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A B S T R A C T   

Unusual hyperalkaline meteoric groundwaters on Troodos massif, Cyprus, issue from highly deformed and 
completely serpentinized ultramafic brecciated rock masses of the Artemis Diapir and have high salinity 
(25–30% seawater total dissolved solids) and some of the highest recorded pH values (11− 13) for natural waters. 
These waters have elevated dissolved Na, K, Li, B, Ba, Rb, Cs, Cl and SO4 with ion/chloride substantially above 
seawater ratios, overprinting minor contributions from marine aerosols. For example, K concentrations are 
similar to seawater values. Water stable isotope ratios imply extensive water-rock interaction and 87Sr/86Sr is 
rock-dominated (0.705) and significantly lower than seawater. These rare fluids contrast with surface and 
shallow ground waters draining the ultramafic Troodos Mantle Sequence that have pH of 8.5–9, meteoric stable 
isotope ratios, 87Sr/86Sr similar to early Miocene seawater (0.7085) and low dissolved salts albeit with ion/ 
chloride ratios also greater than seawater. The combination of high pH and salinity is unusual in ophiolites and 
these hyperalkaline waters are most similar to end-member fluids emanating from serpentine mud volcanoes in 
the Mariana forearc. Rainwater rapidly transiting terraces of asbestos mine tailings on Troodos mostly resemble 
the surface waters but show slight contamination by a saline component. We propose that inclusions within the 
serpentinite that contain highly soluble salts have been made accessible by tectonic deformation during uplift 
and diapirism, or comminution during mining activity. A multistage process is proposed whereby alkali and 
other signatures have been released from the stalled subducting slab beneath the Troodos massif and have 
infused the mantle wedge. Some of these rocks have been carried to the surface by diapiric uplift and erosion, 
where tectonic deformation or mining activities have enabled the near-surface mobilisation of slab-derived 
geochemical signatures by modern meteoric waters.   

1. Introduction 

Interactions between water and mantle rocks, termed serpentiniza
tion, play critical roles in the Earth system (Kerrick, 2002). Hyperalka
line pH >11 waters associated with serpentinized peridotites, emanate 
from subaerial and submarine vents and commonly form terraces or 
chimneys composed of carbonates and brucite (Barnes et al., 1967; 
Barnes and O’Neil, 1969; Kelley et al., 2001). It is generally accepted 
that these fluids formed through active low temperature serpentiniza
tion reactions, but their genesis, evolution, and relationship to other 
water types in the same setting remains enigmatic. 

Two contrasting primary water types are reported emanating from 
continental serpentinized massifs: (1) a meteoric-derived pH <10, sur
ficial, primarily magnesium-bicarbonate water (often referred to as 

“Type 1” fluids); and (2) a hyperalkaline pH >10, meteoric-derived, 
primarily calcium-hydroxide water that is sourced from deeper within 
the hydrological system (e.g., Samail ophiolite, Oman; California, USA; 
Liguria, Italy; “Type 2” fluids of Barnes et al., 1978, 1967; Barnes and 
O’Neil, 1969; Boschetti et al., 2013; Chavagnac et al., 2013; Giampouras 
et al., 2019; Kelemen and Matter, 2008; Monnin et al., 2014). These 
hyperalkaline pH >10 waters are not limited to continental serpenti
nized massifs, but also occur in the off-axis low-temperature (~100◦C) 
Lost City Hydrothermal Field atop the Atlantis Massif, Mid Atlantic 
Ridge (Kelley et al., 2001), in serpentine mud volcanoes in the Mariana 
Forearc (Mottl et al., 2004), and in Prony Bay, New Caledonia (Monnin 
et al., 2014). 

Previous studies (e.g., Neal and Stanger, 1985) predict that once 
serpentinization of primary minerals is complete, hyperalkaline waters 
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will cease to form in completely serpentinized mantle rocks. However, 
high pH hyperalkaline waters are present in many systems where the 
outcrops of mantle peridotite are strongly to completely serpentinized 
and primary mantle minerals are only minor components (Kelemen 
et al., 2011; Saad, 1969). 

Due to the abundance of partially serpentinized mantle peridotites 
atop the Troodos mountains, one might predict the common occurrence 
of high pH fluids hosted by the Mantle Sequences of the Troodos 

ophiolite, but hyperalkaline springs are rare and few have been 
comprehensively characterised (Neal and Shand, 2002; Rizoulis et al., 
2016). Here, we report analyses of previously undocumented high pH 
springs and other groundwaters hosted by highly deformed completely 
serpentinized rocks from the Artemis Diapir (Evans et al., 2021) of the 
Troodos Mantle Sequence, Cyprus. We propose that these hyperalkaline 
waters are formed by reactions between modern meteoric-water and 
serpentine rather than active low-temperature serpentinization 

Fig. 1. (a) Locations of water samples and detailed geological map of the Troodos ophiolite with the bullseye geometry of the Mantle Sequence highlighted along 
with the Limassol Forest Complex, the Cyprus Trench, and northernmost extent of the Eratosthenes Plateau. (b) Geological map of the Troodos Mantle Sequence 
(updated from Wilson, 1959). Shaded area shows the abandoned Amiantos asbestos mine. 
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hydration reactions of primary mantle minerals. The unusual chemistry 
of these meteoric-derived high pH fluids ultimately reflects signatures of 
subducted materials that have been mechanically advected through the 
underlying Cyprus mantle wedge by serpentinite diapirism and subse
quently mobilised by meteoric waters. 

