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Abstract Serpentinized mantle peridotites form prominent mountains, including the highest
elevations of the Troodos ophiolite in Cyprus (Mount Olympus, 1,952 m), but to date, only qualitative
mechanisms have been proposed to explain the uplift of mantle rocks to high altitudes. Serpentinization
reactions between mantle rocks and water result in profound changes to the rheology and physical
properties of peridotites including significant density reduction (~900 kg/m?). Field observations, density
measurements, and isostatic uplift and erosional modeling provide new constraints on the contribution
of serpentinization to the uplift of the Troodos Mantle Sequence. Different serpentinization styles have
resulted in two distinct serpentinite domains with contrasting densities. Our modeling shows that the
Troodos Mountains can form within the geologically constrained uplift time frame (~5.5 Myr) exclusively
through partial serpentinization reactions. We interpret the serpentinite domains as two nested diapirs
that formed due to different extents of serpentinization and density reduction. Differential uplift and
exhumation have decoupled the two serpentinite diapirs from the originally overlying ocean crustal
rocks. Once at high altitudes the incursion of meteoric water reinforced coupled deformation-alteration-
recrystallization processes in the shallow subsurface producing a localized low density completely
serpentinized diapir. A second decoupling between the contrasting serpentinite diapirs results in localized
differential uplift and exhumation, extruding deep materials to the east of Mount Olympus. Application
of our modeling to other serpentinite massifs (e.g., St. Peter and St. Paul Rocks, New Idria, California)
highlights the contribution of isostasy to the uplift of serpentinized massifs.

1. Introduction

Partially serpentinized mantle rocks form prominent topographic features in numerous locations on Earth,
both on land and in the oceans, for example, Ronda Massif, Spain, Dun Mountain, New Zealand, and the
Atlantis Massif on the Mid-Atlantic Ridge. Although some of these exposures can be explained by dynamic
tectonics, other features require different explanations.

Serpentinization reactions between water and mantle rocks dramatically change high density (3,300 kg/m?),
relatively strong, anhydrous, low permeability, mantle peridotites into low density (2,400 kg/m®), weak
serpentinites, inducing up to 40% volume expansion (Macdonald & Fyfe, 1985; Toft et al., 1990). The reduc-
tion in bulk density results in isostatic uplift, that together with serpentinite diapirism, has been proposed
to have led to the exposure of serpentinized mantle peridotites at moderate to high altitudes on land in the
Troodos Massif, Cyprus (e.g., Gass, 1977; Gass & Masson-Smith, 1963; Moores & Vine, 1971) and the New
Idria Massif, California (e.g., Coleman, 1996; Tsujimori et al., 2007), and in the oceans forming the emergent
St. Peter and St. Paul Rocks (e.g., Campos et al., 2010).

Here, we investigate the uplift and exposure of the Troodos Massif of Cyprus and combine field observa-
tions with new density measurements and isostatic and differential erosion rate calculations to test whether
serpentinization can form the Troodos Massif. We document the contrasting manifestations of serpentini-
zation in the exhumed Mantle Sequence and calculate whether the isostatic consequences of the density
and rheological differences can develop the distinctive but hitherto poorly explained outcrop pattern of this
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iconic geological terrane. We further apply our mechanistic uplift model to other settings and demonstrate
the universality of our approach.

2. Mantle Peridotite Massifs and Serpentinite Diapirism

Although mantle peridotite is the most common rock type on Earth, surface exposures of mantle rocks are
relatively rare and predominantly strongly to completely altered by serpentinization reactions (e.g., Kele-
men et al., 2011). Major outcrops of mantle peridotites are generally limited to ophiolites and oceanic core
complexes. A component of isostasy is an inevitable consequence of serpentinization reactions, but serpen-
tinite diapirism is not ubiquitously invoked in every manifestation of serpentinization. It is unclear whether
serpentinite diapirism is overlooked or if subsequent deformation has obliterated geological evidence (e.g.,
Gass, 1977). Previously reported occurrences of serpentinite diapirism indicate a diverse spectrum of dia-
piric modes rather than a single mechanism. Here, we briefly outline some previously reported examples of
serpentinite diapirism that represent this spectrum of occurrence.

2.1. Examples of Serpentinite Diapirism Associated With Isostatic Uplift
2.1.1. Partially Serpentinized Serpentinite Diapirs

Isolated mantle peridotite massifs have long been associated with variable extents of serpentinization (e.g.,
Darwin, 1835), and their differential uplift relative to the surrounding seafloor has been proposed to occur
due to the lower density of serpentine (e.g., Boillot et al., 1980; Bonatti, 1976; Hess, 1954). Isostatic uplift as
a result of density-reduction from partial serpentinization reactions, in combination with transpressional
tectonics, has been previously invoked to explain isolated mantle peridotite massifs along oceanic fracture
zones (e.g., Bonatti, 1978; Campos et al., 2010; Kil et al., 2010). For example, associated with the St. Paul and
St. Peter Fracture Zones (0.6°N and 2.5°N) in the equatorial Atlantic, the St. Peter and St. Paul Rocks archi-
pelago (Campos et al., 2010) is primarily composed of variably serpentinized mylonitized mantle peridotite
(e.g., Campos et al., 2005, 2010; Hekinian et al., 2000; Melson et al., 1972). These islands are only the emer-
gent portion of the much larger (~90 x ~20 km? at 3,000 m bsl) submerged variably serpentinized North
Ridge mantle peridotite massif that rises from abyssal depths (~4,000 mbsl, Campos et al., 2010; Hekinian
et al., 2000; Maia et al., 2016). Radiometric dating suggests that the archipelago only became emergent in
the past ~6,500 years, with uplift on-going at a minimum uplift rate of >1.5 mm/yr (Campos et al., 2010).

2.1.2. Completely Serpentinized Serpentinite Diapirs

Discreet occurrences of completely serpentinized mantle peridotites have previously been interpreted as
distinct serpentinite diapirs. A key characteristic and composition of these surficial serpentinite extrusions
is a low-density, mélange-like serpentinite breccia assemblage, where strongly altered and completely ser-
pentinized peridotite clasts are hosted in a finely comminuted serpentinite gouge. These easily erodible
materials are commonly associated with elevated topography, and consequently high uplift rates are often
inferred to maintain the high relief of these easily erodible serpentinite extrusions. Examples that occur
near the San Andreas Fault, California include the ~5 km? 1,027-m-high Table Mountain (Dickinson, 1966;
Moore & Rymer, 2007) and the ~100 km?* New Idria Massif (1,605 m, Coleman, 1996; Tsujimori et al., 2007).
Both features are interpreted as completely serpentinized serpentinite diapirs. A rapid uplift rate of ~4 mm/
yr is estimated from the relative displacement of sedimentary indicators (Coleman, 1996). This rapid uplift
rate is balanced by an inferred high erosion rate of ~4 mm/yr that indicates ~17 km® has been removed
from the New Idria serpentinite diapir (Coleman, 1996; Mumpton & Thompson, 1975). The rapid uplift rate
(~4 mm/yr) is significantly greater than the estimated regional uplift rate for the Coast Ranges (~1 mm/
yr; Page et al., 1998), implying differential uplift and exhumation between the New Idria serpentinite diapir
and surrounding area simultaneously producing and maintaining ~1,000 m of elevated relief.

2.2. Examples of Serpentinite Diapirism Not Associated With Isostatic Uplift

The large (~30 km in diameter, ~2 km high) submerged serpentinite mud volcanoes of the Mariana
forearc have previously been referred to as examples of serpentinite diapirism (e.g., Fryer et al., 1985, 1992;
Ishii et al., 1992). Although these features contain clasts of strongly serpentinized mantle peridotite and
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metabasalts, some with sub-blueschist assemblages, these mud volcanoes are predominantly built from
multiple effusions of unconsolidated serpentinite muds. These muds are, inferred to be produced by pro-
gressive interactions between serpentinized peridotites from the mantle wedge of the upper plate and sub-
ducting slab-derived fluids. Over-pressured mud-rich fluids then rise up steeply dipping faults before ep-
isodically erupting onto the seafloor (e.g., Fryer, 2012; Mottl et al., 2004). Fluid mass transfer resulting in
multiple episodes of mud-eruption have built up these serpentinite seamounts (Fryer, 2012) as opposed to
isostatic responses resulting directly from serpentinization reactions. These mud volcanoes therefore differ
from other completely serpentinized peridotite diapirs as they are not associated with surface uplift.

