
Multiple episodes of serpentinite alteration revealed by progressive 
leaching experiments

Aled D. Evans a,*, Matthew J. Cooper a, Dave Craw b, Damon A.H. Teagle a

a School of Ocean and Earth Science, National Oceanography Centre Southampton, University of Southampton, Southampton, UK
b Department of Geology, University of Otago, Dunedin, New Zealand

A R T I C L E  I N F O

Associate editor: Frieder Klein and Hailiang 
Dong

Keywords:
Serpentinization
Leaching experiments
Alteration events
Mantle rocks

A B S T R A C T

Serpentinized mantle rocks typically experience multiple alteration events, but to date, identifying distinct 
serpentinization episodes remains difficult because whole rock geochemical and isotopic analyses reflect the 
cumulative sum of fluid-rock interactions. Here we unravel the alteration history of serpentinized mantle rocks 
by undertaking multi-stage progressive leaching experiments to isolate distinct geochemical and 87Sr/86Sr sig
natures hosted within serpentinized peridotites from the Troodos Mantle Sequence and Limassol Forest Complex, 
Cyprus that have different geological histories. Whole rock powders underwent an initial 10 % acetic acid so
lution leaching step before a subsequent 3 M HCl treatment. The remaining residue was then completely dis
solved and analysed following a standard HF and HNO3 digestion. For comparison an untreated sample of whole 
rock powder was also completely digested and analysed. In the Troodos Mantle Sequence, an initial serpenti
nization event with relatively primitive 87Sr/86Sr ratios (0.705 to 0.706) is recorded by the rock residues and is 
consistent with alteration by fluids sourced from the dehydrating downgoing Cyprus slab. A more radiogenic 
87Sr/86Sr (0.7086–88) signal, consistent with Cyprus Messinian seawater and evaporites, is mobilised by the 
initial leaching step. These contrasting signatures in the mantle rocks are similar to the Sr-isotopic compositions 
of Troodos Mantle Sequence groundwaters. Although previous field observations within the Limassol Forest 
Complex indicate some serpentinization by Cretaceous seawater, evidence from progressive leaching experi
ments of pervasive serpentinization on the Cretaceous seafloor is not forthcoming. Our results show that most 
samples from the Limassol Forest Complex yield a radiogenic 87Sr/86Sr signal (0.7087), most consistent with 
mid-Miocene Messinian seawater and broadly coeval with significant mid-Miocene uplift of the Limassol Forest 
Complex. These results demonstrate that progressive leaching approaches can reveal distinct alteration episodes 
with contrasting 87Sr/86Sr ratios and geochemical signatures that contribute to the overall integrated bulk rock 
signal.

1. Introduction

Interactions between mantle rocks and water induce serpentinization 
reactions that dramatically change anhydrous mantle peridotites into 
hydrated serpentinites containing up to 13.5 wt% water with affinities 
for fluid-mobile elements (Kerrick, 2002). As a result, serpentinites act 
as geological sponges, playing a critical role in global biogeochemical 
cycles of important components such as H2O, C, Cl, B, and S (Früh-Green 
et al., 2004; Schwarzenbach et al., 2012; Alt et al., 2013). Despite its 
critical role in the Earth system, quantification of the contribution of 
distinct mantle rock alteration episodes is fraught by uncertainty since 
knowledge of when, where, and with what fluids serpentinization 

occurred remains enigmatic.
Serpentinization occurs, to varying magnitudes, in a range of geo

dynamic settings such as slow spreading mid ocean ridges (e.g., Francis, 
1981; Früh-Green et al., 2003; Mével, 2003; Bach et al., 2006), bend 
faults (Ranero et al., 2003; Ranero and Sallarès, 2004), subduction zones 
(Fryer et al., 1985; Hyndman and Peacock, 2003), rifted margins (e.g., 
Boillot et al., 1980; Bayrakci et al., 2016), strike-slip plate boundaries (e. 
g., Moore and Rymer, 2007) and transform faults (Francis, 1981; 
MacLeod and Murton, 1993; Cox et al., 2021), and serpentinized massifs 
within ophiolite sequences (e.g., Barnes and O’Neil, 1969; Wenner and 
Taylor, 1971, 1973; Magaritz and Taylor, 1974; Evans et al., 2024a, b). 
However, direct in situ observation and sampling of many of these 
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settings remains unaccomplished (e.g., Teagle and Ildefonse, 2011). As a 
result, attention has been focussed on samples that are relatively easily 
accessible on both land and the oceans, but secondary near-surface 
processes may overprint and obscure signatures of earlier reactions 
where the bulk of the serpentinization occurred.

Evidence from cross-cutting relationships combined with trace 
element determination (Kodolányi and Pettke, 2011; Kahl et al., 2015; 
Peters et al., 2017; Albers et al., 2020), stable oxygen and hydrogen 
isotope analyses (e.g., Wenner and Taylor, 1971, 1973, 1974; Peacock, 
1987; Burkhard and O’Neil, 1988; Früh-Green et al., 1990; O’Hanley 
and Offler, 1992; O’Hanley et al., 1992; Agrinier et al., 1996; Kyser 
et al., 1999; Alt and Shanks, 2006; Nuriel et al., 2009; Ulrich et al., 2020; 
Scicchitano et al., 2021; Vesin et al., 2023), boron isotopic compositions 

and 87Sr/86Sr ratios (Boschi et al., 2008; McCaig et al., 2010; Harvey 
et al., 2014; Yamada et al., 2019; Evans et al., 2024b) of near-surface to 
surface serpentinites are consistent with a progressive series of serpen
tinization reactions resulting from multiple and distinct water–rock 
interaction episodes (Hostetler et al., 1966; Coleman and Keith, 1971; 
Coulton et al., 1995; Bach et al., 2006; Andreani et al., 2007; Schwar
zenbach et al., 2012; Cooperdock and Stockli, 2016).

However, to date, establishing the conditions of distinct serpentini
zation episodes remains challenging since serpentinites are mixtures of 
the accumulated signatures resulting from their complex geological 
histories. Early signatures may be obscured by subsequent overprinting 
alteration episodes (Kyser and Kerrich, 1991). Reactions can both add 
fluid-mobile components as well as leach them (Bach et al., 2004; Evans 

Fig. 1. (a) Geological map of the Troodos ophiolite and Limassol Forest Complex with the bullseye geometry of the Mantle Sequence highlighted and which does not 
occur in the Limassol Forest Complex. The Cyprus Trench and northernmost extent of the Eratosthenes Plateau are also shown. (b) Geological map of the Troodos 
Mantle Sequence (updated from Wilson, 1959) with locations of rock samples also shown. (c) Inset map of the Limassol Forest Complex with locations of rock samples 
and extent of oceanic transform deformation (following Gass et al., 1994) also shown.
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et al., 2024a, b). Consequently, traditional whole rock analytical ap
proaches lead to integrated signals that do not necessarily identify the 
geochemical and isotopic signatures of specific serpentinization 
episodes.

Unravelling these multistage alteration events requires either in situ 
analyses (e.g., Vesin et al., 2023; Evans et al., 2024b) or progressive 
chemical attack and this latter approach is investigated here. Some 
previous studies (Hostetler et al., 1966; Snow et al., 1993; Bickford et al., 
2008; Harvey et al., 2014; Frisby et al., 2016; Nielsen et al., 2024) have 
applied successive acid solutions of increasing strengths to separate 
contrasting signatures but these techniques have not been widely or 
systematically applied. Here we deploy a progressive leaching approach 
combined with field observations, to establish the contrasting multi- 
stage alteration histories of neighbouring geological domains in 
Cyprus, namely the Olympus and Artemis diapirs of the Troodos Mantle 
Sequence and the transform fault-related Limassol Forest Complex 
(Fig. 1). We apply a three-step progressive leaching experiment with 
acids of increasing strength on bulk whole rock powders (Fig. 2) and 
show that contrasting geochemical signatures and strontium isotopic 
compositions are recovered by the respective leaching steps. We 
demonstrate that whole rock analyses are the cumulative sum of mul
tiple alteration events and distinct signatures of specific events can be 
isolated and identified by progressive leaching experiments.