2. Geological setting of the Troodos Mantle Sequence 

Serpentinized mantle rocks of the Troodos Mantle Sequence form the 
highest elevations of Cyprus (Mount Olympus, 1952 m asl). These 
strongly to completely serpentinized mantle peridotites are surrounded 
by an anticlinal dome comprising concentric annuli of gabbroic and 
ultramafic cumulate rocks, sheeted dikes, lavas, and submarine sedi
ments that crop out at progressively lower elevations (Fig. 1). The 
Troodos ophiolite exposes ocean crust and upper mantle rocks that 
formed ~90–92 Ma at some form of supra-subduction zone spreading 
ridge in the Neotethyan Ocean (Moores et al., 1984; Moores and Vine, 
1971; Mukasa and Ludden, 1987; Pearce et al., 1984). The Troodos 
Mantle Sequence has been sub-divided into two contrasting serpentinite 
diapirs (Evans et al., 2021; Gass and Masson-Smith, 1963; Moores and 
Vine, 1971; Wilson, 1959) that we refer to as (i) the Olympus Diapir, an 
arcuate domain of partially (~50 to 70%) serpentinized tectonized 
harzburgites with minor dunites that is juxtaposed by faults against (ii) 
the Artemis Diapir. Previously referred to as the “Smash Zone” (Wilson, 
1959), the Artemis Diapir is a subcircular domain of friable, completely 
serpentinized mantle peridotite blocks in a sheared matrix of serpentine 
breccia and comminuted serpentine gouge and clasts formed by multiple 
generations of serpentine deformation and recrystallization (Fig. 1b; 
Evans et al., 2021). The Artemis Diapir includes the abandoned 
Amiantos asbestos mine (~100 Mt; Wilson, 1959). Deformed serpen
tinite muds and breccias dominate the periphery of Artemis Diapir and 
these steep outcrop slopes comprise friable matrixes of serpentine clay 
gouge and comminuted serpentine cataclasite that have undergone 
multiple episodes of deformation and recrystallisation (Evans et al., 
2021). 

The progressive uplift and unroofing history of the Troodos massif is 
preserved in circum-Troodos sedimentary sequences that indicate that 
significant subaerial uplift and exposure uplift was initiated ~5.5 Ma 
(McCallum, 1989; Morag et al., 2016; Poole and Robertson, 1991; 
Robertson, 1977; Rouchy et al., 2001; Stow et al., 1995). Troodos- 
derived diabase and lava clasts occur in latest Messinian / Early Plio
cene (~5.5 Ma) strata indicating active sub-aerial erosion of the up
permost Troodos crust by this time (McCallum, 1989; Rouchy et al., 
2001; Stow et al., 1995). This is in good agreement with low- 
temperature (U–Th)/He thermochronology on plutonic rocks from 
the Troodos Massif that suggests an exhumation rate of 0.86 mm/yr with 
the onset of uplift at 6 ± 2 Ma (Morag et al., 2016). The first occurrences 
of ultramafic clasts are within the Lower Pleistocene (<2.58 Ma) 
sequence (Poole and Robertson, 1998, 1991; Stow et al., 1995; Wilson, 
1959) and the abundance of ultramafic clasts progressively increases 
within the Pleistocene Fanglomerate sequences (2.58–0.0117 Ma) 
(Poole and Robertson, 1998, 1991). The intensity of the uplift has waned 
from the Late Pleistocene to the present day (Poole and Robertson, 
1998). 

A major gravity low centred on the Artemis Diapir has been modelled 
as a deep ~11 km cylinder of low-density (2700 kg/m3) material (Gass 
and Masson-Smith, 1963; Shelton, 1993). Trace element concentrations 
and contrasting chrome spinel compositions suggest that the Artemis 
Diapir serpentinites are from a different mantle region to the tectonized 
harzburgites of the Olympus Diapir that partially melted to form the 
crustal rocks of the Troodos ophiolite (Batanova and Sobolev, 2000). 

3. Groundwaters of the Troodos ophiolite 

Water is of fundamental importance to Cyprus due to its arid eastern 
Mediterranean climate. Run off from the Troodos mountains is essential 

for recharging the aquifers in the low-lying circum-Troodos sediments 
on time scales of decades (Boronina et al., 2005b, 2005a, 2003; Geor
giou, 2002; Mederer, 2009). Mountain springs and boreholes hosted by 
Troodos crustal rocks provide potable water for drinking, bottling and 
local irrigation. Recent comprehensive investigations of groundwaters 
from the crustal section of the Troodos ophiolite (Christofi et al., 2020a, 
2020b) has established the range of fluid types within these fractured 
reservoirs but did not characterise wells or springs hosted by the Troo
dos Mantle Sequence (elemental analyses of two springs emanating from 
or near the Troodos Mantle Sequence are presented in Christofi, 2020). 
Fluids from wells in gabbroic rocks that surround the mantle domain, 
albeit at lower altitudes, are generally fresh with low chlorinity and 
sodium concentrations less than Mg or Ca concentrations (MgCa
NaHCO3 type fluids following Christofi et al., 2020a, 2020b). Na/Clmolar 
ratios are elevated compared to modern seawater (x2.2 ± 0.9 1σ; n =
50). Hydrochemical modelling indicates that most fluids result from low 
temperature exchanges with host rock minerals, but a minority of 
samples indicate minor input (≤0.1%) of a formation water proposed to 
be seawater (Christofi et al., 2020a). Higher concentrations of Na, Cl and 
SO4 are more common in waters from wells from the stratigraphically 
overlying dikes, basal group and lavas of the Troodos upper crust that 
surround the gabbros at progressively lower elevations (Christofi et al., 
2020a, 2020b; Neal and Shand, 2002). The lavas are overlain by 
Cretaceous to modern Circum-Troodos sedimentary sequences that 
irregularly include Messinian evaporite sequences that developed in 
small semi-isolated basins (Manzi et al., 2016; Rouchy et al., 2001; Stow 
et al., 1995). Investigations of cores from Cyprus Crustal Study Project 
Hole CY-2A drilled into mineralised lavas identified gypsum and trace 
amounts of anhydrite that yield δ34S values ranging between +21.8 and 
+22.7 ‰ (Alt, 1994; Herzig and Friedrich, 1987; Jamieson and Lyndon, 
1987). These open space-filled sulfate minerals are proposed to have 
formed from groundwaters circulating within the Troodos lavas that 
remobilised sulfate from the overlying Messinian evaporite sequences. 
However, there is only trace sulfate in rocks from Hole CY-4 that drilled 
the >2000 m through the lowermost sheeted dikes, into gabbros and 
cumulate ultramafic rocks, indicating that this Messinian signature is 
absent or only poorly developed in the plutonic sections of the Troodos 
crust (Alt, 1994). 