3. The Troodos Massif

Here, we investigate the uplift of the Troodos Massif, one of the world's best-preserved, least deformed, and
most complete ophiolites (Gass, 1968). The Troodos mountains expose ocean crust and upper mantle rocks
that formed ~90-92 Ma at some form of supra-subduction zone spreading ridge in the Neo-Tethyan Ocean
(Moores & Vine, 1971; Moores et al., 1984; Mukasa & Ludden, 1987; Pearce et al., 1984). The ~90-km-long
and ~30-km-wide ophiolitic sequence crops out as an elliptical bullseye-patterned welt, with the strati-
graphically deepest rocks, partially serpentinized mantle peridotites, forming the highest elevation of the
Troodos mountains (Mount Olympus, 1,952 m asl). This Mantle Sequence is surrounded by an eroded anti-
clinal dome comprising concentric annuli of gabbroic and ultramafic cumulate rocks, sheeted dikes, lavas,
and submarine sediments that crop out at progressively lower altitudes around the slopes of the massif
(Figure 1a).

Unlike other ophiolites, such as the Samail ophiolite of Oman (e.g., Hacker et al., 1996; Searle & Cox, 1999),
the Troodos ophiolite was not obducted onto a continental margin soon after its formation and there is
no metamorphic sole to the massif. In contrast, significant uplift of the Troodos ophiolite has occurred
since 5.5 Ma (e.g., McCallum, 1989; Poole & Robertson, 1991, 1998; Robertson, 1977; Rouchy et al., 2001;
Stow et al., 1995) and it is qualitatively inferred that the exposure of the Troodos massif results from the
serpentinization of peridotites from the mantle below the ocean crustal rocks of the ophiolite (Gass & Mas-
son-Smith, 1963; Moores & Vine, 1971; Robertson, 1977, 1998).

The initial serpentinization of the Troodos Mantle Sequence is commonly invoked to have occurred due
to the collision of the Eratosthenes Seamount continental block with the Cyprean trench to the south of
Cyprus that has stalled the northward subduction of the African plate (Ergiin et al., 2005; Robertson, 1998).
It is proposed that this has resulted in the focused upwelling into the overlying mantle wedge of hydrous
fluids generated by the dewatering of partially subducted marine sediments and ocean lithosphere, induc-
ing and focusing serpentinite diapirism onto the Mount Olympus region (Gass, 1977; Moores & Vine, 1971;
Robertson, 1977, 1998). The best estimates for the dip of the subducting plate in the Cyprean arc are be-
tween ~13° and ~33° (Feld et al., 2017; Mackenzie et al., 2006) with the top of the down-going slab lying
between ~13 and ~40 km below Mount Olympus. Oxygen and hydrogen isotopic measurements of the
Troodos Mantle Sequence indicate that discrete portions of the Mantle Sequence have interacted with mete-
oric and “oceanic-like” waters (Magaritz & Taylor, 1974; Nuriel et al., 2009), suggesting the progressive and
episodic serpentinization of the Mantle Sequence is likely on-going.

Other mechanisms have also been suggested to explain the geometry of the Troodos Massif including Creta-
ceous ridge-related serpentine diapirism (Schuiling, 2011) and Cretaceous ridge-related detachment fault-
ing (Nuriel et al., 2009). Recent regional structural analysis downplays the importance of serpentinization
and suggests uplift can be generated solely by Miocene to present-day convergence across the Cyprean
subduction zone (Ring & Pantazides, 2019).

3.1. The Troodos Massif Mantle Sequence

The highest part of the Troodos Massif (Figure 1a) comprises a ~200 km?” central region at moderate alti-
tude (>1,200 m) comprising mantle peridotite and surrounding gabbro, characterized by gentle hillslopes
and relatively wide, shallow valleys, although the boundary between the gabbros and peridotites is com-
monly faulted with steep relief in places. In contrast, the surrounding Sheeted Dike Complex is exposed
in steep-sided ridges up to ~1,000 m altitude that are deeply incised, with the encompassing Extrusive
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Figure 1. (a) Geological map of the Troodos ophiolite with the bullseye geometry of the Mantle Sequence highlighted
along with the Limassol Forest Complex terrane, the Cyprus arc, and northernmost portion of the Eratosthenes
Seamount. (b) Geological map of the Troodos Mantle Sequence, adapted and updated from Wilson (1959). X-X'

shows line of cross-section (see Supporting Information for entire line of cross-section; Figure 2). Density sample
locations shown as are sample locations for published oxygen and hydrogen stable isotope analyses by Magaritz and
Taylor (1974), Heaton (1976), and Nuriel et al. (2009).

Sequences and circum-Troodos sediments occurring at lower altitudes in gently dipping outcrops best ex-
posed in river canyons.

The Mantle Sequence of the Troodos Massif can be subdivided into two discrete regions (Figure 1b): (a)
an arcuate western zone of partially (~50%-~70%) serpentinized tectonized harzburgites with minor dun-
ites, referred to here as the Olympus domain, juxtaposed by faults against (b) an eastern ~5 km diameter,
subcircular region of completely serpentinized peridotite blocks in a sheared matrix of serpentine breccia
(Figure 2), here named the Artemis domain. The Artemis domain rocks have previously been referred to as
the Smash zone (Wilson, 1959) or The Serpentine (Gass & Masson-Smith, 1963), or the remobilized serpen-
tinite plug (Moores & Vine, 1971).

The Cr-number (Cr/Cr + Al) of chrome spinels is a commonly used parameter to identify the tectonic
setting of residual mantle peridotites (e.g., Arai, 1994; Dick & Bullen, 1984; Parkinson & Pearce, 1998), con-
trasting Cr-numbers of Troodos Mantle Sequence chrome spinel (Batanova & Sobolev, 2000) indicate that
the completely serpentinized peridotites of the Artemis domain originate from a region of fertile mantle

EVANS ET AL.

4 of 25



A |
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB021079

SW

2000 m —

om.

om 5000 m 10000 m

Troodos Oceanic Crust Olympus Domain Artemis Domain
El Sheeted Dykes ! ’F:z:it:jyofiet;pentlnlzed I:I Artemis Serpentine Breccia
] Gabbro - Olympus Transition Zone - Competent Serpentinized Peridotite

Lower Crustal
& Cumulate Ultramafic Rocks

- — - Magmatic Layering

..... Primary Mantle Fabric

Figure 2. Geological cross-section of the Troodos Mantle Sequence and associated ocean crustal rocks.

Faults related to
domain margins

NE

X’

15000 m

lherzolite (Cr# 0.22-0.28) that has been exhumed from depth and juxtaposed against the refractory shallow

mantle harzburgites (Cr# 0.51-0.70) of the Olympus domain.

A regional (200 X 100 km?) oblong positive Bouguer gravity anomaly between +100 and +250 mGal coin-
cides with the Troodos ophiolite (Figure 3a; Gass & Masson-Smith, 1963). This regional positive anomaly
generally decreases from west to east across the ophiolite (Figure 3b), with smaller localized anomalies
superimposed onto this regional trend (Figure 3a). The variably serpentinized outcrops of the Troodos
Mantle Sequence spatially coincide with a large negative gravity anomaly relative to the regional trend
(Figure 3a; 80-120 mGal; Gass & Masson-Smith, 1963; Shelton, 1993). This superimposed negative gravi-
ty anomaly is broadly centered on the abandoned chrysotile asbestos mine at Pano Amiantos (Figure 1b;
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Figure 3. (a) 3D gravity map covering Cyprus, data sourced from Gass and Masson-Smith (1963). (b) Gravity cross-
section along line Y-Y” again using data of Gass and Masson-Smith (1963), cross-section highlights the asymmetric
nature of the Mount Olympus anomaly with the gravity low centered broadly on the former chrysotile asbestos mine of

Pano Amiantos.

EVANS ET AL.

5o0f 25



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB021079

Vertical fabric ;

%
Cohesive,
competent,
hard, blocky
outcrop pattern|

Overturned
layering

Figure 4. (a) Typical outcrop of partly serpentinized mantle peridotites from the Olympus domain with near
horizontal, narrow shear zones orientated 120° apart, that form laterally continuous ~100 m lensoidal geometries.
(b) Massive Olympus domain dunite displaying the common hard, blocky, cohesive, partially serpentinized mantle
peridotite outcrop pattern. (c) Olympus domain outer boundary highlighting a zone of intensely deformed peridotite
and intercalated blocks of overturned layered gabbro.

Gass & Masson-Smith, 1963; Shelton, 1993). In published studies, this negative gravity anomaly is best
represented as a vertical, cylindrical body of lower density serpentinized peridotite (2,670 kg/m®) extending
~11 km deep, within a higher density background of unserpentinized mantle (3,300 kg/m?® Gass & Mas-
son-Smith, 1963; Shelton, 1993).