2. Geological setting

2.1. Troodos Mantle Sequence

The Troodos mountains expose oceanic crust and upper mantle rocks 
in a ~90 km-long and ~30 km-wide ophiolite that is one of the world’s 
least deformed, most complete and best-preserved sequences (Gass, 
1968). The Troodos ophiolite formed ~90 to 92 Ma at some form of 
supra-subduction zone spreading ridge in the Neo-Tethyan Ocean 
(Moores and Vine, 1971; Pearce et al., 1984; Moores et al., 1984; 
Mukasa and Ludden, 1987). The Troodos Massif crops out as an elliptical 
bullseye-patterned welt (Fig. 1) with partially serpentinized mantle 
rocks forming the highest elevations (Mount Olympus, 1952 m asl). The 
stratigraphically deepest rocks of the Mantle Sequence are surrounded 
by an eroded anticlinal dome comprising concentric annuli of gabbroic 
and ultramafic cumulate rocks, sheeted dikes, lavas and conformable 
submarine sediments at progressively lower elevations. A long-standing 
subdivision occurs within the Troodos Mantle Sequence (Wilson, 1959; 
Gass and Masson-Smith, 1963; Moores and Vine, 1971) with the 

identification of the Olympus and Artemis serpentinite diapirs that have 
contrasting characteristics resulting from different serpentinization and 
deformation histories (Evans et al., 2021).

The Olympus Diapir, is an arcuate region of partially serpentinized 
tectonized harzburgites with minor dunites (Wilson, 1959; Moores and 
Vine, 1971) and displays a distinctive, competent, blocky, and cohesive 
outcrop pattern (Fig. 3) that forms rounded, stable hillslopes (Wilson, 
1959; Gass, 1977; Evans et al., 2021), interpreted to result from the 
partial (50 to 70 % replacement of primary phases) serpentinization of 
mantle peridotites (Evans et al., 2021). Rocks located from the periphery 
of the Olympus Diapir are more strongly serpentinized (up to ~90 %; 
Fig. 3). A serpentine-olivine dominated mesh texture is pervasive 
(Fig. 3) and encloses 1 to 4 mm grains of orthopyroxene partially altered 
to bastite (Fig. 3a). In more strongly serpentinized samples, the 
serpentine-olivine-orthopyroxene dominated texture is commonly cross- 
cut by discrete (~3 mm wide), black (in XPL and hand specimen) 
serpentine veins (Fig. 3b). These black serpentine veins are irregularly 
distributed throughout the Olympus Diapir and display a wide range of 
orientations that are not systematically related to a distinct veinset 
orientation (Fig. 3b). Samples with higher serpentine contents yield 
higher trace amounts of carbonate (Fig. 3c) primarily hosted in thin <
20 µm veinlets. The carbonate is predominantly calcium carbonate with 
rare, thin < 10 µm veinlets of dolomite. Magnesite is rare but occurs in 
the surface as the infilling matrix of serpentine-magnesite breccias. A 
complex marginal boundary, termed the Olympus Transition Zone (e.g., 
Evans et al., 2021), occurs between the Olympus Diapir and the encir
cling plutonic crustal rocks (Fig. 1b).

In contrast to the Olympus Diapir, the Artemis Diapir is a sub- 
circular, ~5 km-wide region of completely serpentinized peridotite 
blocks and clasts (>100 m to 0.1 m; approximately 50:50 clasts to ma
trix) in a friable, low bulk density, serpentinite breccia matrix of highly 
comminuted serpentine cataclasite and serpentine clay gouge (Wilson, 
1959; Gass and Masson-Smith, 1963; Moores and Vine, 1971; Evans 
et al., 2021). Coherent completely serpentinized blocks and clasts 
(Fig. 4) are heavily fractured with mutually cross-cutting, orthogonal, 
concentric, and oblique fibrous asbestiform chrysotile and crack-seal 
serpentine vein sets occurring within more competent clasts (Fig. 5). 
The Artemis Diapir competent blocks and clasts are dominated by 
serpentine (>90 %) with minor secondary andradite (~<5 %) and 
carbonate (~<5 %) (Fig. 6). Pyroaurite occurs at some sites where 
hyperalkaline waters seep out of the serpentinite breccia (Evans et al., 
2024a). All primary minerals are replaced except for chrome-spinel. In 
some parts of the Artemis Diapir, serpentinite breccia assemblages 

Fig. 2. Summary figure of the multistep progressive leaching experiment methodology, what elements are analysed at each leaching step and by which 
instrumentation.

A.D. Evans et al.                                                                                                                                                                                                                                Geochimica et Cosmochimica Acta 397 (2025) 188–204 

190 



surround and anastomose around completely serpentinized competent 
blocks and clasts (Evans et al., 2021). In some zones, around the pe
riphery of the Artemis Diapir, the proportion of incompetent breccias- 
gouge to competent blocks-clasts is dominated by the serpentinite 
breccia-gouge assemblage, resulting in an easily erodible low-density 
serpentinite breccia endmember (e.g., Wilson, 1959; Evans et al., 
2021). The formation of this end member is attributed to progressive 
coupled deformation-alteration-recrystallization serpentinization pro
ducing weak, unstable, incohesive outcrops and hillslopes and deeply 
incised-valleys that are characteristic of the Artemis Diapir (Evans et al., 
2021).

The focused uplift and exposure of the Troodos massif is relatively 
recent (since ~5.5 Ma; (Robertson, 1977; McCallum, 1989; Poole and 
Robertson, 1991, 1998; Stow et al., 1995; Rouchy et al., 2001) and 

concomitant with serpentinization of the Troodos Mantle Sequence 
(Gass and Masson-Smith, 1963; Moores and Vine, 1971; Robertson, 
1977, 1998b; Evans et al., 2021, 2024a). Stable oxygen, hydrogen, and 
boron isotope analyses and in situ boron element mapping (Magaritz 
and Taylor, 1974; Heaton, 1976; Sheppard, 1980; Nuriel et al., 2009; 
Evans et al., 2021, 2024b) are consistent with serpentinization by a slab- 
derived fluid with further alteration since the Pleistocene resulting from 
the infiltration of meteoric water once the Troodos massif was exposed 
at high altitudes (Robertson, 1977; McCallum, 1989; Poole and Rob
ertson, 1991; Stow et al., 1995).

The Cyprus slab is proposed to be the leading edge of the Sinai plate 
involved in a north-dipping subduction zone consuming old (at least 
Mesozoic; Müller et al., 2008; Granot, 2016) oceanic crust south of the 
island of Cyprus (Fig. 1), with initiation of subduction occurring in the 

Fig. 3. (a) Photomicrograph in PPL (plane-polarised light) and XPL (cross-polarised light) of Olympus Diapir sample AH1, partly serpentinized harzburgite. (b) 
Photomicrograph in PPL and XPL of Olympus Diapir sample AH2, partly serpentinized dunite. (c) Photomicrograph in PPL and XPL of Olympus Diapir sample AJ2, 
strongly serpentinized harzburgite. PPL and XPL photomicrographs show a general increase in recrystallised serpentine manifested as irregular black serpentine 
veins. Serpentinization extent is calculated using the equation of Miller and Christensen (1997) and respective bulk density data (Evans et al., 2021). These pho
tomicrographs show increasing extents of serpentinization (a-c) that correspond to (d) increases in whole-rock 87Sr/86Sr and decreasing Sr (ng/g) concentration. We 
note that brucite was not observed in thin section or through SEM-EDS. Abbreviations follow as: Srp = serpentine, Rrz = recrystallized, Bst = bastite, Opx =
orthopyroxene, Mt = magnetite, Cr-Spi = chrome spinel, ol = olivine. (d) Plots of 87Sr/86Sr (filled squares) and Sr (µg/g; open squares) for the bulk rock digestion 
(square) and each progressive leaching step (circle – 10 % Acetic; triangle – 3 M HCl; diamond – residue).
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early Miocene (~20 Ma; Robertson, 1998b; Feld et al., 2017). Subduc
tion of the Cyprus slab stalled as a result of the collision with the Era
tosthenes plateau and the Cyprus trench some ~<5 million years ago 
(Kempler and Ben-Avraham, 1987; Robertson, 1998b, a, c; Ergün et al., 
2005). The depth of the downgoing slab beneath the Mount Olympus 
region is estimated between ~10 and ~36 km (Mackenzie et al., 2006; 
Feld et al., 2017; Hayes et al., 2018; Kounoudis et al., 2020) with a slab 
dip ranging between 13 and 33◦ (Mackenzie et al., 2006; Feld et al., 
2017). These depths are similar to the proposed explanation of the large 
negative Bouguer anomaly that is centred on the Artemis Diapir and best 
modelled as a cylindrical vertical body of low density, ~2,700 kg/m3 

strongly serpentinized mantle peridotite extending to ~11 km depth 
(Gass and Masson-Smith, 1963; Shelton, 1993; Evans et al., 2021).