Here we present new major and trace element concentrations and Sr 
and stable isotope analyses (O, H) of surface and groundwaters from the 
Mantle Sequences of the Troodos ophiolite with emphasis on rare 
hyperalkaline (pH >11) seeps (Table 1, Fig. 1b). Samples were collected 
from streams, springs, seeps and snow from both the Olympus and 
Artemis domains of the Troodos Mantle Sequence (Table S1). An addi
tional sample set was collected from streams, seeps and lake draining 
recently groomed and partially afforested tailings terraces of the 
Amiantos asbestos mine. Analysis of stream water from a gabbro-only 
catchment complements published data (Christofi et al., 2020b; Neal 
and Shand, 2002). Details of analytical methods are recorded in Sup
plementary methods. 

3.1. Groundwaters from the Troodos Mantle Sequences 

The dominant waters flowing in streams and springs hosted by the 
Troodos Mantle Sequences are fresh, Mg-bicarbonate fluids with pH 
between 8.1 and 9.6 (Fig. 2a). These Troodos Mantle Sequence surface 
(TMS) waters are similar to gabbro-hosted groundwaters (Christofi 
et al., 2020a), but with generally higher pH and Mg (x3) but are fresher 
with relatively low Cl, Na, Ca, and sulfate concentrations (Table 1). The 
latter two parameters are lower by an order of magnitude although Ca is 
relatively less depleted than sulfate compared to seawater. TMS waters 
are the equivalent of Type 1A and 1B Cyprus fluids of Neal and Shand 
(2002) and are similar to other Mg-HCO3 “Type 1” surface fluids re
ported from the mantle sequences of numerous ophiolites (e.g., Barnes 
and O’Neil, 1969; Chavagnac et al., 2013; Leong et al., 2021). Most TMS 
waters have Na/Cl less than modern seawater, but elevated K, Rb and Cs 
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over Cl ratios compared to modern seawater albeit at much lower con
centrations. Similarly, B and Li are present in only low concentrations 
although they are strongly enriched compared to Cl relative to seawater. 
B/Li ratios are ~15 to 23 (Fig. 2b), similar to or slightly elevated from 
modern seawater. In contrast, Sr is depleted relative to Ca compared to 
seawater. The Sr isotopic compositions of TMS waters are tightly clus
tered with 87Sr/86Sr = 0.7085 ± 0.0001 (1σ, n = 6) significantly higher 
than the range estimated for the mantle domain that sourced the 
magmas that formed the Troodos crust (0.7035–0.7039, Rautenschlein 
et al., 1985) and ~ 91 Ma seawater (~0.7073, McArthur et al., 2012). 
The Sr-isotopic compositions of TMS waters are of 18.5 to 21.5 Ma 
(Fig. 3a) seawater but within the range of ratios measured for Messinian 
evaporite sequences in the eastern Mediterranean (e.g., Schildgen et al., 
2014). Oxygen and hydrogen stable isotope composition measurements 
of the TMS waters plot close to the local meteoric water line for the 
Troodos mountains (Fig. 3c, Boronina et al., 2005a; Christofi et al., 
2020b). 

3.2. Occurrences of hyperalkaline springs and Artemis hyperalkaline 
waters 

The hyperalkaline springs documented in our study are hosted by 
highly deformed completely serpentinized rocks that crop out towards 
the base of the steep-sided valleys that delineate the boundary between 
the Artemis and Olympus domains (Fig. 4). These outcrops comprise 
friable mixtures of clay-sized serpentine gouge and comminuted 
serpentine cataclasite. In this boundary zone rare, small (<15 cm-wide) 
fluid seeps emanate from the serpentine breccias indicated by small 
zones of pyroaurite (Mg6Fe3+

2 (OH)16[CO3].4H2O) brucite, calcite and 
halite surface coatings. For example, a series of small ~3 m-wide trav
ertine sites occur along the southern extent of this contact (TV3; Fig. 1b; 
Fig. 4a), where high pH >11 hyperalkaline waters emanate from 

serpentinite breccia and partially erode previously precipitated traver
tine deposits, forming small ~1 m-wide pools. 

The best example of hyperalkaline fluid egress is the ~25 m-long 
Artemis Tears spring on the western boundary of the Artemis Diapir 
(Fig. 1b; Fig. 4b). Here, 9–17 ◦C hyperalkaline waters slowly emanate 
(~7 L/h) from a cluster of discrete springs along the break in slope near 
the valley floor. These discharges are surrounded by hard grounds of 
clastic surficial serpentinite grit cemented by calcite, aragonite, brucite, 
and halite. Along the surface drainage path of these hyperalkaline wa
ters, soft, tacky, brucite-rich precipitates with minor carbonate, halite, 
and detrital serpentine have formed by mixing with other surface waters 
(Fig. 4b). 

