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Abstract

The Troodos ophiolite Cyprus hosts the on-land analogue for mafic, Cu-rich, or Cyprus-type VMS
deposits. In addition to high-temperature (>350°C) sulfide mound related mineralisation, other fossil
seafloor mineralising systems are known to operate, including those characterised by an enrichment in
Au and abundant silicification. In this study the mineralogy and geochemistry of four Au and silica-
rich localities in Troodos are considered, these include: Kokkinovounaros, Mathiatis South, Touronjia
and Alpen Rose. We present whole rock geochemical and mineralogical data characterising the

distribution of Au in the off-axis hydrothermal system of Troodos.

Samples from silica-rich localities have two distinct sample mineralogies: supergene samples that
contain predominantly goethite, hematite and jarosite and hypogene samples that contain quartz,
amorphous silica and minor hematite. Hypogene samples from Mathiatis South and Kokkinovounaros
are enriched in Au with a median concentration of 1.5 ppm relative to supergene samples that contain
0.1 ppm (n = 107). This indicates that Au enrichment occurred on the seafloor and is not solely related

to supergene weathering processes in silica-rich mineralisation.

We suggest that silica-rich Au mineralisation in Troodos formed during the migration of newly
formed crust off-axis or as white smokers proximal to known VMS deposits. In off-axis silica-rich
mineralisation, Au was probably remobilised from shallow crustal reservoirs during the low-

temperature fluid flow in the lower extrusive sequence as the crust cooled and migrated off-axis.
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Based on modern seafloor analogues, we propose a revised model for the off-axis hydrothermal
system that explains the distribution of Au in silica-rich mineralisation. We suggest that
mineralisation formed an intermediary between high-temperature (350°C) on-axis VMS deposits and

the low-temperature silicification of umbers (<150°C).

Introduction

Off-axis hydrothermal systems

Gold is an element widely associated with seafloor sulfide mineralisation in a range of tectonic
settings (Hannington et al. 1991; Melekestseva et al. 2017; Mercier-Langevin et al. 2011; Moss and
Scott 2001). Volcanogenic Massive Sulfide (VMS) deposits associated with the Troodos ophiolite are
generally Au-poor (Hannington et al. 1998; Mercier-Langevin et al. 2011); however, previous studies
have shown that Au may be concentrated in low-temperature “off-axis” silicified umbers (Prichard
and Maliotis 1998). In these systems silicification postdates VMS formation and formed distally to the
spreading axis as the crust cooled and migrated off-axis (Prichard and Maliotis 1998). It remains
unclear for how long and how far spatially off-axis hydrothermal circulation remained active in
Troodos, as low-temperature hydrothermal activity is reported for 20-30 km off-axis in active
seafloor spreading environments (Honorez et al. 1981). In active seafloor hydrothermal systems, black
smoker vent sites characterise only the active, high-temperature portion of the hydrothermal system

with extinct sulfide accumulations preserved distally but within a few km of the spreading axis.

In this study we investigate a mineralisation style that is silica-rich and sulfide-poor that occurs
distally to known VMS deposits. Four mineralised localities are considered that display different
mineralogical, morphological and geochemical characteristics compared to a typical Troodos VMS
deposit. Historically, studies by Prichard and Maliotis (1998) have indicated that Au enrichment is
associated with silicification in umbers, however, the temperature and source of Au in these systems
remains poorly constrained. This study aims to characterise the source, distribution and enrichment of
Au in VMS and silica-rich mineralisation of the Troodos ophiolite to better understand the mobility of

metals during low-temperature off-axis fluid circulation.
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The Troodos ophiolite