3.2. Structure of the Olympus Domain

The rocks of the Olympus domain exhibit a steeply dipping ~NW-SE orientated primary tectonic fabric of
elongated orthopyroxene grains, in some places isoclinally folded, that is interpreted as Cretaceous ridge-re-
lated high-temperature deformation (Moores & Vine, 1971). Overlaying this primary tectonic foliation are
conjugate brittle-plastic shear zones (following Fossen & Cavalcante, 2017; Ramsay, 1980), which in the
Olympus domain are thin, localized shear surfaces (~5 cm wide) and laterally continuous for ~100 m (Fig-
ure 4a). These shear surfaces intersect and are orientated ~120° to each other (Figure 4a), forming generally
undeformed elongated lozenges of partially serpentinized Olympus domain mantle peridotite encompassed
by shear surfaces (Figure 4a). Surrounding the summit region of Mount Olympus, conjugate shear zones
are orientated at low dip angles and in general progressively steepen away from the summit region to mod-
erate-high dip angles at the margins of the Olympus domain (Figures 1b and 4b). Fracturing at the outcrop
scale is minor and manifests as joints and along shear surfaces (Figures 4a and 4b). The Olympus domain
displays a distinctive, cohesive, blocky, and competent outcrop pattern (Figure 4b).

There is a complex marginal boundary between the Olympus domain and the encircling plutonic crustal
rocks (Figure 4c), which we term here as the Olympus Transition Zone. This zone is of variable width, up to
~1 km at its widest extent, and comprises a generalized transition from predominantly lower ocean crustal
cumulate rocks intercalated with localized bodies of dunite and pyroxenite to predominantly mantle rocks
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of the Olympus domain, principally harzburgites and dunites with intercalated localized bodies of lower
ocean crustal mafic and ultramafic cumulate rocks. Deformation is distributed throughout the Olympus
Transition Zone but is mostly localized to an encircling array of steeply dipping interconnected fault-zones
that isolate and juxtapose regions of undeformed and massive partially serpentinized bodies with moder-
ately to steeply dipping (60°->90°) layered gabbros that in places are locally overturned (Figure 4c). This
structural style occurs across differing scales from outcrop to hillslope (Figure 1b; see Supporting Informa-
tion), consequently producing a complex structural unit that anastomoses irregularly around the arcuate
periphery of the Olympus domain (Figure 1b). Although on the western slopes of Mount Olympus, some
rare, small, fault-isolated regions preserve igneous boundaries between cumulate to mantle rocks, at a larg-
er scale faults always separate the main Olympus domain from the continuous sequences of ultramafic
cumulate rocks and gabbros of the lower Troodos ocean crust (Wilson, 1959).

3.3. Structure of the Artemis Domain

To the east of Mount Olympus is the sub-circular Artemis domain that comprises heterogenous assemblag-
es of highly serpentinized blocks and clasts and serpentine gouge, which is juxtaposed by faults against the
massive peridotites of the Olympus domain (Figure 5a). The Artemis domain is generally at lower altitude
than (>1,200-~1,700 m) the Olympus domain (>1,200-1,952 m) (Figure 5a).

Within the Artemis domain, coherent blocks and clasts (>100 m to dm) are completely serpentinized and
occur within a friable matrix of highly comminuted serpentine cataclasite and serpentine clay gouge. In
some zones, the serpentine gouges have developed a well-defined secondary foliation fabric (Figure 5b)
that anastomoses around the more competent clasts (Figures 5c and 5d). Within the more competent clasts,
fibrous asbestiform chrysotile and crack-seal serpentine veining are common on scales from 0.5 mm to
~10 m, forming abundant mutually cross-cutting orthogonal, concentric, and oblique vein sets (Figure 5c).
In rare occurrences, serpentine veins cross-cut the Artemis serpentine gouge. Variable proportions and
extents of recrystallization occur throughout the Artemis domain (e.g., Figure 5b), with the greatest con-
centration along localized zones of high strain.

Overall, the Artemis domain comprises an approximately 50:50 mixture of serpentine breccia and gouge
to competent serpentinized clasts, although the relative proportions are spatially variable (Figure 5d).
The highest proportion of serpentine breccia-gouge to block-clasts is around the subcircular margin of
the Artemis domain (~80:20 respectively) with localized regions of 100% recrystallized serpentine gouge
(Figure 5b). These areas typically exhibit poorly consolidated steep slopes with active mass wasting and
gravity-driven slumping in deeply incised valleys around the periphery of the Artemis domain (Figure 5e).

In contrast, in the central zone of the Artemis domain, the ratio of blocks-clasts to serpentine breccia-gouge
is reversed, with large (>100 m) blocks of strongly altered peridotite separated by complex networks of rel-
atively narrow (~10 m) serpentine breccia (Figure 2).

4. Contrasting Properties Within the Troodos Mantle Sequence
4.1. Contrasting Mineralogy

The serpentinization style within the Olympus domain reflects the partial transformation (~50%-~70%) of
primary olivine and orthopyroxene to serpentine through serpentinization hydration reactions (Figure 6a,
Table 1). In contrast, the completely serpentinized materials of the Artemis domain reflect multiple and
potentially on-going episodes of deformation, alteration, and recrystallization (Figure 6b). Primary and
alteration bulk assemblages are estimated from thin section and outcrop observations. Distinguishing be-
tween different serpentine polymorphs is challenging (Rooney et al., 2018, and references therein) so con-
sequently we describe them all simply as serpentine, except for fibrous chrysotile and rare occurrences of
“splintery” antigorite.

The rocks of the Olympus domain are predominantly tectonized harzburgites originally composed of oli-
vine, orthopyroxene, chromite, and minor interstitial diopside, with subsidiary dunites, and some primary
orthopyroxene veins. These rocks are partially to completely altered to olivine-serpentine mesh-textures
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:l Serpentine Breccia - Artemis Competent Clast

Figure 5. (a) 3D satellite-terrain hybrid image of the Troodos Mantle Sequence, highlighting the extent and differences
in terrain and geomorphology between the Olympus and Artemis domains. Locations of inset images (b)-(e) shown.
(b) Artemis domain serpentine gouge displaying the complex and intricate structure within recrystallized serpentine
breccia-gouge. Hammer for scale. (c) Competent serpentinite block-clast with mutually cross-cutting orthogonally
orientated serpentine veins, that is surrounded by highly comminuted serpentine cataclasite and localized serpentine
gouge. (d) Artemis domain clast-gouge mountainside structure, highlighting the complex domain-wide network of
isolated competent serpentinized block-clasts surrounded by weaker serpentine breccia-gouge. Viewing platform
overlooking the former Amiantos asbestos mine for scale. (e) Actively collapsing Artemis domain hillslopes due to high
proportions of weak, friable, and serpentine gouge.

and some magnetite, with trace dolomite and calcite, and minor ~1-mm-wide serpentine veins (Figure 6a).
Serpentine-filled microfractures are abundant at the micron scale (Figure 6a).

In contrast, the competent clasts of the Artemis domain are composed of mixed serpentine and chrysotile,
including the complete bastitic replacement of primary orthopyroxene. Serpentine, predominantly fibrous
chrysotile, occurs as discrete mutually cross-cutting extensional and hybrid crack-seal veins. The breccia
matrixes and gouges comprise serpentine variably recrystallized to different grain sizes (Figure 6b). Multi-
ple episodes of serpentinization, deformation, dissolution, and recrystallization are likely reflected in the
breccia matrixes and gouges. In rare occurrences antigorite forms as discrete veins (e.g., Magaritz & Tay-
lor, 1974) and as brecciated clasts (0.1-2 mm) surrounded by recrystallized serpentine. Chromite is the only
primary mantle phase preserved in the Artemis domain rocks. Globular hydro-andradite occurs throughout
the blocks within the Artemis domain, and also forms as discrete veins associated with serpentine veins.
Calcite occurs as discrete late-stage veins generally cross-cutting serpentine veins.

EVANS ET AL.

8 of 25



Al . .
A Journal of Geophysical Research: Solid Earth 10.1029/2020JB021079

AND SPACE SCIENCE

Olivine dissolution

at grain-boundary \

Olivine

‘Etch Pit!

Micro-fracturing
development

Serpentine

Disaggregation of a
chrysotile vein

%goﬂc Se(ﬁ:r_zﬁne ir?t ’ I'd
200° . o equilibrium wit
h Y ,‘1.50 ¢ "\ Slab-derived water
=501 150°C NQB™ » o 100°C
Serpentine in 00T~ —

equilibrium with B~ * N sp°c \\ -,

= o —
s —-60 Cretaceous seayater 'L \ .
g o R
s W25t ~a P
g -70 ol . @ 0C ]
- |
§ ~.\1ooec H pgB | [ ]
Q _goMN, . ]
e hoot~y ., &~ _soc ®
By Tl
—90 ° 25C " ~a ® A ~.§,_.