Groundwaters issuing from the Troodos Mantle Sequence have 
distinct signatures. Rare, meteoric-derived hyperalkaline (up to pH 13) 
groundwaters have high salinities and yield 87Sr/86Sr ratios of 0.705. 
The high salinity and 87Sr/86Sr of these fluids are reminiscent of end- 
member hyperalkaline fluids being emitted in serpentinite seamounts 
in the Mariana forearc, and, by analogy, it has been proposed that these 
signatures are consistent with dehydration reactions within the down
going Cyprus slab (Evans et al., 2024a). In contrast, surface waters 
draining the Troodos Mantle Sequence are relatively fresh and have 
87Sr/86Sr ratios similar to Cyprus Messinian evaporites (~0.7087; 
Schildgen et al., 2014) and likely reflect the dissolution of easily mobile 
salts and carbonates (Evans et al., 2024a).

2.2. Limassol Forest Complex

The Limassol Forest Complex (Fig. 1c) is an area of ~400 km2 located 
to the southeast of the Troodos mountains and experienced a different 
magmatic and deformation history to the Troodos Massif (e.g., Moores 
and Vine, 1971; Murton, 1986; MacLeod et al., 1990; MacLeod and 
Murton, 1993). The Limassol Forest Complex is a broad region of 
deformation much of which is interpreted to have occurred on the 
Cretaceous seafloor associated with the Arakapas (paleo) Transform 
Fault. This feature is a prominent W-E trending oceanic dextral strike 
slip fault zone that is at least 5 km wide and traceable along strike for 
~60 km (e.g., Moores and Vine, 1971; Murton, 1986; MacLeod et al., 
1990; MacLeod and Murton, 1993; Gass et al., 1994; Fagereng and 
MacLeod, 2019). Within the Limassol Forest Complex, W-E trending, 
sub-vertical (Fig. 7a) dextral serpentinite shear zones are common 

(Murton, 1986; MacLeod, 1988; MacLeod and Murton, 1993). In 
contrast to the Troodos Massif, there is geological evidence that some of 
the mantle rocks of the Limassol Forest Complex were serpentinized at 
or near the Cretaceous seafloor with ultramafic and mafic dikes 
intruding previously serpentinized mantle peridotites (e.g., Murton, 
1986; MacLeod, 1988; MacLeod et al., 1990; MacLeod and Murton, 
1993; Martin et al., 2023). These Cretaceous seafloor structures are cut 
by Miocene uplift-related deformation (Murton, 1986; MacLeod, 1988; 
MacLeod and Murton, 1993; Martin et al., 2023) with focussed uplift of 
the Limassol Forest Complex occurred in the mid-Miocene (~14 Ma) as a 
result of compression from the initiation of modern subduction (~20 
Ma; Robertson, 1977, 1998a, b; Eaton and Robertson, 1993). Continued 
emergence and uplift of the Limassol Forest Complex continued through 
the Pliocene and Pleistocene with igneous-derived clasts deposited in 
sedimentary sequences surrounding the complex (Robertson, 1977; 
Poole and Robertson, 1998; Davies, 2001). In contrast to the Troodos 
massif, the Limassol Forest Complex does not have a negative bouguer 
gravity anomaly.

3. Methods

100 bulk rock, vein, breccia, and fault gouge samples were collected 
from the Troodos Massif, Cyprus. Samples were prepared at the National 
Oceanography Centre Southampton (NOCS), University of South
ampton. Samples were sawn to remove surficial weathering horizons 
and cut surfaces ground to remove contamination from the saw blade. 
Samples were then washed and ultra-sonicated (exposed to high fre
quency sound waves to remove surface contaminants) in Milli-Q 18.2 
MΩ cm− 1 water and left to dry overnight in an oven at 65 ◦C. Chrysotile 
veins were not ultra-sonicated. After drying, samples were crushed using 
a manual iron fly-press, with samples wrapped in paper between plastic 
chopping boards to reduce trace metal contamination. Samples were 
then powdered using a chrome-steel jar mill and puck in a Rocklabs mill.

Progressive leaching experiments (Table S1, S2, S3, S4, S5) were 
undertaken on weighed (0.500 to 3.000 g) aliquots of serpentinized 
peridotite rock powder. The initial leaching step was the addition of a 
10 % Romil UpA acetic acid solution to rock powders, which was left for 
48 h at room-temperature and shaken periodically (Fig. 2). Samples 
were then centrifuged and the leachate removed, dried down, and 
appropriately diluted (total dilution factor of 300) in 3 % thermally 
distilled HNO3. A 3 M HCl solution was added to the leached powders 

Fig. 4. Unannotated and annotated field outcrop of site AR of the Artemis Diapir with plots of 87Sr/86Sr and Sr (µg/g) shown at each progressive leaching step and 
whole rocks.
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and left for 48 h at room-temperature (Fig. 2). Samples were then 
centrifuged, and the 3 M HCl leachate removed, dried down, and 
appropriately diluted (total dilution factor of 3000) in 3 % thermally 
distilled HNO3. 200 mg of the remaining residues were dissolved using a 
standard HF-HNO3 digestion in two separate (100 mg each) pots (Fig. 2). 
In addition, the untreated original bulk rock powders were completely 
digested following the same method as bulk residues (Fig. 2). The so
lutions produced from each step were dried down and then dissolved in 
3 % HNO3 containing In, Re and Be to act as internal standards ready for 
analysis. The acids used were prepared from concentrated acids purified 
by sub boiling distillation in Savillex CST-1000 stills, except for the HF 
which was Romil SpA grade.

The 10 % acetic acid solution was expected to mobilise primarily 
calcium carbonates but also brucite, magnesite, and potentially other 
hydroxides such as iowaite (Hostetler et al., 1966; Klein et al., 2020; 
Nielsen et al., 2024). Subsequent addition of 3 M HCl acid was expected 
to gently attack and leach serpentine with the final residue digesting the 
remaining serpentine. The 10 % acetic acid leachate, 3 M HCl leachate, 
and residue concentrations are reported on a per gram basis. The mass of 
each leaching step was calculated by multiplying the analysed concen
tration and leaching acid volume, and then normalized by the mass of 
the original rock powder to yield respective leaching step concentra
tions. Summing the reported concentration of each step results in a total 
concentration value directly comparable to the overall bulk rock. The 
mass balance errors (predicted whole rock/measured whole rock) of 
each sample, element and 87Sr/86Sr ratios are reported in the supple
mentary materials (Table S6, S7, S8). Following progressive leaching 
steps, the mean mass balance error of Sr concentrations from all 
geological domains is 0.9 ± 9 % (1σ; n = 19; Table S6). The corre
sponding mean mass balance error of 87Sr/86Sr ratios is 0.01 ± 0.01 % 

(1σ; n = 19; Table S6). This shows good recovery of Sr and respective 
isotopic signatures corresponding to individual leaching steps and that 
each leaching step add up to the total Sr originally available in the un
treated whole rock sample. These mass balance errors also demonstrate 
that isolated isotopic signatures during our progressive leaching exper
iments are not artefacts of contrasting leaching systematics. Trace fluid 
mobile elements such as Li, Rb, Cs, and Ba yield variable mean mass 
balance errors of < 10 ± <20 % (1σ; Table S8) with individual mass 
balance errors of some samples of Rb and Ba up to ± 40 % (Table S8). 
These mass balance errors are likely the result of aggregating the 
analytical uncertainty of multiple analyses and inherent heterogeneities 
within the homogenised rock powders. Despite these mass balance er
rors, our results show that mass balance is generally maintained during 
progressive leaching.

Rock and vein (including leachates) trace element concentrations 
were measured by inductively coupled plasma-source mass spectrom
etry (ICP-MS; Thermo X-Series II) at NOCS and calibrated using inter
national rock standards with In, Re, Be used as internal standards. 
Precision and accuracy were determined with international rock stan
dards UB-N and JA-2 (Table S5) (Jochum et al., 2005) and internal rock 
standards BAS-206 and BRR-1. Rock and vein major element concen
trations were also measured by inductively coupled plasma optical 
emission spectrometry (ICP-OES; Thermo Scientific iCap 6000 series) at 
NOCS and calibrated using gravimetrically prepared synthetic stan
dards. For the majority of elements precision and accuracy were better 
than ± 5 %RSD and ± 10 % respectively (Table S5).