In contrast to TMS waters, these Artemis hyperalkaline waters are 
brackish (TDS 5 to 15 g/kg) with pH from 11.5 to 13 (Table 1; Fig. 2a). 
These fluids are mostly NaCl-type although hydroxide is a significant 
component of the pH ~13 fluids. Na/Cl ratios are elevated compared to 
seawater (1.2–1.3). Other ions provide only low contributions of the 
positive (Ca <0.7%; Mg <4%) or negative charge DIC <8.3%; SO4 
<2%). DIC concentrations are similar to or lower than TMS waters 
whereas SO4 is increased by approximately a factor of 100, similar to Cl 
and Na (Fig. 5). Mg concentrations are lower than TMS waters but Ca 
and Sr concentrations are the same or slightly higher. Sr/Ca ratios show 
a similar range. SO4 concentrations are approximately five times Ca. Ba 
concentrations are 10 to 100 times higher in the hyperalkaline fluids 
than the TMS waters. B concentrations are strongly elevated compared 
to TMS waters with concentrations up to seven times that of seawater. Li 
concentrations are even more strongly elevated, enriched by factors of 
500 to >1000. Similarly, K, Rb and Cs concentrations are enriched by 
factors of 100 to ~1000 compared to TMS waters (Fig. 5). 87Sr/86Sr 
measurements yield surprisingly low ratios between 0.7056 and 0.7059, 
intermediate between estimated Troodos mantle and 91 Ma seawater 
(Fig. 3a,b) (McArthur et al., 2012; Rautenschlein et al., 1985). Oxygen 

Table 1 
Composition of waters from the Troodos Mantle Sequence and comparison fluids. Bold emphasises concentrations greater than modern seawater. † Data sourced from 
Mottl et al. (2004).  

Type Troodos Mantle Sequence surface waters (TMS- 
waters) 

Artemis hyperalkaline 
waters 

Amintos Mine waters Modern 
seawater 

Mariana Serpentine 
Springs†

Diapir Olympus & Artemis Artemis Artemis   
n 10 9 4  3 
pH 8.2 to 9.6 11.5 to 13.0 8.5 to 9.0 8.15 11.42 to 12.5 
Salinity g/kg 0.16 to 0.28 5.4 to 15.0 0.28 to 0.72 34.5 24.1 to 36.6  

fresh brackish fresh to weakly 
brackish 

saline brackish to saline 

Water classification MgHCO3 > MgHCO3CO3 NaCl to NaClOH MgNaHCO3Cl >
MgHCO3 

NaCl NaCl > NaClSO4 

T ◦C 10.4 to 19.8 9.0 to 22.2 13.5 to 16.3   
87Sr/86Sr 0.7084 to 0.7086 0.7056 to 0.7059 0.7079 to 0.7086 0.70918 0.7054 to 0.7063 
δ18O (per mil, 

VSMOW) 
− 7.6 to − 6.6 − 5.4 to − 3.0 − 7.0 to − 7.1 0 2.5 to 4.0 

δD (per mil, VSMOW) − 39 to − 33 − 33 to − 29 − 37 to − 35 0 − 4.8 to 14.2 
Cl mmol/kg 0.32 to 0.40 77 to 222 0.9 to 6.4 546 260 to 518 
SO4 0.03 to 0.05 1.7 to 5.2 0.06 to 0.15 27.2 27 to 46 
DIC 4.1 to 8.1 0.6 to 3.8 6.2 to 10.1 1.97 9 to 29 
Mg 2.6 to 4.5 0.008 to 2.3 3.9 to 6.6 52.8 b.d. to 0.003 
Ca 0.03 to 0.23 0.16 to 0.95 0.11 to 0.16 10.3 0.3 to 1 
Na 0.21 to 0.41 100 to 273 1.0 to 5.8 465 390 to 610 
K 0.006 to 0.02 3.3 to 8.1 0.03 to 0.25 10.2 15 to 19  

B (μmol/kg) 9 to 70 657 to 3134 40 to 100 415 3200 to 3900 
Li 0.6 to 3.8 730 to 2417 9.5 to 25.5 25.6 0.02 to 1.6 
Rb 0.002 to 0.01 2.2 to 5.3 0.025 to 0.42 1.45 7.8 to 10 
Cs 0.025 to b.d. 0.5 to 1.9 0.02 to 0.68 0.002 0.15 to 0.36 
Sr 0.03 to 0.3 0.2 to 1.1 0.14 to 0.24 90.7 10 to 20 
Ba 0.0004 to 0.03 0.08 to 0.18 0.08 to 0.37 0.085 0.1 to 0.4 
Si 5 to 816 34 to 312 150 to 383 110 24 to 70 
Br b.d. to 52 b.d. to 239 8.6 to 97 842.1 n.a.  

Na/Cl (mol/mol) 0.63 to 1.0 1.20 to 1.35 0.91 to 1.12 0.85 1.1 to 1.5  
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Fig. 2. (a) Cl versus pH data of waters sampled from the Troodos ophiolite. Alas spring samples are from Rizoulis et al. (2016) and Christofi (2020). Type 3 and Type 
1 (A&B) waters from Neal and Shand (2002). New Caledonia (Monnin et al., 2014), Liguria (Chavagnac et al., 2013), Oman (Chavagnac et al., 2013; Leong et al., 
2021), Troodos (Christofi et al., 2020a, 2020b; Neal and Shand, 2002) and the Mariana Forearc serpentinite mud volcanoes pore waters and springs (Hulme et al., 
2010; Mottl et al., 2004; Wheat et al., 2018) are shown as fields. (b) B/Li (mol/mol) versus K concentration for Troodos fluids. Comparison data from Mariana forearc 
serpentinite waters. Dashed line shows seawater B/Li (mol/mol) ratio. 
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and hydrogen stable isotopes also reveal rock-dominated signatures and 
are strongly shifted from the local meteoric water-line indicating ex
change with serpentine at low water/rock ratios (w/r < 0.1; Fig. 3c). 