0°C Serpentine in equilibrium with
meteoric water

-100 T T T T T T T
00 25 50 75 100 125 15.0 17.5 20.0

680serp (smow) (%o)

Artemis Serpentine - Nuriel et al., 2009
Olympus Serpentine - Nuriel et al., 2009
Artemis Serpentine - Magaritz and Taylor, 1974
Olympus Serpentine - Magaritz and Taylor, 1974
Artemis Serpentine - Heaton, 1976

Olympus Serpentine - Heaton, 1976

éooomn

Figure 6. (a) Scanning electron microscope back-scattered electron (BSE) image of the partly serpentinized Olympus
domain with the olivine-serpentine mesh interface highlighted. Common micro-fracturing associated with the
dissolution and transformation of primary olivine to secondary serpentine through the serpentinization style of
partial serpentinization hydration reactions. (b) Cross-polarized light photomicrograph of a typical Artemis domain
completely serpentinized competent clast with variable dynamically recrystallized serpentine and associated cataclastic
deformation. (c) Oxygen and hydrogen stable isotope plot of published serpentine measurements (Heaton, 1976;
Magaritz & Taylor, 1974; Nuriel et al., 2009). Troodos Mantle Sequence values are separated based on sample location
either from the Olympus or Artemis domain. Calculated serpentine oxygen and hydrogen stable isotope values in
equilibrium with Cyprus meteoric water (80 —7%o, D —35%o; e.g., Boronina et al., 2005), Cretaceous seawater

(80 =1%o, 6D —7%0; e.g., Heaton & Sheppard, 1977), and slab-derived metamorphic water (§'°0 +7.8%o, 6D —15%o;
e.g., Alt & Shanks, 2006) are shown. Triangles represent calculated serpentine values in equilibrium using empirical
oxygen isotope fractionation factors from Wenner & Taylor, 1971 and hydrogen isotope fractionation factors from
Saccocia et al. (2009). Squares represent calculated serpentine values in equilibrium using semi-empirical oxygen

isotope fractionation factors from Zheng (1993) and empirical hydrogen isotope fractionation factors from Saccocia
et al. (2009).
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Table 1

Contrasting Characteristics, Properties and Serpentinization Styles Exhibited by the Proposed Olympus and Artemis Domains of the Troodos Mantle Sequence

Olympus domain

Artemis domain

Serpentinization degree

Serpentinization style

Fabric

Fractures

Chrysotile and serpentine veins

Shear zones

Competence

Density

Ground water

Topographic expression

Erosion rate

Inferred uplift initiation age

Oxygen and hydrogen stable isotope values

~50%-70%

Hydration of primary igneous mineralogy

Primary—tectonitized localized serpentinized shears,

cm to decimeter wide

Minor fracturing

None, minor, ~2 mm wide serpentine veins
uncommonly occur around domain periphery

Laterally continuous up to 100 m, narrow <1 m,
discrete, localized shear surfaces orientated 120°
apart

Cohesive, hard, blocky
2,686 + 83 kg/m’

Low to very low, few perennial streams, ephemeral
streams and seeps, no springs

100%

Coupled serpentine
deformation-alteration-recrystallization

Extensive secondary, polyphase shears, weak
and soft serpentine breccia with component
serpentinized clasts 1 cm to >100 m

Extensive on all scales from micron to ~100 m

Abundant orthogonal, concentric, oblique on all
scales from sub-mm to 20 cm

Pervasive, dominating entire body from mm to
>1 km, anastomosing/surrounding competent,
rigid clasts

Friable, incohesive
1,949 + 47 kg/m’®

Moderate to high, numerous ephemeral seeps and
springs, several moderate-large perennial streams

Mt. Olympus high point Collapsing slopes, valleys

Low, vegetated slopes, steep, large, rocky outcrops,
narrow gorges

High, actively collapsing, vegetation-free steep slopes
- angle of repose >30°

~5.5 Ma <1 Ma?
80 +7.1 + 3% (10) 50 +11.8 + 1.2%0 (10)
5D —70.3 + 10.8 %o (10) 5D —82.4 + 8.2%0 (10)

4.2. Contrasting Serpentine Oxygen and Hydrogen Stable Isotope Values

Published serpentine oxygen and hydrogen stable isotope values (e.g., Heaton, 1976; Magaritz & Tay-
lor, 1974; Nuriel et al., 2009) differ for the Olympus domain and the Artemis domain (Figure 6¢; Table 1).
The Artemis domain values exhibit a shift to higher oxygen stable isotope values relative to the Olympus
domain (Figure 6c; e.g., Heaton, 1976; Magaritz & Taylor, 1974; Nuriel et al., 2009). Calculated serpentine
oxygen and hydrogen stable isotope values in equilibrium with meteoric water (6"*0 —7%, 8D —35%o; e.g.,
Boronina et al., 2005) at temperatures >25°C to <100°C and Cretaceous seawater ("0 —1%o, 6D —7%o;
e.g., Heaton & Sheppard, 1977) at temperatures <150°C fall into the respective outer limits of the Olympus
domain values (Figure 6¢). In contrast, serpentine oxygen and hydrogen stable isotope values of the Artemis
domain fall into a narrower range (6'*0 +10.3%o to 413.5%0; D —70%o0 to —92%o) compared to the Olympus
domain (60 +3.4%o to +14.1%0; 6D —52%o to —92%; Figure 6¢c; Heaton, 1976; Magaritz & Taylor, 1974;
Nuriel et al., 2009). There is greater range in the Artemis domain hydrogen stable isotope values compared
to oxygen stable isotope values (Figure 6¢). Calculated serpentine oxygen isotope values in equilibrium
with meteoric water (60 —7%o, 8D —35%o; e.g., Boronina et al., 2005) at temperatures ~25°C-~50°C fall
within the measured range of Artemis domain oxygen isotope values (Figure 6¢). However, only some of the
measured Artemis domain hydrogen stable isotope values match the equivalent equilibrium calculations
(Figure 6¢). The calculated serpentine oxygen and hydrogen stable isotope values in equilibrium with a
slab-derived serpentinizing fluid (§'®0 +7.8%o, D —15%o; e.g., Alt & Shanks, 2006) do not match any previ-
ously measured oxygen and hydrogen stable isotope values (Figure 6c).

4.3. Contrasting Bulk Densities

Bulk dry densities were measured on mini-cores taken from selected representative samples from the Troo-
dos ophiolite Mantle Sequence including samples from each of the Olympus and Artemis domains (Table 2).
The bulk density of the partly serpentinized peridotites of the Olympus domain is 2,686 + 83 kg/m’ (10,
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;i:a))lzznsity Measurements With Estimated Primary and Secondary Modal Mineral Assemblages
Sample Sample type Density (kg/m®) Primary mineralogy assemblage (%)  Secondary Mineralogy Assemblage (%)
AH2 Olympus Dunite 2,760 30-50 50-70
AH1 Olympus Harzburgite 2,797 30-50 50-70
AJ2H Olympus Harzburgite 2,565 30-50 50-70
AJ2V Olympus Harzburgite 2,565 30-50 50-70
PP3-20 Olympus Harzburgite 2,699 30-50 50-70
PP3-16 Olympus Harzburgite 2,706 30-50 50-70
PP2-11 Olympus Dunite 2,708 30-50 50-70
PP2-15 Olympus Dunite 2,688 30-50 50-70
AR2 Artemis Clast 2,292 0 100
AR1 Artemis Clast 2,294 0 100
PP1-23 Artemis Clast 2,390 0 100
PP1-22 Artemis Clast 2,268 0 100
PP1-25 Artemis Clast 2,408 0 100
BZ1 Artemis Breccia 1,545 0 100
BZ2 Artemis Breccia 1,505 0 100
DC1V Artemis Breccia 1,559 0 100
DC2H Artemis Breccia 1,502 0 100
DH1V Artemis Breccia 1,607 0 100
DH2H Artemis Breccia 1,691 0 100
DSDP Leg 37 (n = 5)* Serpentinized peridotite 2,699
Mantle** Unserpentinized Mantle 3,300 100 0
Sample Type Average Density (kg/m®) lo Competent Clast (%) Serpentine Breccia (%)
Olympus 2,686 86
Artemis Clast 2,330 63 (6a) 100 0
Artemis Breccia 1,568 71 (6b) 0 100
Sample type Average Density (kg/m*®)  (*) Propagated Error (§z) ~Competent Clast proportion (x) ~ Serpentine Breccia proportion (y)
Artemis Breccia 1,949 47 0.5 0.5
1,759 56 0.25 0.75
2,139 51 0.75 0.25
2,177 51 0.8 0.2
1,720 58 0.2 0.8
1,873 50 0.4 0.6
2,025 47 0.6 0.4

Note. DSDP Leg 37 average density of serpentinized peridotite from Hyndman and Drury (1976). Average density of unserpentinized mantle peridotite from
Birch (1961). Calculated errors for differing proportions of Artemis clast and gouge are also shown.

*Hyndman and Drury (1976).
**Unserpentinized mantle peridotite (Birch, 1961).