To determine 87Sr/86Sr ratios, an aliquot of dissolved rock equivalent 
to 500 µg of Sr (100 to 450 mg of rock powder; due to the low Sr con
centrations of the rock samples) was dried down and redissolved in 2.2 
M HCl onto an initial 7 mL cation exchange column filled with BioRad 

Fig. 5. Unannotated and annotated images of sample CU of the Artemis Diapir with plots of 87Sr/86Sr and Sr (µg/g) of each progressive leaching step and whole 
rocks. CU1 shows a completely serpentinized core with a variably oxidized mesh-texture and less oxidised regions reflecting bastites. CU2 shows a grey completely 
serpentinized alteration halo. CU3 shows a fibrous chrysotile vein. CU4 shows a completely serpentinized region with extensive serpentine recrystallization. CU5 
shows a polygonal serpentine vein.
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Fig. 6. Plane-polarised Light (PPL) photomicrograph of an Artemis Diapir sample composed of completely serpentinized mesh texture and a multi-stage chrysotile- 
serpentine vein with secondary andradite. (b) SEM image of the same photomicrograph area with bright areas reflecting andradite and calcium carbonate. (c) SEM- 
EDS Calcium concentration map with the relative differences mapped using a linear colour scale. Note the acicular inclusions of calcium carbonate occurring within 
the chrysotile fibres.
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AG50W-X12 cation exchange resin to elute high concentration major 
elements (e.g., Mg, Fe). After passing through the column, samples were 
collected and dried down and redissolved in 3 M HNO3 (samples with 
Ba/Sr > 1 were redissolved in 8 M HNO3) and Sr was separated using a 
second-stage Triskem Sr-Resin columns (following Harris et al., 2015), 
with those samples subdivided before digestion combined into a single 
separated Sr sample for analysis. Total combined blanks of the process 
were < 350 pg. Strontium isotopic compositions were analysed using a 
ThermoFisher Scientific TritonPlus Thermal Ionisation Mass Spectrom
eter (TIMS) at NOCS. Standard NBS987 was measured as an external 
standard. The mean value of NBS987 (n = 26) throughout the analytical 
period was 87Sr/86Sr = 0.710243 ± 0.000024 (2σ). Internal precision 
was monitored by measuring 150 ratios per sample and the error of each 
analysis is reported as 2 standard errors (±2 SE). Calcium mapping was 
undertaken at NOCS using a Carl Zeiss Leo1450VP Scanning Electron 
Microscope (SEM) coupled to an Oxford Instruments Energy Dispersive 
X-ray Spectroscopy (EDS) X-act-10 mm2 silicon drift detector utilising 
the Aztec energy software. Typical SEM operation conditions were 20 kV 
at a working distance of 19 mm.

4. Results

Here, we present new major and trace element concentrations and 
radiogenic strontium isotope analyses of bulk whole rock powders and 
progressive leaching steps: (i) an initial leaching step using 10 % acetic 
acid; (ii) an intermediate step using 3 M HCl; (iii) and final dissolution of 
the remaining rock residue using a standard HF and HNO3 digest 
(Fig. 2). Additional analyses of serpentine and chrysotile veins, ser
pentinite breccias, cohesive fault gouges, and gabbros complement the 
progressive leaching analyses of bulk rock powders (see supplementary 
materials).

4.1. Strontium concentrations and radiogenic isotopes

87Sr/86Sr whole rock values in samples from the Olympus Diapir fall 
into a wide range between 0.7053 and 0.7091 (Fig. 3; Fig. 8). These 
values are significantly higher than the proposed mantle values for the 
Troodos ophiolite based on analyses of fresh volcanic glasses (0.7033 to 
0.7042; Rautenschlein et al., 1985). Leachates (10 % acetic and 3 M HCl) 
and rock residue 87Sr/86Sr analyses from Olympus Diapir samples are 
similar to the corresponding whole rock values (Fig. 3; Fig. 8). More 
strongly serpentinized Olympus Diapir samples have more radiogenic 
87Sr/86Sr values and lower Sr concentrations (Fig. 3). Each leaching step 
and rock residue generally yield similar Sr concentrations (Fig. 8b; as 
shown by near horizontal connecting lines between each respective 
step).

87Sr/86Sr values of whole rock bulk powders from the Artemis Diapir 
also display a wide range between 0.7053 and 0.7085 (Fig. 8). However, 
in contrast to the Olympus Diapir samples, 87Sr/86Sr analyses of leach
ates and rock residues from the Artemis Diapir are different from the 
corresponding whole rock (Fig. 4; Fig. 5; Fig. 8). The relatively easily 
mobilised 10 % acetic acid leachates of the Artemis Diapir fall into two 
discrete groups: (1) Two samples (AR2, Fig. 4; AO2) yield strontium 
isotopic compositions between 0.7053 and 0.7056. These values are 
similar to the 87Sr/86Sr ratios of Troodos hyperalkaline (up to pH 13) 
Troodos groundwaters (Evans et al., 2024a); and (2) 8 samples that 
range between 0.7086 and 0.7088 (Table S2; Fig. 4, Fig. 5; Fig. 10). For 
both groups, the 87Sr/86Sr analyses of the 3 M HCl leachate are similar to 
the corresponding whole rock value (Fig. 4, Fig. 5; Fig. 8). The final rock 
87Sr/86Sr residues of the Artemis Diapir yield relatively low strontium 
isotopic compositions, falling into two discrete groups: (1) 8 samples 
yield relatively low Sr isotope ratios between 0.7053 and 0.7063 
whereas (2) 2 samples yield 87Sr/86Sr values between 0.7072 and 
0.7080 (Fig. 4, Fig. 5; Fig. 8). These differences between whole rock and 

Fig. 7. (a) Sub-vertical dextral serpentinite shear zone within the Limassol Forest Complex. Partly serpentinized sample BB1 located in core of a clast hosted within 
the serpentinite shear zone. Completely serpentinized sample BB2 is from the margin of the shear zone. Completely serpentinized sample BB3 is located in the 
serpentinite matrix. Dashed-dotted white lines show complex array of shear planes. (b) Cross-polarised light (XPL) photomicrograph of sample BB1 showing partly 
serpentinized mesh textured serpentine with a strong fabric. (c) Plots of 87Sr/86Sr and Sr (µg/g) of each progressive leaching step and whole rocks. Samples BB2 and 
BB3 Rock Residues were calculated from mass balance and are shown by dotted edges and connecting lines.
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Fig. 8. (a) 87Sr/86Sr plot of whole rocks and progressive leaching steps show variations of each sample at each respective step. Grey lines show connecting pro
gressive leaching steps. 87Sr/86Sr signatures of modern and Cretaceous seawater (~90 Ma) from (McArthur et al., 2012), Troodos volcanic glasses, (Rautenschlein 
et al., 1985), Mariana slab-derived fluids, (Mottl et al., 2004, 2023; Bickford et al., 2008), and Cyprus Messinian evaporites (Schildgen et al., 2014). Dashed edges 
show values determined from mass balance. (b) Plot of Sr (ng/g) concentration of leaching steps showing similar Sr concentrations between each respective step. (c) 
87Sr/86Sr plotted against Sr (ng/g) of each respective leaching step. Grey lines connect each leaching step to the corresponding whole rock.
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respective leachate analyses reflect textural differences visible in 
outcrop (Fig. 4; Fig. 5). For example, locality AR shows the core (AR2) of 
a completely serpentinized clast of the Artemis Diapir preserving similar 
87Sr/86Sr whole rock (0.7056) and leachate ratios (0.7055–57) (Fig. 4). 
In contrast, the rim of this block (AR1) yields relatively radiogenic 
whole rock signatures (0.7078) (Fig. 4) with an initial radiogenic 10 % 
acetic leachate of 0.7086, a secondary 3 M HCl leachate of 0.7079. Only 
the residue analysis yields more primitive rock residue (87Sr/86Sr 
~0.7062; Fig. 4). Differences between the 87Sr/86Sr ratios of the core 
and rim of the completely serpentinized blocks and clasts of the Artemis 
Diapir do not occur in every clast of the Artemis Diapir. For example, 
subdivision and leaching treatment of rock and vein samples from 
Artemis Diapir rock CU show a consistent acetic leachate signature of 
87Sr/86Sr ~0.7086 similar to Messinian seawater. A relatively oxidized 
zone (CU1), background zone (CU4) and alteration halo (CU2) around a 
fibrous chrysotile vein (CU3) all have relatively radiogenic whole rocks 
(87Sr/86Sr ~0.7075), but strong leaching reveals a relatively primitive 
(87Sr/86Sr ~0.7055 to 0.7060) residue. The chrysolite vein has a low Sr 
concentration (0.6 µg/g) and 87Sr/86Sr ~0.7076, noticeably lower than 
the acetic acid leachates. Serpentine vein (CU5) yields a radiogenic 
signal (87Sr/86Sr = 0.7084) similar to the streams and rivers draining the 
Troodos Mantle sequence (Evans et al., 2024a), and is higher than the 
chrysotile vein and nearby whole rock samples (Fig. 5).