Previously reported high pH fluids from the Troodos massif are 
similar to the hyperalkaline waters presented here, albeit with some 
differences. Earlier, reconnaissance sampling identified emissions of 
weakly to mildly brackish high pH fluids (pH 11.2 to 11.6) originating 
from the Troodos Mantle Sequences but issuing from gabbro-hosted 
wells (Types 3A; see Table S1; Neal and Shand, 2002) and have mixed 
with Ca, carbonate and sulfate-bearing groundwaters. Following Chris
tofis et al., 2020a, these fluids are NaClSO4CO3 and NaClCO3 waters and 
are not pure end-members. Sulfate is only rarely a major component of 
gabbro-hosted groundwaters (Christofi et al., 2020a) but is more com
mon in the sheeted dikes and lavas. Unfortunately, the exact location of 
these wells is not reported. More recently, a microbiological study 
analysed high pH (9.3 to 11.7) mildly brackish NaCl-type fluids 
emanating from the Alas Spring that issues from a block of serpentinized 
peridotite cropping out on the north-eastern slopes of the Artemis Diapir 
(Fig. 1b, Rizoulis et al., 2016; see Table S1). These high pH Alas Spring 
fluids are essentially similar to our hyperalkaline fluids but are less sa
line and have very low Mg concentrations (Fig. 5) (Rizoulis et al., 2016). 
Complete alkali metal analyses are not available for the Alas Spring 
waters nor are Li and B concentrations, but high potassium concentra
tions, strongly elevated >100 times compared to TMS waters indicates 
similar alkali element enrichments. 

The chemistry of the Artemis hyperalkaline waters are different from 
high pH fluids issuing from other peridotite massifs such as the Samail 
ophiolite, Oman (Fig. 2a). Sampled waters (pH from Samail ophiolite 
high pH waters (8.2 to 11.6) have relatively low alkali element con
centrations Li, Na, K (Chavagnac et al., 2013; Leong et al., 2021). 
Importantly, oxygen and hydrogen stable isotopes of Oman hyperalka
line waters mostly fall on the local meteoric water line (e.g., Neal and 
Stanger, 1985) and do not display rock-dominated ratios like the 
Artemis hyperalkaline waters. Similarly, high pH >10.5 fluids hosted by 
peridotites in New Caledonia and Liguria have low chlorinities (Fig. 2a) 
(Chavagnac et al., 2013; Monnin et al., 2014). The saline, non- 
radiogenic 87Sr/86Sr Artemis hyperalkaline waters are strikingly 
similar to the end-member high pH waters emanating from serpentine 
mud-volcanoes in the Mariana forearc (Table 1; Figs. 2; 5; Hulme et al., 
2010; Mottl et al., 2004). 

3.3. Waters draining the Amiantos Asbestos Mine tailings 

A selection of fluids were collected from streams, seeps and a small 
lake draining terraces of the ~130 Mt of tailings from the Amiantos 
Asbestos mine that operated from 1904 until 1988 (Fig. 1b). Although 
some terraces have been systematically replanted, there remain large, 
exposed banks of bare porous gritty mine waste. The mine waters are 
similar to TMS waters with pH between 8.5 and 9 but Cl, Na, Ba, Li and K 
concentrations are all elevated by approximately a factor of ten (Table 1, 
Fig. 2). Rb and Cs concentrations are even more strongly enriched. These 

(caption on next column) 

Fig. 3. (a) 87Sr/86Sr versus Sr and (b) 87Sr/86Sr versus δ18OWater plot of the 
Troodos Mantle Sequence waters. Dash-dotted black lines = mixing line. 
87Sr/86Sr of Cyprus Messinian evaporites shown as a blue field (Schildgen et al., 
2014). (c) δ18OWater versus δDWater plot of Troodos Mantle Sequence waters. 
Dashed blue line refers to the Mediterranean meteoric water line (Gat et al., 
1969), dotted blue line refers to the local Cyprus meteoric water line (Christofi 
et al., 2020a), solid blue line also refers to the local Cyprus meteoric water line 
(Boronina et al., 2005a). Gold squares shows the median Mariana Forearc 
Conical Seamount Pore Water (Benton, 1997) with a mixing line denoted as a 
black dash-dotted line with Troodos meteoric water. Light grey shaded area 
show a closed system water-rock (W/R) equilibrium model (Taylor, 1977) 
showing equilibrium at decreasing W/R ratios. Serpentine-water oxygen frac
tionation equations following (Wenner and Taylor, 1971) and hydrogen frac
tionation following (Saccocia et al., 2009). 
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fluids have 87Sr/86Sr ratios from 0.7079 to 0.7086, slightly displaced to 
less primitive values compared to TMS waters (Fig. 3a). Stable isotope 
analyses (δ18O and δD) plot close to the Troodos meteoric water line 
(Fig. 3c). 