2 57 :\/(x xSa) +(yx ob)’
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n = 8). In contrast, the serpentinized clasts from the Artemis Domain have bulk densities of 2,330 + 63 kg/
m® (1o, n = 5) and the serpentine breccias yield very low densities of 1,568 + 71 kg/m3 (1o, n = 6; Table 2,
Figure 4b). Given the approximately 50:50 mix of clasts to breccia across the whole Artemis domain, we es-
timate a gross bulk density of ~1,949 + 47 kg/m’ (Table 2). Background unserpentinized mantle peridotite
has an inherit bulk density of 3,300 kg/m3 (Birch, 1964; Gass & Masson-Smith, 1963).

5. Constraints on the Timing of the Uplift and Exposure of the Troodos
Ophiolite

The Troodos ocean crust is relatively thin, only ~4,000 m thick from the top of the extrusive rocks to the
uppermost mantle peridotites (Malpas, 1989). However, this still requires that a minimum of ~4,000 m of
exhumation must have occurred since the initial subaerial emergence of the Troodos ophiolite. The cir-
cum-Troodos sediments in the Mesaoria and Pissouri basins surrounding the Troodos Ophiolite (Figure 1a)
preserve stratigraphic records of the unroofing and erosion of progressively deeper levels of the Troodos
ophiolite (McCallum, 1989; Poole & Robertson, 1991, 1998; Robertson, 1977; Rouchy et al., 2001; Stow
et al., 1995; see supporting information). Significant amounts of Troodos-derived diabase and lava clasts
occur in the latest Messinian/Early Pliocene (~5.5 Ma) strata indicating significant subaerial relief and ex-
posure of the uppermost Troodos crust by this time (McCallum, 1989; Rouchy et al., 2001; Stow et al., 1995).
Gabbroic clasts are first recorded in the Late Pliocene (McCallum, 1989; Stow et al., 1995). The proportion
of gabbroic clasts is significantly greater in the Pleistocene Fanglomerates than the Pliocene successions
(McCallum, 1989; Poole & Robertson, 1991, 1998). The first occurrence of ultramafic clasts is recorded
within the Lower Pleistocene (<2.58 Ma) sequence (Poole & Robertson, 1991, 1998; Stow et al., 1995; Wil-
son, 1959). The abundance of ultramafic clasts progressively increases within the Pleistocene Fanglomerate
sequences (2.58-0.0117 Ma) (Poole & Robertson, 1991, 1998). The Plio-Pleistocene sedimentary sequences
have been interpreted to record pulses of uplift focused on Mount Olympus (e.g., McCallum, 1989; Poole
& Robertson, 1991, 1998; Robertson, 1977), with the intensity of the uplift episodes having waned from the
Late Pleistocene to the present day (Poole & Robertson, 1998).

Low-temperature (U-Th)/He thermochronology on plutonic rocks from the Troodos Massif suggests an
exhumation rate of 0.86 mm/yr with the onset of uplift at 6 + 2 Ma (Morag et al., 2016). This rate broadly
agrees with the uplift trajectory compiled from clast occurrences in the circum-Troodos sedimentary se-
quences (McCallum, 1989; Poole & Robertson, 1991, 1998; Rouchy et al., 2001; Stow et al., 1995).

6. Mechanistic Uplift Modeling

Explanation of the formation of the unique geometry of the Troodos Massif must address a number of key
observations: (a) Uplift must occur within the well-constrained uplift trajectories from circum-Troodos sed-
imentary sequences (e.g., Follows, 1990; McCallum, 1989; Poole & Robertson, 1998; Robertson, 1977, 1998;
Stow et al., 1995) and recent thermochronology (Morag et al., 2016); (b) Invoke a mechanism that explains
the differential uplift between the exhumed Troodos Mantle Sequence atop Mount Olympus and the re-
gionally uplifted mantle peridotites that underlie the remaining ocean crustal sequences; (c) Account for
the subdivision of the Troodos Mantle Sequence into two distinct domains and their respective contrasting
properties that has induced further uplift and exhumation of the Artemis domain relative to the Olym-
pus domain. Here, we develop a one-dimensional uplift model for the Troodos Mantle Sequence to de-
termine whether it is mechanistically possible to generate the observed ~2,000 m relief through a density
contrast-driven isostatic response since ~5.5 Ma, whilst parameterizing for the subdivision of the Troodos
Mantle Sequence.

6.1. Model Parameters

Using reasonable parameters for the Troodos ophiolite (Table 3), elevation is determined in a number of
iterative steps by subtracting erosion from the isostatic uplift generated by an advancing one-dimension ser-
pentinization front within a period of time, from an initial elevation of 0 m (Equation 1, Figure 7a, Table 3).

Elevation = Uplift — Erosion €9

EVANS ET AL.

12 of 25



. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB021079

Z\T/?ol;l:l :I”’arameters for the Olympus and Artemis Domains Used in the Mechanistical Uplift Modeling

Symbol Definition Olympus domain parameters Artemis domain parameters Unit

Sp Serpentinization front distance m

S, Serpentinization front rate (200, 1,000, 2,000, 3,000) (600, 3,000, 6,000, 9,000) m/Myr
Time period Myr
Time steps 10,000 2,000

®p Stretching distance m

B Stretching percentage 20% = 50% Serpentinization 40% = 100% Serpentinization

Dp Domain thickness/depth m

U, Total uplift from isostatic response m

oM Density of residual material 3,300 (background lithospheric mantle) 2,700 (Olympus) kg/m®

oD Domain density 2,700 (Olympus) 2,000 (Artemis) kg/m’

E, Erosion rate m/Myr

& Erosion response time Myr

T Bedrock erodibility coefficient 1.5x107° 6.4x107° m

® Precipitation 910 910 mm/yr

E Erosion m

The serpentinizing front advances at an estimated average rate (S,) for a given time period (). This gener-
ates a depth (Sp) for the serpentinization front (Equation 2, Figure 7a).

Sp =8, xn ©)

We assume that the advancing serpentinizing front occurs within a horizontally confined structure, advanc-
ing into background unserpentinized peridotite with a density of 3,300 kg/m®. Serpentinization reactions
reduce density and result in volume expansion. Assuming that the horizontally confined structure expands
(Equation 3) in the vertical direction, the total percentage of volume expansion () is related to the total
average serpentinization percentage above the advancing front. The rocks of the Olympus Domain are on
average approximately ~50% serpentinized, and this produces a ~20% volume expansion (100% serpentini-
zation results in ~40% bulk volume expansion).

(S,
?p —(IOOJ B 3

The total depth of the expanded advanced serpentinizing front (¢p) in a given time period added to the
serpentinization front depth (Sp), yields the total depth (Dp) (Equation 4)

Dp =Sy +¢p 4

Dy, is then input into an isostatic calculation to determine the isostatic change in elevation over an incre-
ment of time, to the density difference between background ultramafic unserpentinized mantle (o) and
a horizontally confined, vertical serpentinized body (op). The uplift due to isostatic response (U,) of an ad-
vancing serpentinization front is equal to the total uplift (Equation 5) (Figure 7a).

Py =P
U, =[u] x Dy )
Pu

We then apply an erosional model (following e.g., Cao & Paterson, 2016; Lee et al., 2015; Simoes et al., 2010)
to calculate the erosion rate (E,) for a time period (Equation 6).
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Figure 7. (a) Uplift model set up. One-dimensional horizontally confined model where elevation is determined by subtracting erosion from the isostatic uplift
in response to an advancing average serpentinization transformation front. Model is repeated over a number of iterative steps from an initial elevation of 0 m
for a total run time of 5.5 Myr. Differing parameters are utilized for each domain (see Table 3). (b) Olympus domain isostatic uplift output shown with no
erosion applied. Output highlights the theoretical maximum surface uplift that can be generated through an advancing average serpentinization transformation
front. (c) Olympus domain elevation model output shown, where differential erosional parameters are applied to the uplift model, generating an elevation
value through subtracting erosion from surface uplift. Artemis domain total elevation output is also shown in dashed. Inflection point at 4.4 Myr highlights

the change in parameterization from Olympus to Artemis (Table. 3). (d) Olympus domain evolving thickness output shown highlights the interplay between
erosion and the advancing serpentinization front in producing the thickness of the domain. (e) Olympus domain exhumation total is shown along with the
Artemis domain exhumation total (in dashed). Inflection point at 4.4 Myr represents the activation of Artemis parameters (see Table 3).
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= ©)
e = 1
! T, X @)
E=E xn (8)

The erosion rate (E,) is a function of the isostatic response uplift (U;) and erosion response time (g;). The
erosional response time is a function of the bedrock erodibility constant (7,) and average annual precipita-
tion (w) (Equation 7). By multiplying the erosion rate with the time period (77), the total erosion (E) for that
time period can be calculated (Equation 8). Each step is repeated 10,000 times over a defined time period
of 5.5 Myr.