In contrast to the Troodos Mantle Sequence, whole rock 87Sr/86Sr 
values from the Limassol Forest Complex display a narrow range be
tween 0.70855 and 0.70868 (Fig. 8) except for a single sample (BB1) 
with 87Sr/86Sr ~0.7066, which is a partly serpentinized clast hosted in a 
dextral serpentinite scaly-phyllonitic shear zone (Fig. 7). The rock res
idue from the core of the shear zone (BB1) has a relatively primitive 
87Sr/86Sr of 0.7049. 10 % acetic acid leachates from the Limassol Forest 
Complex predominantly fall into a narrow range (0.7087 to 0.7088) 
(Fig. 7; Fig. 8). The rock residue of another LFC sample (BD1) has a 
relatively more radiogenic Sr isotope composition of 0.7079 than sample 
BB1 from the core of a shear zone. Limassol Forest Complex 3 M HCl 
leachates show a narrow range (87Sr/86Sr ~0.7082 to 0.7087; Fig. 7; 
Fig. 8). Strongly serpentinized Samples BB2 and BB3 had 90 % of their 
whole rock Sr concentration leached by 10 % acetic acid and 3 M HCl 
leachates (Fig. 7; Table S2, S3).

4.2. Major element leaching concentrations

Magnesium concentrations between respective 10 % acetic acid 
leachates, 3 M HCl leachates, and rock residues are significantly 
different irrespective of geological domain (Fig. 9a). The 10 % acetic 
acid leachates Mg concentrations are generally < 2.5 wt%. 10 % acetic 
acid samples with lower 87Sr/86Sr ratios (0.7053 to 0.7068) yield higher 
Mg wt.% concentrations (>1 to < 2.5 wt%) when compared to samples 
with higher 87Sr/86Sr ratios (0.70865 to 0.7088) (Fig. 9a). In contrast, 
the 3 M HCl leachates of each domain yield significantly higher Mg 
concentrations (>4 wt%; Fig. 9a). The 3 M HCl leachates generally fall 
between respective 10 % acetic leachates and rock residues (Fig. 9a). 
The rock residues generally yield the highest Mg concentrations of up to 
17.6 wt% (Fig. 9a) reflecting the dissolution of serpentine and minor 
primary phases if present.

Similarly, Fe concentrations vary significantly between respective 
leaching steps (Fig. 9b) and are similar irrespective of geological 
domain. The 10 % acetic acid leachates yield Fe concentrations of < 0.8 
wt% (Table S2) and are generally lower than corresponding 3 M HCl 
leachates and rock residues. The 3 M HCl leachates also generally fall 
between respective 10 % acetic leachates and rock residues (Fig. 9b) and 
rock residues show the highest Fe concentrations of up to 7 wt%.

Although some progressive leaching samples show variation in Ca 
concentrations between respective steps, there is greater overlap in Ca 
concentrations than compared to Mg and Fe (Fig. 9c) and clear differ
ences between geological domains. The range in Ca concentrations of 
the 10 % acetic leachates of all domains is similar (0.01 to 0.1 wt%; 

Fig. 9. (a) 87Sr/86Sr plotted against Mg (wt.%) showing each respective 
leaching step. (b) 87Sr/86Sr plotted against Fe (wt.%) showing each respective 
leaching step. (c) 87Sr/86Sr plotted against Ca (wt.%) showing each respective 
leaching step. Grey lines show connecting progressive leaching steps. 87Sr/86Sr 
signatures of modern and Cretaceous seawater (~90 Ma) from (McArthur et al., 
2012), Troodos volcanic glasses, (Rautenschlein et al., 1985), Mariana slab- 
derived fluids, (Mottl et al., 2004, 2023; Bickford et al., 2008), and Cyprus 
Messinian evaporites (Schildgen et al., 2014). Dashed edges show values 
determined from mass balance.
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Fig. 9c). The Ca concentrations of 3 M HCl step are similar to the cor
responding 10 % acetic acid leachate (Fig. 9c). However, the Ca con
centrations of the rock residues are generally significantly higher (up to 
2.5 wt%). Rock residue samples with lower 87Sr/86Sr ratios (<0.7073) 
are generally offset the other respective leaching steps (Fig. 9c). 
Whereas the rock residues of the Limassol Forest Complex and Artemis 
Diapir that have high (>0.7077) 87Sr/86Sr ratios are similar to other 
leaching steps (Fig. 9c). However, we note that 3 samples with lower 
87Sr/86Sr (>0.7053 to <0.7062) ratios also yield similar Ca concentra
tions to other respective leaching steps (Fig. 9c).

Normalization of major element concentration to Sr (e.g., Ca/Sr) 
results in similar trends (Fig. 10). However, some of the Mg/Sr of the 3 M 
HCl leachates and rock residues of the Artemis Diapir and sample BB1 of 
the Limassol Forest Complex are similar (Fig. 10a). Despite similarities 
in Mg/Sr ratios these samples generally yield distinct 87Sr/86Sr ratios 
(shown sub-vertical grey connecting lines; Fig. 10a). Whereas in all 
geological domains, Fe/Sr ratios generally show greater separation be
tween respective leaching steps, but we note that 3 M HCl leachates and 
corresponding rock residues plot more tightly compared to 10 % acetic 
acid leachates (Fig. 10b). In comparison, Ca/Sr ratios are more complex 
than Mg/Sr and Fe/Sr respectively (Fig. 10) with different trends in each 
respective leaching step and between each geological domain. Despite 
the complexity, Ca/Sr of rock residues are generally separated from 
corresponding 3 M HCl and 10 % acetic acid leachates (Fig. 10c). Some 
3 M HCl leachates yield similar Ca/Sr as 10 % acetic acid leachates 
(Fig. 10c).

4.3. Fluid-mobile trace element concentrations

Whole rock normalized (leachates normalized to corresponding 
whole rock value) plots of fluid mobile element concentrations (Sr, Li, 
Rb, Cs, Ba; Fig. 11) show each leaching step reflects generally range 
between ~20 and ~40 % of the total element budget (Fig. 11). The 
relative proportions of each leaching step from the Olympus and Artemis 
diapirs and Limassol Forest Complex are generally similar at each step 
across fluid-mobile elements (Fig. 11). Artemis Diapir whole rock sam
ples with Sr isotopic compositions of ~0.7053–56 yield higher con
centrations of fluid-mobile trace elements (e.g., Li, Rb, Cs, Ba) than 
serpentinized samples within the Troodos Mantle Sequence (Fig. 12a). 
Each progressive leaching step shows separation in fluid-mobile trace 
element concentrations with rock residues generally yielding higher 
concentrations and 10 % acetic acid leachates having lower concentra
tions (Fig. 12b). The 3 M HCl leachates generally fall between 10 % 
acetic acid leachates and leaching residue (Fig. 12b). Normalisation of 
fluid-mobile trace elements to Sr (i.e., ΣRb + Cs + Li + Ba)/Sr) results in 
similar trends (Fig. 12c).

Chrysotile veins within the Artemis Diapir yield high concentrations 
of fluid mobile elements (Table S1). For example, Na concentrations of 
the chrysotile separates range from 13 to 2331 µg/g, nearly an order of 
magnitude higher than whole rocks (Table S2). 10 % acetic acid 
leachates of the chrysotile veins yield Na concentrations ranging from 4 
to 2837 µg/g.

5. Discussion

5.1. Leaching systematics

Progressive chemical leaching is an imprecise approach and inevi
tably leads to some mixing of signatures. However, our progressive 
leaching steps do show significantly different major element concen
trations at respective steps (Fig. 9). Based on detailed petrography, the 
initial 10 % acetic acid leachate was expected to predominantly mobilise 
trace amounts (~<5 %) of calcium carbonate (Fig. 3; Fig. 6), 
±magnesite and brucite if present. The relatively high concentrations of 
Mg (up to 2.5 wt%) in the 10 % acetic acid leachates is likely the result of 
the dissolution of predominantly brucite with minor magnesite and 

Fig. 10. 87Sr/86Sr plotted against Mg/Sr 
(

μg/g
ng/g

)

showing each respective 

leaching step. (b) 87Sr/86Sr plotted against Fe/Sr 
(

μg/g
ng/g

)

showing each respec

tive leaching step. (c) 87Sr/86Sr plotted against Ca/Sr 
(

μg/g
ng/g

)

showing each 

respective leaching step. Grey lines show connecting progressive leaching steps. 
87Sr/86Sr signatures of modern and Cretaceous seawater (~90 Ma) from 
(McArthur et al., 2012), Troodos volcanic glasses, (Rautenschlein et al., 1985), 
Mariana slab-derived fluids, (Mottl et al., 2004; Bickford et al., 2008; Mottl 
et al., 2023), and Cyprus Messinian evaporites (Schildgen et al., 2014). Dashed 
edges show values determined from mass balance.