4. Discussion 

The Troodos Mantle surface waters (TMS waters) are similar to the 
Type 1 waters of Barnes and O’Neil (1969) and formed through near 
surficial reaction or meteoric waters with partly to completely serpen
tinized peridotites including primary (e.g., olivine, orthopyroxene) and 

secondary mineral (serpentine, brucite, carbonate) dissolution (Leong 
et al., 2021; Leong and Shock, 2020). Although these fluids are fresh 
(salinity <0.3 g/kg), relative to Cl, TMS waters have K-Rb-Cs as well as 
Li and B concentrations higher than seawater. This indicates the pres
ence of a minor salt component that is not modern seawater aerosol. We 
note that snow from the Troodos massif does have the Na/Cl ratio of 
modern seawater (Table S1). Consequently, the enrichment in alkali 
metal ions and other components must be generated by fluid-rock in
teractions in addition to the dissolution of easy to mobilise solid phases 
such as brucite and carbonate. Stable isotope compositions of the TMS 
waters are close to the local meteoric water line indicating water 

Fig. 4. (a) TV3 travertine deposit with pH 11.5 hyperalkaline water emanating from Artemis serpentinite breccia. Hammer for scale. (b) Artemis Tears with seep 
locations shown within area of harder calcified serpentinite material highlighted. White trails show detrital serpentinite loosely cemented by brucite‑carbonate and 
halite precipitates resulting from mixing with pH 8.3 TMS waters. 

Fig. 5. Artemis Hyperalkaline water concentrations normalized to average TMS-waters (yellow circles), mixed waters (orange lines) from this study and the Alas 
spring (yellow triangles) (Rizoulis et al., 2016). Grey shading shows range of the TMS waters. Gold shading show Mariana Forearc serpentinite mud volcano fluids 
(Hulme et al., 2010; Mottl et al., 2004; Wheat et al., 2018). 
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dominated fluid-rock exchanges as expected for near-surface ground
waters (Fig. 3). Sr concentrations are low and Sr-isotope compositions 
are between 0.7084 and 0.7086. This could point to exchange with ~20 
million year old seawater, but is more likely to reflect dissolution of 
minor calcite veins with early Messinian seawater signatures (87Sr/86Sr 
~ 0.7086–9; Schildgen et al., 2014) mixed with a more primitive 
component. 

In contrast, the Artemis hyperalkaline waters are some of the highest 
pH natural waters ever recorded (Fig. 2a; Monnin et al., 2014) and this 
signal is combined with high concentrations of dissolved salts. It is un
usual that waters seeping from steep slopes of serpentinized gouge on a 
mountain comprising serpentinized peridotite have low Mg concentra
tions but high concentrations of alkali metals (Li, Na, K, Rb, Cs), B and 
Ba (Fig. 5), with Na/Cl ratios significantly elevated compared to 
seawater and potassium concentrations approaching that of modern 
seawater. High salinities combined with rock-equilibrated stable isotope 
compositions and rock-like 87Sr/86Sr ratios (Fig. 3) distinguishes the 
Artemis fluids from other hyperalkaline fluid suites, suggesting contri
butions from related but different fluid-rock reaction processes. 

We suggest that the high pH values of the Artemis hyperalkaline 
waters are generated through multiple cycles of serpentine dissolution, 

recrystallisation and reprecipitation, following: 

Mg3Si2O5(OH)4 +H2O⇌3Mg2+ + 2SiO2 (aq) + 6OH−

Excess Mg2+ from this reaction has been extracted by precipitation of 
magnesite or brucite along the flow pathway (e.g., Leong et al., 2021; 
Leong and Shock, 2020), resulting in the observed anomalously low 
dissolved Mg and DIC (Fig. 5). Dissolved silica may precipitate as 
amorphous silica and/or contribute to the widespread occurrences of 
andradite in the sheared serpentine. Na/Cl ratios greater than seawater 
reflect additional Na+ from dissolution of inclusions in the serpentine 
and this Na+, plus other similarly dissolved cations, is balanced by the 
very high OH− concentrations (Fig. 5). 

The Amiantos mine waters are similar to the TMS waters but have 
higher dissolved salts suggesting either mixing with Artemis hyper
alkaline waters or a process to enrich these waters in an additional 
component. Given the porous nature of the Amiantos tailings terraces 
and short flow paths for meteoric waters through these loose piles of 
waste rock, we favour the addition of a distinctive component. 

All waters from the mantle sequences of the Troodos massif show 
elevated ratios of alkali metals (Li, K, Rb, Cs) and B over Cl compared to 
seawater, although these chemical enrichments are most apparent in the 

Fig. 6. (a) Cross section of the Artemis Tears site located near the boundary between the Olympus and Artemis diapirs. Fluid pathways for the TMS waters and 
hyperalkaline waters are shown. (b) inset schematic figure from (a) showing finer scale details resulting from dissolution of refractory components and occurrence of 
high pH 13 meteoric-derived hyperalkaline waters. 
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saline Artemis hyperalkaline waters. We suggest that both the partially 
serpentinized peridotites of the Olympus Diapir and the completely 
serpentinized peridotites of the Artemis Diapir include at least two 
serpentinization signatures; i) a loosely bound signature with low 
salinity and 87Sr/86Sr ratios of 0.7085 ± 0.0001 that can be mixed to 
different extents with ii) a strongly saline signature (elevated Cl, Na, K, 
Rb, Cs) with relatively primitive 87Sr/86Sr as well as high B, Li, Ba and 
sulfate. We propose that these strong saline signatures are sourced from 
inclusions of poorly soluble mineral(s), weakly bound to serpentine, 
within the serpentinized peridotites and have been mechanically 
advected by serpentine diapirism, uplift and erosion to the near surface 
environment where they are potentially available to be mobilised by 
groundwaters (Figs. 6,7). We are yet to identify the relatively refractory 
carrier phases of these saline and primitive 87Sr signatures and these 
components are probably microscopic solid inclusions (e.g., Scambelluri 
et al., 2015, 1997), possibly entwinned within and protected by 
serpentine fibres rather than being directly bound in the serpentine 
structure. Some elements such as B may be accommodated within the 
crystalline serpentine structure (Pabst et al., 2011). It is only through the 
creation of new surface area through either tectonic deformation 
(Artemis Diapir) or crushing during mining operations that this rela
tively refractory phase becomes directly exposed to meteoric waters 
leading to elevated concentrations of these components in the ground
waters (Figs. 5,6). 