6.1.1. Advancing Serpentinization Front Rates

A range of one-dimensional average advancing serpentinization front (S,) rates are input into the Olympus
mechanistical uplift model (Table 3) to determine the contribution of an advancing serpentinization front
to uplift and unroofing of the Troodos Massif mantle peridotites. The range of Olympus domain one-di-
mensional serpentinization front advancement rates (S,; 200-3,000 m/Myr) used in our model are broadly
equivalent to serpentinization rates proposed with other serpentinization studies in seafloor settings (e.g.,
Lowell & Rona, 2002) and experimentally determined one-dimensional serpentinization hydration reaction
“diffusion” rates that range between ~200 m/Myr and ~4,000 m/Myr (e.g., Lamadrid et al., 2017; Macdon-
ald & Fyfe, 1985; Martin & Fyfe, 1970; McCollom et al., 2016). However, the rate of our advancing one-di-
mensional serpentinization front (S,) is not strictly equivalent to an experimentally determined serpenti-
nization diffusion rate because our simple uplift model does not explicitly consider fluid channeling or the
spacing of cracks and channels.

In contrast, the Artemis domain does not express a simple progressive hydration/serpentinization style but
coupled near-surficial to surficial deformation-alteration-recrystallization serpentinization processes. Sur-
ficial to near-surficial serpentinization rates are interpreted to be geologically rapid (e.g., Craw et al., 1987).
Modeling of the interplay between chrysotile dissolution-recrystallization rates (e.g., Thom et al., 2013) and
grain size in differing surficial (22°C), fluid-saturated pH conditions indicates that pH 8 a ~1 mm chrysotile
particle would dissolve and recrystallize in ~20,000 years, whereas under the same conditions a ~1-m-sized
particle size would take ~20 Ma (see supporting information). Consequently due to grain size reductions,
coupled deformation-alteration-recrystallization mechanisms at surficial conditions within the Artemis do-
main are likely to occur at faster reaction rates than the hydration serpentinization style of the Olympus
domain. This reflects the contrasting structural characteristics of each domain (Figure 5¢) and is likely to
continue to some degree at depth due to greater fracture density within the Artemis domain relative to the
Olympus domain. To reflect this within the Artemis uplift model, the Artemis advancing transformation
rate (S,) is tripled relative to the Olympus domain.

6.1.2. Uplift Model Assumptions and Limitations

Itis assumed that the isostatically uplifted Troodos ocean crust had a similar density and bedrock erodibility
constant (z,) to partially serpentinized peridotites (2,700 kg/m?). It is assumed that there is no “lag” time
between the advance of the serpentinizing front and isostatic uplift. Within the model set-up, we assume a
horizontally bound vertical structure, where the advancing serpentinization front and associated volume
expansion occur only in the vertical direction. Although it is easier to conceptualize the model with fluid
infiltration from the surface, the model is not reliant on whether the serpentinization fluid source is from
above, below, or a combination of both since the mass-change outcome is the same in our one-dimension-
al setup. We assume that the advanced serpentinization front depth (Sp) is an average serpentinization
percentage for the whole vertical structure. The model does not account for gravitational collapse. Nor
does it account for thermo-mechanical boundary effects between the serpentinized portion and background
unserpentinized mantle during exhumation/uplift. It is assumed that present-day precipitation levels of
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910 mm/yr (Prodromos village, 1,400 m asl, Cyprus Department of Meteorology) are representative of rain-
fall throughout the model time frame. This may be an over-estimation as precipitation generally increases
with elevation, and hence may have been lower during the initial stages of uplift. Although during the
Plio-Pleistocene periods of greater humidity and precipitation levels than the present-day have been in-
ferred from the relative abundance of sapropels (e.g., Poole & Robertson, 1998 and references therein). We
propose a 1.1 Ma date (Mid Pleistocene) for the initiation of the Artemis domain alteration and deformation
processes that must start some time between the initial exhumation and protrusion of ultramafic rocks in
the Early Pleistocene and the end of the Pleistocene.

6.2. Uplift Modeling Results
6.2.1. Olympus Domain

A serpentinization transformation front advancing at a rate of 3,000 m/Myr will isostatically uplift rock a
total of 3,600 m in 5.5 Myr, for a density contrast of 600 kg/m? (Figure 7b). Applying reasonable erosional
parameters of 910 mm/yr precipitation and a bedrock erodibility of 1.5 x 107° m to the same uplift parame-
ters (S, = 3,000 m/Myr, Ap = 600 kg/m?) yields an elevation of ~1,950 m for the Olympus domain after 5.5
Myr (Figure 7c). Under the same model conditions, adjustment of the bedrock erodibility parameter from
1.5x 10 mto 1 X 10~® m and 2 X 10~ m produces elevation values of ~2,350 and ~1,650 m respectively.
Calculations of the evolving eroded total thickness (Figure 7d) and the total exhumation (Figure 7e) of
the Olympus domain for different average advancing serpentinization front rates (S,), suggests that up to
~9,000 m of material has been exhumed from the Olympus domain over 5.5 Myr.

6.2.2. Artemis Domain

To quantify the dynamic topography resulting from a secondary density contrast between the Artemis
(2,000 kg/m*) and Olympus (2,700 kg/m?) domains, the elevation model is re-run using the Artemis model
parameters (Table 3). After 4.4 Myr of the 5.5 Myr run time, the Artemis domain overprints the Olympus
domain, generating a joint contribution to the uplift and differential exhumation of the Artemis domain.
The advancing serpentinization front rate (S,) of the Artemis domain is tripled. The bedrock erodibility
constant (z,) is also increased to 6.4 x 10~° m to account for the weak, friable, easily erodible material.
Calculations using these parameters yield a lower elevation (~1,550 m) for the Artemis domain compared
to the Olympus domain peak (1,952 m) (Figure 7c), in line with the current present elevations. Using the
parameters applied, modeling suggests that ~17.5 km of material has been exhumed over 5.5 Myr period
(Figure 7e and Table 3).

7. Discussion
7.1. Serpentinite Diapirism of Troodos Mantle Sequence

New measurements of the bulk densities of the Olympus and Artemis domains, and simple modeling in-
dicate that mountains akin to Mount Olympus (~2,000 m elevation asl) can form within the required time
constraints (~5.5 Myr; see supporting information) solely through serpentinization with the resultant den-
sity contrast causing isostatic uplift. Serpentinization alone is therefore mechanistically capable of produc-
ing the progressive uplift and exhumation that has culminated in the solitary, relatively high-altitude peak
(1,952 m) of Mount Olympus, relative to the low to modest altitude of the sheeted dike complex (~1,000 m).
We interpret the Olympus domain as a distinct serpentinite diapir that has resulted in the transportation
and protrusion of mantle peridotites to 1,952 m asl above the regionally uplifted mantle peridotites that
underlie the ophiolitic ocean crust. The minimum differential uplift of the Olympus diapir compared to
the regionally uplifted “in-situ” Troodos ophiolite mantle peridotites can be estimated by considering the
Cyprus Crustal Study Project CY-4 drill hole located near the village of Palaichori (~930 m asl) ~20 km
east of Mount Olympus. With a total depth beneath the surface of 2,263 m, CY-4 penetrated sheeted dikes,
gabbro, and lower crustal ultramafic cumulate rocks but did not reach tectonized upper mantle peridotites
(Malpas et al., 1989). Assuming that the CY-4 drill hole would have intersected mantle peridotites at a depth
of 2,500 m beneath the surface (1,600 m below sea level) the minimum required relative uplift is ~3,600 m.
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We interpret the Artemis domain as a second, overprinting and distinct serpentinite diapir that has canni-
balized the eastern portion of the Olympus diapir through coupled deformation-alteration-recrystallization
processes to form a 100% serpentinized region (~1,949 + 47 kg/m®) with a large proportion of low-density
breccia (1,568 = 71 kg/m®). Although the lower density of the Artemis diapir results in a greater amount
of total isostatic uplift, its weak and easily erodible nature results in differential exhumation between both
domains and a lower average elevation of the Artemis diapir (~1,550 m) compared to the Olympus diapir
(>1,500-1,952 m).

Differences between the properties and characteristics of both diapiric boundaries, serpentinization ex-
tents, alteration mineralogy, deformation styles, geomorphology, density, and outcrop patterns indicate that
the Artemis domain overprints and builds on pre-existing Olympus diapir serpentinization and uplift (Fig-
ure 2). This culminates in a distinct coupled serpentine deformation-alteration-recrystallization serpenti-
nization style that is in direct contrast to the partial hydration serpentinization style of the Olympus diapir.