A.D. Evans et al.                                                                                                                                                                                                                                Geochimica et Cosmochimica Acta 397 (2025) 188–204 

198 



perhaps dolomite. Although not detected in thin sections or by SEM- 
EDS, brucite likely occurs in trace amounts (~<5%) within Troodos 
serpentinized rocks. Brucite may be mobilised during thin section 
preparation, resulting in the lack of petrographically identified brucite, 
but should be identified in XRD analyses. In some samples of the 
Olympus Diapir, open space associated with olivine-serpentine grain 
boundaries (Evans et al., 2021) may result from the dissolution of 
brucite.

The application of 10 % acetic acid to decarbonate rock samples is 
routine (e.g., Jewell et al., 2022) and has previously also been applied to 
decarbonate serpentinized mantle peridotites (Hostetler et al., 1966; 
Snow et al., 1993; Bickford et al., 2008; Harvey et al., 2014; Nielsen 
et al., 2024). In addition to dissolving carbonate and other easily mobile 
fractions such as hydroxides, recent work has shown 10 % acetic acid 
can also dissolve trace amounts ~4 % of serpentine (Nielsen et al., 
2024). The Fe mobilised during the initial 10 % acetic acid leaching 
could be sourced from iron hydroxides minerals such as pyroaurite or 
Fe-brucite (e.g., Hostetler et al., 1966; Klein et al., 2009; Templeton and 
Ellison, 2020). Secondary andradite is unlikely to be the source of Fe 
during the initial 10 % acetic acid leaching due to the similar initial 
leaching Fe concentrations between the Olympus (no observed andra
dite) and Artemis Diapir.

As anticipated, Mg and Fe concentrations in 3 M HCl leachates 
indicate that serpentine is being gently attacked, with 33 ± 18 % (1σ, n 
= 22; Table S7) of the total Mg mobilised during this step. Whereas 18 ±
11 % (1σ, n = 22; Table S7) of the total Fe budget was mobilised during 
3 M HCl leaching. This demonstrates the inherent non-uniformity of 
leaching experiments and individual elements yield differing leaching 
systematics. The remaining Mg and Fe budgets within the rock residues 
(Table S7) are consistent with the dissolution of serpentine and (where 
applicable) primary mantle minerals such as olivine and orthopyroxene.

Similarly, the majority of the Ca budget resides in the rock residue 
(71 ± 27 %; 1σ, n = 22; Table S7) with a relatively small fraction 
occurring in the initial 10 % acetic acid leachate (17 ± 17 %; 1σ, n = 23; 
Table S7). SEM-EDS mapping (Fig. 6) reveals acicular inclusions of trace 
calcium carbonate within chrysotile veins, serpentine veins, and the wall 
rock (Fig. 6). These inclusions are likely dissolved during the initial 10 % 
acetic acid leach, imparting a distinctive 87Sr/86Sr of the carbonate to 
the initial leachates. Recent in situ Ca abundance mapping via laser 
ablation mass spectrometry (Evans et al., 2024b), together with SEM- 
EDS mapping (Fig. 6c), confirms the occurrence of andradite as a rela
tively high calcium phase, in addition to calcium carbonate in these 
rocks. In serpentine, relatively high amounts of Ca occur and its abun
dance varies significantly depending on serpentine phase (e.g., low Ca in 
serpentine veins; Evans et al., 2024b). Consequently, variations in whole 
rock Ca concentrations (Table S7) are likely controlled not only by the 
abundance of trace calcium carbonate but also andradite and the extent 
of high Ca serpentine phases. Since acetic acid leaching removes car
bonate phases, the high Ca concentrations remaining in rock residues 
indicate that serpentine and andradite host most of the Ca budget in 
both the Troodos Mantle Sequence and Limassol Forest Complex. This 
suggests that Ca in serpentine and andradite is relatively more robust to 
10 % acetic acid and 3 M HCl leaching procedures than Mg and Fe.

Major element (Mg, Fe, Ca) leaching systematics are consistent with 
10 % acetic acid leachates reflecting the dissolution of easily mobile 

(caption on next column)

Fig. 11. Cumulative plots of each leaching step normalized to the corre
sponding whole rock value for (a) Sr, (b) Li, (c) Rb, (d) Cs, (e) Ba. The mean 
mass balance error of all elements is <±10 % and the 1σ mass balance error of 
all elements is <±20 % (see Table S8; individual mass balance errors of some 
samples of Rb and Ba are up to ± 40 %) of the whole rock value showing good 
recovery in the progressive leaching methodology. Brown refers to the Olympus 
Diapir, green refers to the Artemis Diapir, and teal refers to the Limassol Forest 
Complex. Circles refer to 10 % acetic acid leachates, triangles refer to 3 M HCl 
leachates, and diamonds refer to the rock residue. We note that sample AH2 Ba 
rock residue concentration analysis is an outlier and is not plotted.
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fractions such as carbonates and hydroxides. In contrast, the 3 M HCl 
leachates reflect the partial dissolution of serpentine and the rock resi
dues predominantly reflect the remaining serpentine. However, in 
contrast to major elements, Sr concentrations are similar in each 
leaching step (Fig. 8b; Fig. 11a; Table S6), distinct 87Sr/86Sr signatures 
(Fig. 8) are being recorded by the respective leachates and rock residues 
across differing geological domains. As a result, despite the inherent 
complexities and variabilities in leaching, our results demonstrate that 
contrasting geochemical signatures are being isolated from samples 
during our progressive chemical attack.

5.2. Contrasting leachate signatures

5.2.1. Troodos Mantle Sequence
Progressive leaching experiments of partly serpentinized Olympus 

Diapir samples yield consistent isotopic signatures across all leaching 
steps and whole-rock textures (Fig. 3; Fig. 8). In contrast, completely 
serpentinized samples from the Artemis Diapir typically produce vari
able isotopic signatures at each step, (Fig. 4; Fig. 5; Fig. 8), except for 
two more primitive (~0.705) samples (AO2, AR2; Fig. 4).

Artemis Diapir whole rocks and leachates reveal two distinct Sr 
isotopic endmembers: (i) a radiogenic ~0.7087 signature and (ii) a more 
primitive ~0.705 signature (Fig. 8). This primitive 87Sr/86Sr signature 
of ~0.705 in the completely serpentinized mantle rocks of the Artemis 
Diapir suggests that the unaltered supra-subduction-zone-related Troo
dos mantle 87Sr/86Sr (0.7033 to 0.7042; Rautenschlein et al., 1985) has 
been contaminated by subsequent fluid-rock interactions. The similar 
~0.705 87Sr/86Sr signatures and leaching patterns in both the 
completely serpentinized Artemis Diapir and strongly serpentinized 
Olympus Diapir suggests that Olympus’ unaltered mantle 87Sr/86Sr ra
tios were likewise overprinted, even though primary mantle minerals 
such as olivine and orthopyroxene endure. Thus, the ~0.705 87Sr/86Sr 
ratios in the Troodos Mantle Sequence likely do not reflect simple 
mixing between a primitive mantle endmember (0.7037; e.g., cumulate 
ultramafic wehrlite sample PP4; Table S1) and a more radiogenic 
endmember.

The 87Sr/86Sr ~0.705 signature is consistent with a source derived 
from a fluid generated by dehydration reactions of subducting altered 
ocean crust with a likely minor sediment component (Evans et al., 
2024a, b). For example, this ~0.705 signature matches analyses of 
serpentinized peridotites and high salinity slab-derived pore waters 
recovered from the Mariana forearc mud volcanoes (Mottl et al., 2004, 
2023; Bickford et al., 2008; Hulme et al., 2010). Previous in situ 
elemental mapping, stable boron isotopic compositions, and oxygen and 
hydrogen isotope analyses are consistent with serpentinization of the 
Troodos Mantle Sequence by fluids sourced from the downgoing Cyprus 
slab (Heaton, 1976; Sheppard, 1980; Evans et al., 2021, 2024b). 
Hyperalkaline (up to pH 13) meteoric-derived waters from the Artemis 
Diapir, with 87Sr/86Sr ratios of ~0.705, match the signatures of ser
pentinized Olympus and Artemis rocks (Evans et al., 2024a). It is 
interpreted that these meteoric groundwater signatures reflect the near 
surface remobilisation of strontium ultimately sourced from the dehy
dration of the Cyprus slab and mechanically advected to the near-surface 
(Evans et al., 2024a, b).