4.1. Similarities and differences between Artemis hyperalkaline waters 
and Mariana serpentine seamount fluids 

The Artemis hyperalkaline waters are substantially similar to saline 
high pH fluids issuing from serpentine seamounts in the Mariana forearc 
(e.g., Hulme et al., 2010; Mottl et al., 2004; Wheat et al., 2018) with 
similar pH, and Cl, SO4, DIC, Na, Ca, Ba, B, K and Rb concentrations 
(Table 1, Fig. 2a; Fig. 5). The Mariana fluids have lower Mg, Li and Cs 
but much higher Sr concentrations. Notably the Mariana fluids have 
rock-like 87Sr/86Sr ratios (0.7054 to 0.7063; Bickford et al., 2008) and 
δ18O ratios up to 4.4 ‰ (Benton, 1997) higher than modern seawater 
(Fig. 3c). Mixing between these high δ18O Mariana ratios and TMS 
waters shows that the Artemis hyperalkaline waters are inconsistent 
with an origin of mixing between these two endmembers (Fig. 3c). 
Instead, the Artemis hyperalkaline waters are most consistent with 
strong exchange with serpentinites at low temperatures (<25 ◦C) 
(Fig. 3c). 

Although the Mariana fluids are partially impacted by near ocean 
bottom fluid mixing processes and mineral precipitation reactions, the 
Mariana fluid compositions are interpreted to reflect hydrous fluid 
mobile inputs from the subducting slab beneath the serpentine mud 
volcanoes, with many tracers conservative and little affected by ser
pentinization reactions occurring in the overlying rigid mantle wedge (e. 
g., Mottl, 1992; Mottl et al., 2004). Fluid compositions vary with 
increasing distance from the Mariana trench and depth to and temper
ature of the underlying subducting slab, where conditions affect sedi
ment and upper ocean crustal dehydration reactions, elemental 
mobilisation and extents of carbonate dissolution (Hulme et al., 2010; 
Menzies et al., 2022; Mottl et al., 2023, 2004; Wheat et al., 2020). 
Although the Marianas system is not directly analogous with the Troo
dos waters and we invoke different mechanical solid-phase mechanisms 
for the transport of slab signatures from depth to the surface, there are 
similarities particularly regarding the input of subduction zone signa
tures into mantle wedge serpentinites that are explored below (Fig. 5). 
The elevated Ca and Sr concentrations in the Marianas fluids farthest 
from the trench are proposed to reflect extensive carbonate dissolution 
from the lawsonite-epidote transition within the downgoing slab (e.g., 
Mottl et al., 2023, 2004). By comparison, the Artemis hyperalkaline 
waters yield relatively lower Ca and Sr concentrations indicating that 
the source zone of the Troodos subduction signatures is too cold for 
extensive carbonate dissolution (Fig. 5). 

4.2. A geological model for the serpentinization of the Troodos Mantle 
Sequence and modern groundwaters 

The >90 million year geological history of the Troodos ophiolite is 
complex and knowledge remains incomplete (e.g., Robertson, 1998). 
Even the current tectonic setting remains debated (e.g., Feld et al., 2017; 
Hall et al., 2005; Symeou et al., 2018; Welford et al., 2015). Following 
the formation of the Troodos crust at an east-west trending spreading 
ridge in a Neotethyan supra-subduction zone setting ~91 Ma (Mukasa 
and Ludden, 1987), the Troodos plate was rotated ~90◦ anticlockwise 
before the end of the lower Eocene during its accretion with the 
Mamonia terrane (Clube et al., 1985). Although there is evidence for 
Cretaceous near ridge serpentinization in peridotites of the Limassol 
Forest Complex along the Arakapas transform fault (e.g., Murton, 1986) 
(Fig. 1b) and during early uplift of those rocks prior to ~16 Ma (Rob
ertson, 1977), there is little evidence for early serpentinization of the 
Troodos Mantle Sequence. 

The modern subduction setting of Troodos is different from that 
which occurred in the Cretaceous (Robertson, 1998). Modern subduc
tion was initiated approximately 20 million years ago (Robertson, 1998) 
in the Cyprean Trench about 50 km south of Cyprus. The plate being 
consumed is presumed to be Mesozoic or even Paleozoic ocean litho
sphere (Feld et al., 2017; Granot, 2016; Müller et al., 2008; Welford 
et al., 2015) on the leading edge of the (relatively) northward-moving 
Sinai microplate ahead of the Eratosthenes plateau (Fig. 1a; Mascle 
et al., 2000) that is most likely submerged thinned continental crust. 

Here we outline a sequence of events that best match the evidence for 
multiple serpentinization inputs including the strong subduction zone 
signature present in the Artemis hyperalkaline waters (Fig. 7). From the 
initiation of subduction until ~6 Ma, dewatering and dehydration re
actions led to the pervasive but partial serpentinization of the overlying 
Cyprus mantle wedge and the addition of fluid mobile components to the 
subsurface peridotites that will be eventually exposed as the Olympus 
and Artemis domains (Fig. 7a). High concentrations of K, Rb and Cs and 
Na/Cl much greater than seawater indicate mobilisation of alkali metals 
from subducted ancient ocean crust (e.g., Mottl et al., 2004). Abundant 
Li may suggest a contribution from subducted sediments but the rela
tively primitive 87Sr/86Sr of this early serpentine signature indicates 
fluid inputs predominantly from altered ocean crust. 