The initial localization of greater extents of serpentinization in the Artemis diapir must result from struc-
tural controls that have been obscured by on-going deformation as the Artemis diapir expands into the
Olympus diapir. The high altitude of the Troodos Mountains and associated rainfall combined with strongly
deformed rocks has enabled the incursion of meteoric fluids into the rocks results in increased serpentiniza-
tion of the uplifted peridotites. An inevitable consequence of meteoric water incursion and serpentinization
is the augmentation of a localized deformation-alteration-recrystallization positive-feedback mechanism
that initiated the development of the overprinting Artemis diapir. These mechanisms induce the formation
of the easily erodible rock, and consequently result in further uplift and exhumation relative to the Olympus
diapir. By applying reasonable parameters to the uplift model, the total exhumation of the Artemis diapir is
calculated to range between >3.6 and ~17.5 km (Figure 7e). Testing will require further detailed petrologi-
cal and thermodynamic investigations.

There are clear geochemical differences between the rocks of the Olympus diapir and Artemis diapir. Previ-
ous oxygen and hydrogen stable isotope measurements (e.g., Heaton, 1976; Magaritz & Taylor, 1974; Nuriel
et al., 2009) yield different measured values for the Olympus and Artemis diapirs (Figure 6¢). Calculated
oxygen and hydrogen serpentine stable isotope values in equilibrium with meteoric water at varying tem-
peratures (Figure 6c) indicate that the Artemis diapir and portions of the Olympus diapir serpentinites
equilibrated with low-temperature (~25°C-<100°C) meteoric water at or near the surface since the un-
roofing of mantle peridotites during the Early Pleistocene (Poole & Robertson, 1998; Wilson, 1959), and
these reactions and exchanges are probably on-going. Serpentine hydrogen stable isotopes have been pro-
posed to exchange with subsequent fluid episodes, potentially overprinting original values (e.g., Kyser &
Kerrich, 1991; Kyser et al., 1999; Wenner, 1971). Since the proportions in the balance between oxygen and
hydrogen in the fluid and rock are different, hydrogen is more likely to undergo post-formational isotopic
exchange relative to oxygen; serpentine oxygen stable isotope values are likely to be more robust. The high
§'%0 values of the Artemis diapir and portions of the Olympus diapir (60 +10.3%o to +14.1%o) suggest
formation at low temperatures, likely with meteoric water (Figure 6¢). Regardless of whether or not these
values have been overprinted, they highlight that discreet portions of the Olympus and Artemis diapirs
have likely interacted and exchanged with differing fluids. Our 1-D models are not sensitive to where fluid
ingress and serpentinization occur and are consistent with a component of the uplift resulting from the
focused upwelling into the overlying mantle wedge of hydrous fluids generated by the dewatering of par-
tially subducted marine sediments and ocean lithosphere beneath the Troodos rocks, as has been proposed
to have initially serpentinized the Troodos Mantle Sequence, inducing serpentinite diapirism (Gass, 1977;
Moores & Vine, 1971; Robertson, 1977, 1998). Although there is strong evidence for two distinct textural
and geochemical mantle domains (Batanova & Sobolev, 2000), direct evidence for the initial serpentinizing
fluid remains elusive. Further geochemical and isotopic investigations are required to better constrain the
sequence of fluid-rock exchanges that have occurred during the progressive serpentinization of the Troodos
Mantle Sequence.

7.2. Previous Uplift Mechanisms Attributed to the Troodos Mantle Sequence

Previous studies, either do not or only partially satisfy the key criteria outlined in Section 6 necessary
to explain the geometry of the Troodos Massif. Although there is compelling evidence in the Limassol
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Forest Complex for the Cretaceous seafloor exhumation of mantle rocks (e.g., MacLeod, 1988, 1990; Mur-
ton, 1986), geological evidence for similar exposure of the Troodos Massif mantle rocks is less forthcoming.
Models that suggest the preservation of Cretaceous seafloor ridge-related detachment faulting (e.g., Nuriel
et al., 2009) and Cretaceous ridge-related serpentinite diapirism (e.g., Schuiling et al., 2011) are incompat-
ible with uplift trajectories. These models propose that the exhumation of the Troodos ultramafic rocks
occurred on the Cretaceous seafloor. This would require the preservation of original Cretaceous sea-floor
relief through its progressive uplift from ocean depths to the current high elevation 1,952 m massif, but
would also result in an inverted circum-Troodos sedimentary sequence, with the initial sequences rich in
ultramafic materials as opposed to the basalts and diabase observed (Follows, 1990; McCallum et al., 1989;
Rouchy et al., 2001; Stow et al., 1995; see supporting information).

Miocene to present-day convergence across the Cyprean subduction zone is also invoked as a mechanism for
uplifting and exhuming the mantle peridotites that encompass Mount Olympus (Ring & Pantazides, 2019).
These authors downplay the role of serpentinization in forming the Troodos Massif, and favor a west-east
elongate doubly plunging anticline with a serpentinite core formed in response to gradual differential short-
ening. Differential uplift between the Troodos Mantle Sequence and the remaining ocean crustal sequences
is proposed to result from the underthrusting of the Eratosthenes seamount (Ring & Pantazides, 2019). This
proposed uplift mechanism presents the Troodos Mantle Sequence as a homogenous monolith and does not
account for the long-standing subdivision into two separate discrete domains, including evidence that the
peridotites from these domains originate from different mantle sources (Batanova & Sobolev, 2000).

7.3. A Unified Model for the Uplift of the Troodos Mantle Sequence

Initiation of significant uplift of the Troodos ophiolite is dated as latest Messinian to Early Pliocene (~5.5
Myr). Decoupling between the Olympus diapir and the regionally uplifted “in-situ” mantle peridotites of
the Troodos ophiolite has resulted in at least >3,600 m of differential uplift, transporting mantle peridotites
to 1,952 m absl (Figure 8). Unroofing and erosion of the first ultramafic clasts are interpreted to have oc-
curred in the Early Pleistocene, suggesting significant peridotite relief has occurred since then (Figure 8).
Once transported to high altitudes, increased rainfall results in the incursion of meteoric water (Figure 8),
driving the coupling of deformation-alteration-recrystallization positive-feedback mechanisms of the in-
tensely deformed Artemis diapir. The resulting lower density and easily erodible material induce a second-
ary decoupling that separates the lower density Artemis diapir from the Olympus diapir (Figure 8), in con-
sequence, differential uplift and exhumation occurs between the Artemis diapir and the Olympus diapir.

7.4. Application of the Mechanistic Uplift Model to Other Settings

Here, we explore whether our simple 1-D mechanistic uplift model is unique to the Troodos Massif or
whether it can be applied to a range of other terrestrial and submarine settings including St. Peter and St.
Paul Rocks, New Idria Massif, California, Site 637 on the West Iberian Margin, and Macquarie Island.

7.4.1. St. Peter and St. Paul Rocks

The St. Peter and St. Paul Rocks are interpreted as a partially serpentinized serpentinite diapir (e.g., Campos
et al., 2005, 2010). Recent interpretation of new bathymetry, seismic, and gravity data sets proposed that
the St. Peter and St. Paul Rocks uplifted in response to a ~10 Myr period of transpression at the transform
boundary (Maia et al., 2016). They conclude that the present convergence rates at stepovers and transpres-
sive segments are sufficient to uplift the North Ridge Massif some ~3,500 m (Maia et al., 2016). However,
a gravity anomaly on the southern flank of the massif indicates the presence of a large low-density layer.
This is interpreted to be a ~25-km-thick zone of serpentinized mantle, the base of which approximately
coincides with the estimated depth of the 500°C isotherm (Maia et al., 2016).

To establish whether isostatic uplift in response to partial serpentinization reactions can contribute to the
overall uplift of the peridotite massif, we apply the mechanistic uplift model (with reasonable parameters;
see supporting information) to the St. Peter and St. Paul Rocks. Calculations indicate that partial serpenti-
nization (~40%) of a body in response to a serpentinization front advancing at an average rate of 2,000 m/
Myr, will isostatically uplift rock a total of ~3,500 m in the required time frame (10 Myr; Maia et al., 2016),
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Figure 8. A schematic illustration of our uplift model for the Troodos Mantle Sequence Model highlights the temporal
evolution within the Troodos Mantle Sequence culminating in differential serpentinite diapirism and exhumation
resulting from contrasting serpentinization styles between both diapiric domains.

generating a body of moderate density (2,800 kg/m?®) that is ~23 km in total thickness (see supporting infor-
mation), in broad agreement with published interpretation of the gravity data (Maia et al., 2016).