In contrast, the radiogenic 87Sr/86Sr ~0.70860 to 0.70885 signature 

(caption on next column)

Fig. 12. (a) Plot of whole rock 87Sr/86Sr against the sum of fluid mobile 
element concentrations (ng/g; defined here as Li, Rb, Cs, Ba). (b) Plot of 
leachate and rock residue87Sr/86Sr against the sum of fluid mobile element 
concentrations. (c) Plot of leachate and rock residue87Sr/86Sr against the sum of 
fluid mobile element concentrations over Sr concentration (all ng/g). Grey lines 
show connecting progressive leaching steps. 87Sr/86Sr signatures of modern and 
Cretaceous seawater (~90 Ma) from (McArthur et al., 2012), Troodos volcanic 
glasses, (Rautenschlein et al., 1985), Mariana slab-derived fluids, (Mottl et al., 
2004, 2023; Bickford et al., 2008), and Cyprus Messinian evaporites (Schildgen 
et al., 2014). Dashed edges show values determined from mass balance.
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point to exchange with a source such as Miocene seawater (18 to 11 Ma; 
McArthur et al., 2012), or more specifically a Messinian seawater 
signature (0.7086 to 0.7089; Schildgen et al., 2014). Previous Troodos 
Mantle Sequence stable oxygen and hydrogen isotopic analyses are 
consistent with exchange with meteoric waters at temperatures < 50 ◦C 
but are inconsistent with low temperature < 50 ◦C seawater infiltration 
(Magaritz and Taylor, 1974; Heaton, 1976; Sheppard, 1980; Evans et al., 
2021). In addition, previous boron isotopic analyses and in situ 
elemental mapping are also illuminate evidence of leaching and remo
bilisation of B by meteoric groundwaters resulting in low B serpentinites 
(Evans et al., 2024b). As a result, this radiogenic 87Sr/86Sr signatures 
likely mostly reflects the precipitation of trace amounts of calcium 
carbonate within the serpentinized peridotites from meteoric waters 
that had traversed the formerly overlying Messinian evaporites.

Rivers and streams draining the Troodos Mantle Sequence also yield 
radiogenic Sr isotope signatures between 0.7084 and 0.7086 (Evans 
et al., 2024a). This likely involves mixing of the ~0.7087 signature with 
only a minor contribution of the ~0.705 endmember, and ultimately 
sourced from the mobile components of the Troodos Mantle Sequence 
rocks, which are reflected in the easily mobilized 10 % acetic acid 
leachates. These relatively easily mobile portions are likely dominated 
by calcium carbonate occurring in discrete veins, commonly hosted 
within serpentine fibres of chrysotile veins (Fig. 6). The radiogenic 
~0.7087 signature is not limited to the easily mobile fraction but also 
contributes to the 3 M HCl leachate and rock residues of both the 
Artemis and Olympus diapirs (Fig. 12).

5.2.2. Limassol Forest Complex
Despite geological evidence for seafloor serpentinization during 

tectonic and magmatic activity relating to the Arakapas transform fault 
(e.g., Murton, 1986; MacLeod, 1988; MacLeod et al., 1990; MacLeod and 
Murton, 1993; Martin et al., 2023), contrary to expectations, the 
Limassol Forest Complex serpentinites analysed, do not yield 87Sr/86Sr 
ratios similar to ~90 Ma Cretaceous seawater (~0.7073; McArthur 
et al., 2012).

Progressive leaching of the partly serpentinized sample BB1 (Fig. 7) 
reveals an easily mobilized, radiogenic signature (0.7085) and a more 
primitive signature (0.7049) in the residue. This relatively primitive 
signal could reflect a mixed source between Cretaceous seawater 
(~0.7073) and unaltered mantle (~<0.7037; Rautenschlein et al., 
1985), which would be consistent with field observations of ultramafic 
and mafic dikes intruding previously serpentinized mantle peridotite. 
However, for sample BB1, sequential gentle acetic then 3 M HCl leaching 
recovered radiogenic 87Sr/86Sr (0.7083–85) values suggesting that the 
0.7049 residue signal likely reflects mixing between this radiogenic 
(0.7083–85) and unaltered mantle source (Fig. 7, Fig. 8). In addition, 
most whole rock samples from the Limassol Forest Complex yield a 
radiogenic signature (~0.7085–87; Fig. 8) rather than the anticipated 
more primitive signature (~0.7073; McArthur et al., 2012) consistent 
with Cretaceous seawater.

An alternative source for the more primitive ~0.7049 signature re
flected in the rock residue of sample BB1 is the dehydrating Cyprus slab, 
in a similar manner as interpreted for the Troodos Mantle Sequence 
rocks, given the LFC’s proximity to the Cyprus trench (Fig. 1a) but this 
interpretation is not supported by the geology. The Troodos Mantle 
Sequence is characterised by its unique, eroded anticlinal domal ge
ometry that results in its unusual outcrop pattern (Fig. 1), which does 
not occur in the Limassol Forest Complex. In addition, a large (80 to 120 
mGal) negative Bouguer gravity anomaly is centred over the Troodos 
Mantle Sequence, extending to 11 km in depth (Gass and Masson-Smith, 
1963; Shelton, 1993; Evans et al., 2021), similar to the inferred depth of 
the Cyprus slab below Mount Olympus (Mackenzie et al., 2006; Feld 
et al., 2017; Evans et al., 2021). In contrast, no such negative gravity 
anomaly occurs in the Limassol Forest Complex. Thus, pervasive ser
pentinization by slab-derived fluids, similar to that in the Troodos 
massif, is unlikely in the Limassol Forest Complex.

Although the range in the easily mobilised 87Sr/86Sr leachate 
signature of the Limassol Forest Complex (0.70873 to 0.70878, n = 5; 
Fig. 8) is bound more tightly compared to the wider range of Sr-isotopic 
signatures (0.7086 to 070885) yielded by gentle leaching of the Troodos 
Mantle Sequence rocks, both signatures are similar. This tightly con
strained 0.70873 to 0.70878 value is consistent with mid-Miocene (16.2 
to 15 Ma) seawater (McArthur et al., 2012) and Cyprus Messinian 
evaporites (Schildgen et al., 2014). Consequently, because these signa
tures overlap in Sr isotope space (McArthur et al., 2012; Schildgen et al., 
2014; Manzi et al., 2016), it is difficult without additional isotopic ev
idence (e.g., O, H, and B stable isotopes) to determine if the ~0.7087 
endmember in the Limassol Forest Complex reflects Miocene seawater 
infiltration or meteoric waters that interacted with Messinian 
evaporites.

5.3. Contrasting alteration histories

Progressive leaching experiments reveal distinct isotopic signatures 
in the Troodos Mantle Sequence and the Limassol Forest Complex. A 
geological model for the serpentinization of the Troodos Mantle 
Sequence has been recently proposed based on geochemical and isotopic 
signatures in river and stream waters and hyperalkaline (up to pH 13) 
saline groundwaters emanating from the Troodos Mantle Sequence 
(Evans et al., 2024a). The results from our progressive leaching exper
iments of Artemis and Olympus rocks are consistent with this proposed 
geological model of an initial pervasive serpentinization event with a 
fluid sourced from dehydration reactions of predominantly subducting 
altered ocean crust with a minor sediment component (Evans et al., 
2024a, b). Focusing of these fluids due to the collision of the Eratos
thenes plateau with the Cyprean trench (Robertson, 1998b, c; Evans 
et al., 2021) beneath the Mount Olympus region resulted in significant 
isostatic uplift and serpentinite diapirism (Gass and Masson-Smith, 
1963; Moores and Vine, 1971; Robertson, 1977, 1998b; Evans et al., 
2021), mechanically advecting these slab-derived geochemical signa
tures to the surface (Evans et al., 2024a, b). Continued serpentinization 
by slab-derived fluids from below were supplemented by the inevitable 
infiltration of meteoric water into the uplifting Troodos mountains 
(Evans et al., 2021, 2024a, b). As these meteoric waters traversed small, 
isolated, and irregular Messinian evaporite basins (Stow et al., 1995; 
Rouchy et al., 2001; Manzi et al., 2016) they channelled Messinian 
signatures into the underlying Troodos Mantle Sequence (Evans et al., 
2024a). Such a model is consistent with previous Troodos Mantle 
Sequence stable oxygen and hydrogen isotope data that show exchange 
with meteoric water at low temperatures of < 50 ◦C (Magaritz and 
Taylor, 1974; Nuriel et al., 2009; Evans et al., 2021).