The collision of the Eratosthenes plateau with the Cyprean Trench 
about <5 Ma stalled the northwards subduction beneath Cyprus, leading 
to the focusing of fluids from the continued dehydration of the sub
ducting plate to an east-west elongate region beneath the Troodos 
ophiolite with plate dewatering and dehydration and consequently fluid 
upwelling and serpentinization most concentrated beneath the present 
day Mount Olympus (Fig. 7b). This serpentinization of the mantle wedge 
led to the progressive uplift and emergence of the Troodos crust during 
the Messinian and the formation of small, isolated basins with irregular 
evaporite sequences (Manzi et al., 2016; Rouchy et al., 2001; Stow et al., 
1995). Gabbroic rocks were first exposed in the Pliocene. The Troodos 
Mantle Sequence first became emergent in the earliest Pleistocene 
(McCallum, 1989; Poole and Robertson, 1998; Stow et al., 1995) 
(Fig. 7c) driven by continued serpentinization by slab dehydration fluids 
from below supplemented by the infiltration of rains falling on the rising 
topography of the nascent Troodos mountains leading to further uplift 
and erosion (Evans et al., 2021). Channelling of Messinian evaporite 
signatures including relatively radiogenic 87Sr/86Sr added an easily 
mobilised signature to the partially serpentinized Troodos peridotites 
(Fig. 7c). 

Since the Late Pleistocene asbestiform serpentine has been present in 
the circum-Troodos sediments indicating the exposure of the completely 
altered serpentine blocks and highly deformed serpentine breccias and 
gouges of the Artemis Diapir (Fig. 7d, Evans et al., 2021). Primary 
geochemical evidence (Batanova and Sobolev, 2000) (Fig. 7d) indicates 
these rocks are from a distinctively different domain of the Cyprus 
mantle wedge. 
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Fig. 7. Schematic figure of the Cyprus subduction zone show the progressive infusion of the Cyprus mantle wedge with subduction zone components (e.g., Li, Na, K, 
Rb, Cs) and its serpentinization from (a) Mid-Miocene, (b) Messinian, (c) Pliocene-Pleistocene, (d) Late-Pleistocene to Holocene. The progressive evolution of the 
subduction zone with the arrival of the incoming Eratosthenes Plateau that focussed slab-derived fluids beneath the Mount Olympus region, inducing serpentinite 
diapirism, and mechanically advecting signatures of subduction to the near-surface that are mobilised by meteoric waters. See text for details. 
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Modern rain and snow falling on the Troodos mantle sequences, form 
fresh, moderately alkaline Mg-HCO3 “Type 1” fluids through the disso
lution of serpentine, brucite and carbonate and acquire the distinctive 
87Sr/86Sr signature of the Messinian evaporites. The deep subduction 
zone signatures likely remain tightly bound within the robust partially 
serpentinized peridotites of the Olympus Diapir. In contrast, some 
meteoric fluids penetrate more deeply into the breccias and highly 
deformed serpentinites of the Artemis Diapir, especially around the 
strongly brecciated boundary regions between the two domains. 
Through water-rock exchanges under highly rock-dominated conditions 
(Fig. 3c), these waters exchange stable isotopes and liberate relatively 
refractory subduction zone signatures from the strongly communited 
serpentine. These fluids emerge in rare, low flow rate springs. We note 
that the Artemis Tears site had not previously been recognised and was 
first identified following a winter of anomalously heavy rainfall (winter 
2018/2019). This additional hydrological head may have pushed 
otherwise non-emergent deep hyperalkaline fluids to the surface. 
Although activity at the Artemis Tears site has continued (last observed 
May 2023) it has become progressively less active since first observed in 
2019. 

5. Conclusions  

1) High pH (up to pH 13) hyperalkaline waters with very high salinities 
(25 to 30% seawater total dissolved loads) emanate in rare seeps 
within the Artemis Diapir of the Troodos massif, Cyprus. These fluids 
are unlike other high pH fluids that have been recorded in other 
ophiolite settings.  

2) The Artemis hyperalkaline fluids most resemble waters from the 
Mariana forearc serpentinite seamounts with elevated concentra
tions of alkali elements (Li, Na, K, Rb, Cs), B and Ba. Despite the 
similarities of these hyperalkaline fluids, the Artemis hyperalkaline 
waters show evidence of extensive exchange between meteoric water 
and the completely serpentinized mantle rocks of the Artemis Diapir.  

3) We propose that the stalling of Cyprus subducting plate has led to the 
widespread infusion of the Cyprus mantle wedge with subduction 
zone signatures (Li, Na, K, Rb, Cs) 87Sr/86Sr, B and Ba, held in rela
tively refractory phases. Serpentine diapirism has led to the uplift 
and exposure of the Troodos Mantle Sequence. Localized deforma
tion in the Artemis Diapir and multiple cycles of serpentine recrys
tallization and reprecipitation has allowed deeply penetrating 
meteoric waters to mobilise these subduction zones signatures that 
emerge in rare high pH (11 to 13) saline waters with low 87Sr/86Sr 
and rock-dominated stable isotope compositions.  

4) Although all fluids draining the Troodos Mantle Sequence show 
elevated fluid mobile element/Cl ratios relative to seawater, 
Amiantos mine waters show elevated concentrations (relative to 
TMS waters) in fluid mobile elements made available by industrial 
comminution. 
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