7.4.2. New Idria Serpentinite Diapir

The moderately elevated (1,605 m; prominence 1,061 m) New Idria serpentinite diapir is primarily com-
posed of easily erodible, sheared and crushed, incohesive low-density serpentinite breccia (Coleman, 1996;
Mumpton & Thompson, 1975). In addition to serpentine, blocks of eclogite are present that are interpreted
to have been entrained during diapiric ascent (Tsujimori et al., 2007). Gravity measurements identify a
—35 to —55 mGal negative Bouguer gravity anomaly and the New Idria serpentinite is interpreted to be a
dome-like body that only extends to ~4 km depth (Byerly, 1966; McPhee et al., 2004). The gravity anomaly
coincides with a strong magnetic signature (~210 nT; McPhee et al., 2004). The emergence of the New
Idria serpentinite diapir is dated as Mid-Miocene (~12-~14 Ma) from the presences of detrital chrysotile
serpentine in the Big Blue Formation (Casey & Dickinson, 1976; Coleman, 1996; Vermeesch et al., 2006) and
continued serpentinite extrusion occurred throughout the Plio-Pleistocene (Coleman, 1996). Application
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of the Artemis model parameters (Table 3) to the New Idria setting, suggests that an advancing serpentini-
zation front of 3,000 m/Myr may isostatically produce and maintain an elevation of ~1,000 m in response
to a ~4000-m-thick low-density body (see supporting information). These results are in agreement with
geophysical constraints and suggest that isostatic uplift due to serpentinization may produce and maintain
a serpentinite body of moderate elevation, coincidently generating significant differential uplift and exhu-
mation relative to the surrounding area.

7.4.3. ODP Leg 103 Site 637

To the west of the Galicia Bank on the Iberian Margin, ODP Site 647 (“5100 m Hill”) is a ~5-km-wide domal
serpentinite protrusion, where strongly altered and completely serpentinized plagioclase-bearing subcon-
tinental mantle rocks are uplifted some ~350 m above the surrounding seafloor (Boillot et al., 1988). Late
Miocene sediments unconformably overlay, eroded strongly altered and brecciated serpentinized clasts that
transition to strongly altered and brecciated serpentinites with increasing depth (Boillot et al., 1988; Evans
& Baltuck, 1988). This exhumed peridotite is an elevated basement high, along an inferred ~70 km wide,
~250 km long peridotite ridge, organized into a series of broadly N-S orientated margin parallel segments,
some of which extend over tens of kilometers, and generally denote the ocean-continental crust boundary
(e.g., Beslier et al., 1993; Henning et al., 2004; Minshull et al., 2014; Whitmarsh et al., 1996). Recent three-di-
mensional imaging of serpentinized peridotite bodies along the West Iberian Margin shows that the volume
of serpentinized peridotite is related to the amount of displacement along each fault, the implication being
that serpentinization occurs when these large brittle normal faults are active (Bayrakci et al., 2016). In
response to the penetration of seawater into the mantle along normal faults, isostatic uplift as a result of
density reduction from serpentinization reactions is likely to have occurred. Strongly serpentinized (>75%)
mantle peridotites are estimated from seismic data to occur on top of the basement with the extent of ser-
pentinization decreasing to <25%-~2 km below (Minshull et al., 2014). The depth of the unaltered mantle
is estimated at ~7.5 km below seafloor (Minshull et al., 2014). Lateral and vertical variations in the extent
of serpentinization likely resulted in differing magnitudes of isostatic uplift. For example, if we assume
the completely serpentinized peridotites recovered from Site 637 extend to ~2 km depth and have average
bulk densities of 2,400 kg/m? and these rocks overlay a body of partly serpentinized peridotites of moderate
density (2,900 kg/m?) the resulting isostatic uplift due to serpentinization would be ~350 m. This amount
of uplift is equivalent to the relative difference in elevation between the summit of Site 637 and the sur-
rounding seafloor.

7.4.4. Macquarie Island

Macquarie Island is a small (34-km long, 5.5-km wide) subantarctic island that is broadly equidistant from
Tasmania, New Zealand, and Antarctica (Selkirk et al., 1990) and is the only subaerial exposure of the
Macquarie Ridge Complex, a region of shallow bathymetry along the Australian-Pacific plate boundary
that runs 1,800 km from the southern extent of the Alpine Fault, New Zealand to the Indo-Pacific-Antarctic
plate triple junction (Massell et al., 2000). Transpression along the Macquarie Island section of the Mac-
quarie Ridge Complex is invoked to have uplifted and exposed a coherent section of ocean crust and associ-
ated upper mantle rocks (Selkirk et al., 1990). These rocks are in faulted contact with subhorizontal pillow
lava flows that make up most of the island. The Finch-Langdon Fault that juxtaposes the lava flows and the
titled but continuous upper mantle-lower crustal sequence has been interpreted to be an ocean ridge feature
(Rivizzigno & Karson, 2004; Wertz et al., 2003). There is no metamorphic sole on Macquarie Island and nor
does the geology present evidence for serpentinite diapirism (e.g., Goscombe & Everard, 1998).

Application of the Olympus domain mechanistic uplift model parameters of this study to this Macquarie
Island setting suggests that ~400 m of uplift may be generated in response to an average serpentinization
front rate of 3,000 m/Myr since the subaerial emergence of the island (~0.65 Ma; Adamson et al., 1996).
Despite the extent of serpentinization and general structure of the rocks beneath Macquarie island being
poorly constrained, these estimations suggest the resulting isostatic response may produce substantial uplift
if localized serpentinization beneath the Macquarie island section of the Macquarie Ridge Complex has
occurred. Although there may be other outcrops of serpentinized ultramafic rocks along the Macquarie
Ridge Complex (e.g., Watkins & Gunn, 1971), serpentinization-induced isostatic uplift of Macquarie Island
may be an additional contribution, overprinted onto the overall uplift trajectory of island, coincidentally
generating the only sub-aerial portion along this transpressive plate boundary.
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7.4.5. Wider Implications of the Mechanistic Uplift Model

Application of our 1-D mechanistic uplift model to other settings suggests that it may be applied universally
across the spectrum of serpentinite diapirism occurrence. Calculations from previously reported examples
of serpentinite diapirism and Macquarie Island suggest that the required amount of surface uplift to form
their respective topographic relief, in the constrained timeframe, may be generated exclusively through
serpentinization reactions. Manifestations of serpentinization may therefore synchronously induce isostat-
ic uplift. In each of the serpentinized massif settings considered, the overall uplift budget is an interplay
between the relative contributions of isostatic uplift and tectonic uplift. For example, for the New Idria
Massif the isostatic contribution dominates the overall uplift budget (~4 mm/yr diapiric uplift rate vs. re-
gional ~1 mm/yr tectonic uplift rate; Coleman, 1996; Page et al., 1998). In contrast, for the Macquarie Ridge
dynamic tectonic uplift is the principal source of uplift with potentially a secondary minor component of
isostatic uplift resulting from serpentinization reactions that have led to the exposure of Macquarie Island.

8. Conclusions

1. Contrasting serpentinization styles are manifest as two distinct serpentinite diapirs within the Troodos
ophiolite: (a) a region where the partial hydration of primary minerals results in a strongly serpentinized
yet competent and cohesive diapir of moderate density (2,686 + 83 kg/m®), here termed the Olympus
diapir; and (b) the completely serpentinized Artemis diapir that is composed of an intensely deformed,
weak and friable block-clast-breccia-gouge assemblage of low density (1,949 + 47 kg/m®) that results
from the positive feedback between coupled deformation-alteration-recrystallization.

2. Density reduction and coincident volume expansion resulting from serpentinization reactions induce
serpentinite diapirism combined with isostatic uplift transporting and protruding mantle peridotites
to high altitude (1,952 m). Calculations from isostatic uplift and differential erosion modeling suggest
that mountains akin to Mount Olympus (~2,000 m asl) may form exclusively through serpentinization
within the required time frame (~5.5 Myr). The CY-4 drill hole geometry indicates that differential uplift
of at least >3.6 km has occurred due to the decoupling between the Olympus diapir and the regional
“in-situ” mantle peridotites.

3. The occurrence of mantle peridotites forming the highest elevations of the Troodos Mountains results
in strong precipitation, leading to the ingression of meteoric water, as highlighted by oxygen and hy-
drogen stable isotope analyses. Activation of coupled mechanisms within the Artemis diapir form the
low density (1,568 + 71 kg/m®), weak, serpentinite gouge end member; increasing the total exhuma-
tion (>3.6-~17.5 km) and localization of Artemis’ deep materials (Batanova & Sobolev, 2000). Despite
greater exhumation occurring within the Artemis diapir, the competent cohesive partially serpentinized
peridotites of the Olympus diapir form the regional summit (Mount Olympus, 1,952 m) rather than the
weaker deeper materials of the Artemis diapir.

4. Our 1-D mechanistic uplift model for the Troodos Massif is broadly applicable to a spectrum of other
protrusions of serpentinized mantle peridotite. Isostatic uplift is an inevitable manifestation of serpen-
tinization reactions that result in density reduction and concomitant volume expansion. For each ser-
pentinized massif, the overall uplift budget will be a combination between the relative contributions of
isostatic uplift and dynamic tectonic uplift that jointly contribute to the overall uplift and exposure of
serpentinized massifs.

Data Availability Statement

All data used within this study are provided and cited accordingly. Previous oxygen and hydrogen stable
isotope values are from Heaton (1976), Magaritz and Taylor (1974), and Nuriel et al. (2009).
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