In contrast, samples from the Limassol Forest Complex are domi
nated by a radiogenic (~0.7087) 87Sr/86Sr signature. Our favoured 
interpretation is that this signature is a result of mid-Miocene seawater 
infiltrating the ultramafic sequences of the Limassol Forest Complex. 
This is because the timing of this mid-Miocene (16.2 to 15 Ma; McArthur 
et al., 2012) infiltration is broadly coeval with significant focussed uplift 
of the Limassol Forest Complex (Robertson, 1977). A consequence of this 
mid-Miocene seawater infiltration is serpentinization-induced isostatic 
uplift and concomitant volume expansion that likely contributed to the 
uplift of the Limassol Forest Complex (Robertson, 1977; Evans et al., 
2021). The similarity in the age of seawater infiltration and mid- 
Miocene uplift of the Limassol Forest Complex highlights the inevi
tably of serpentinization-induced uplift, if pervasive serpentinization 
occurs. However, since the Limassol Forest Complex lacks: (i) a negative 
Bouguer gravity anomaly, and (ii) a domal sub-circular outcrop pattern, 
it is unlikely that serpentinite diapirism has occurred in a manner akin to 
the Troodos massif (Evans et al., 2021).

Mid-Miocene seawater infiltration would have likely been facilitated 
because ultramafic rocks there were not covered by a full Penrose ocean 
crustal sequence (Murton, 1986; MacLeod et al., 1990; Gass et al., 1994; 
Cox et al., 2021) as was the main part of the Troodos ophiolite. Later, 

A.D. Evans et al.                                                                                                                                                                                                                                Geochimica et Cosmochimica Acta 397 (2025) 188–204 

201 



subsequent Miocene seawater and meteoric waters would have tra
versed formerly overlying sediments, scavenging radiogenic and fluid- 
mobile element geochemical signatures prior to exchange with under
lying mantle peridotites. As focussed uplift of the Limassol Forest 
Complex persisted until the Pliocene (Robertson, 1977), serpentiniza
tion of the Limassol Forest Complex may have also endured.

5.4. Poorly soluble inclusions?

Hyperalkaline waters (up to pH 13) with very high salinities (25 to 
30 % seawater total dissolved loads) and high fluid mobile element 
concentrations (Na, K, Li, B, Rb, Cs, Ba) emanate from rare springs in the 
Artemis diapir (Evans et al., 2024a). To explain the high salinities and 
fluid mobile element compositions of these Troodos groundwaters, it is 
proposed that poorly soluble inclusions weakly bound to serpentine are 
present in these rocks, and that these inclusions have been exposed to 
fluid leaching by the multiple generations of serpentine deformation and 
re-precipitation experienced by the Artemis Diapir serpentinites (Evans 
et al., 2024a). Our analyses of chrysotile veins yield variable fluid mo
bile trace element concentrations spanning up to three orders of 
magnitude (Table S1; Table S2). The mobilisation and recovery of high 
concentrations of Na, Li, K, Rb, Cs during the 10 % acetic acid leachate 
step suggest that some poorly soluble inclusions are being mobilised 
from the chrysotile veins, contributing to the geochemical composition 
of Troodos groundwaters. Analysed chrysotile veins generally have 
87Sr/86Sr ratios similar to whole rocks (Fig. 5) but some serpentine 
veins, such as sample CU5, yield a bulk 87Sr/86Sr of 0.7084, similar to 
87Sr/86Sr ratios of the streams (0.7084–86) emanating from the Troodos 
Mantle Sequence. The similarity in 87Sr/86Sr between Troodos mantle 
streams and some serpentine veins suggests complex serpentine disso
lution, precipitation, and recrystallization (Fig. 5) mechanisms are 
ongoing in the modern meteoric-water regime with the apparent pres
ervation of refractory signatures from preceding alteration episodes (e. 
g., sample AR2, ~0.705; Fig. 4).

5.5. Implications of progressive leaching experiments

Although previous studies have applied leaching techniques to ser
pentinized mantle peridotites, these studies have previously either: (i) 
only been applied to a limited number of samples (Snow et al., 1993; 
Bickford et al., 2008; Harvey et al., 2014; Frisby et al., 2016; Nielsen 
et al., 2024); (ii) limited to an acetic acid leaching step (Hostetler et al., 
1966); (iii) or were limited to only one element and isotope system 
(Bickford et al., 2008; Harvey et al., 2014).

Despite variations and inherent complexities in the leaching sys
tematics of different elements, our results demonstrate that distinct Sr 
isotopic signatures are isolated. Consequently, progressive leaching ex
periments can reveal different signatures between samples, geological 
domains, and respective leaching steps. Future studies should focus on 
applying multiple isotopic systems (e.g., 87Sr/86Sr, Mg, Li) within a 
progressive leaching framework that also includes quantitative X-ray 
diffraction (XRD) analyses of whole rocks and rock residues. This will 
require much larger samples to be digested and processed.

The key implication of our results is that whole rock analyses of 
serpentinized mantle rocks reflect the cumulative sum of multiple 
alteration events, and that progressive leaching facilitates the isolation 
of distinct isotopic signatures that enables isotopic fingerprinting of 
discrete serpentinization episodes. Such an approach, especially when 
combined with in situ elemental and isotopic analyses (Vesin et al., 
2023; Evans et al., 2024b) may ultimately permit the relative contri
bution of discrete serpentinization events to be quantified and placed in 
context within the Earth system.

6. Conclusions

(1) The application of a three-step leaching process comprising: (i) a 
gentle 10 % acetic acid leachate, (ii) a 3 M HCl leachate, and (iii) 
the HF-HNO3 digestion of the residue isolates distinct signatures 
from serpentinized peridotite whole rock samples. These leaching 
experiments progressively liberate fluid mobile elements (such as 
Li, Cs, Rb, K, Na, Ba, Sr, Ca, B and U) principally due to the 
dissolution of carbonate, salts, and serpentine. The initial acetic 
acid treatment yields leachates with relatively radiogenic 
87Sr/86Sr values. The more aggressive 3 M HCl leaching generally 
returned relatively primitive 87Sr/86Sr ratios similar to the final 
whole rock residues. Whole rock powders from the Troodos 
Mantle Sequence and Limassol Forest Complex reflect the relative 
contributions of differing endmember 87Sr/86Sr values with the 
respective whole rock values being the cumulative sum of mul
tiple alteration events.

(2) Progressive leaching of the Troodos Mantle Sequence is consis
tent with initial serpentinization by fluids sourced from the 
stalled subduction of the Cyprus slab that triggered serpentinite 
diapirism. The resulting unroofing of the Troodos ophiolite 
resulted in the inevitable infiltration of meteoric waters that 
mobilise Messinian evaporite signatures and contaminate the 
Troodos Mantle Sequence peridotites with calcium carbonate. 
Such an alteration history is consistent with previous stable 
boron, oxygen, and hydrogen isotope analyses and emanating 
groundwaters.

(3) Field observations within the Limassol Forest Complex are 
consistent with serpentinization occurring on the Cretaceous 
seafloor. However, most samples yield radiogenic 87Sr/86Sr sig
natures from progressive leaching analyses corresponding with 
mid-Miocene seawater and is broadly coeval with inferred mid- 
Miocene uplift of the Limassol Forest Complex. Evidence from 
progressive leaching experiments of pervasive serpentinization 
by Cretaceous seawater is not forthcoming.

(4) Initial leaching of chrysotile veins within the Artemis Diapir 
recover high concentrations of Na, Li, K, Rb, and Cs. The mobi
lisation of these inclusions by meteoric water contributes to the 
geochemical composition of the Troodos saline hyperalkaline (up 
to pH 13) groundwaters. Some serpentine veins yield similar 
87Sr/86Sr ratios as streams and rivers draining the Troodos 
Mantle Sequence, suggesting complex serpentine dissolution, 
precipitation, and recrystallization mechanisms are ongoing.
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