outcrop and crustal scales.
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Our results show that fluid production within the slab occurs by spa-
tially localized pulses rather than due to continuous pervasive dehy-
dration fluid flow. Fluid pulses occur on the order of 0.5-0.9 Ma for
reduced serpentinite bulk compositions and as short as 0.1 Ma for oxi-
dized serpentinite bulk compositions (see colored lines in the grey areas
of Fig. 8), and fluid production peaks when P-T conditions approach the
stability limit of hydrous phases. Fluid pulse time spans are also short-
ened by 0.1-0.2 Ma in the case of continuous fluid fractionation (Fig. 8,
9), resembling high fluid fluxes, for example by hydrofracturing, once
the percolation threshold is reached. Our finding on fluid pulses aligns
with other studies revealing that fluid release from subduction slabs is
episodic at various scales with durations on the order of thousands of
years to months, using chronometric approaches such as bulk- or garnet-
diffusion modeling of dehydrating rocks or related vein-network systems
(John et al., 2012; Yokoyama et al., 2002; Dragovic et al., 2015; Taetz
et al., 2018; Yoshida et al., 2023).

The porosity structure evolves during subduction by feeding new
fluid-filled porosity structures from different domains of their fluid
source regions (Fig. 9). In turn, the scale-independent chemical hetero-
geneities cause variations in the chemical composition of the released
fluid, which is in thermodynamic equilibrium with the composition of
the host rock (Huber et al., 2022). Reactive fluid flow in such transient
high-porosity structures (e.g., John et al., 2012; Piccoli et al., 2021; Tian
et al., 2018; Taetz et al., 2018) can locally lower the temperature for de-
hydration reactions by changing the local bulk composition in the rock
(e.g., Huber et al., 2022). Zooming out from the millimeter to the out-
crop scale, fluid production always occurs heterogeneously distributed
(Fig. 9). This likely holds true for the entire slab mantle, considering the
regional distribution of the lithologies within the ophiolite (Bortolotti et
al., 2005). Thus, a heterogeneous, spatio-temporal distribution of fluid
production should occur at every scale, both along the strike and along
the dip of the subducting plate.
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