The exceptionally exposed Late Cretaceous (~92 Ma: Mukasa and Ludden 1987) Troodos ophiolite of
Cyprus hosts the type locality for Cyprus-type, mafic or Cu-Zn VMS deposits (e.g., Adamides 2010;
Galley et al. 2007; Hannington et al. 1998). The exact tectonic origin of the Troodos ophiolite remains
controversial and it is now widely accepted that Troodos formed in a supra-subduction environment,
most likely a nascent fore-arc type setting (Miyashiro 1973; Pearce and Robinson 2010). The domical
uplift of Troodos has led to the exposure of a complete oceanic pseudostratigraphy with the mantle
section surrounded radially by cumulate and plutonic rocks, the sheeted dyke complex (SDC), the
extrusive sequence, consisting of a transitional basal group horizon (BG) between the SDC and lavas,

and the upper and lower pillow lavas (UPL-LPL) (Gass 1980, 1968; Fig. 1).

The SDC are locally altered to greenschist facies alteration assemblages (e.g., epidote) indicating
high-temperature (>350°C) fluid-rock interaction during hydrothermal alteration (Gass and Smewing
1973). Moreover, it is widely accepted that the SDC contributed metals to the overlying hydrothermal
system during VMS formation (i.e. spilite and epidosite formation; Jowitt et al. 2012; Patten et al.

2016, 2017).

The spreading structure of Troodos suggests crustal accretion akin to processes recognised at
intermediate to slow-spreading ridges (Escartin and Canales 2011). The formation of regional-scale
graben structures indicate tectonic stretching, thinning and rotation of the upper crust during seafloor
spreading (Varga and Moores 1985; Fig. 1). Three regional-scale grabens that are thought to represent
fossil seafloor spreading ridges are preserved on the northern flank of Troodos (Varga and Moores
1985; Fig. 1). From west to east these are: Solea, Mitsero and Larnaca grabens. Spreading
relationships between grabens suggest that both Solea and Mitsero could have formed in an “off-axis”
position i.e. through the faulting of older crust in a ridge flank type setting (van Everdingen and
Cawood 1995; Hurst et al. 1994). VMS deposits and silicified umbers are spatially associated with

these seafloor structures (Constantinou and Govett 1973; Prichard and Maliotis 1998).
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Off-axis silicification

Previous studies have identified areas distal to high-temperature VMS mineralisation that contain
elevated Au concentrations (>1 ppm) associated with silicified Mn and Fe-rich umbers (Prichard and
Maliotis 1998). The addition of silica, usually in an amorphous form in umbers occurred on the
seafloor, is fault controlled and locally pervasive over a few metres (Prichard and Maliotis 1998).
Gold concentrations in un-silicified umbers were found to average just 5 ppb whilst silicified umbers

contained elevated Au concentrations of up to 5.3 ppm (Prichard and Maliotis 1998).

1. Geological Background

We present four detailed localities that display variable mineralisation styles, all of which are
distinctly different from VMS deposits. Whole rock Au concentrations for 10 VMS deposits across
Troodos are also presented for comparison (ESM 1, Table S1). Samples presented in this study are
divided into VMS deposits and silica-rich mineralisation. The VMS deposits considered span the
entire Troodos ophiolite and contain a full suite of ore morphologies, thus, they are representative of a

broad range of physicochemical processes (Martin et al. 2019).

Alpen Rose

Alpen Rose forms a prominent NW-SE striking ridge in eastern Troodos, E of the Mathiatis North
VMS (Figs. 1 and 2). The mineralisation is situated in the extrusive sequence forming a prominent
topographic high, surrounded by 3—10 m wide near vertical dykes that cross-cut sub-horizontal pillow
lavas. The ridge is quartz-rich containing a breccia unit cross-cut by quartz veins (Figs. 2 and 3). The
southern side of the ridge forms a prominent near vertical scarp that increases in height to the E (Figs.

2 and 3).

Structurally Alpen Rose is complex; a fault bound scarp is present on the southern side delineated by
a thick unit of breccia (1-3 m) striking parallel to the ridge (Figs. 2 and 3a,b). Rarely, kinematic
indicators are preserved indicating an oblique strike-slip sense of movement (Fig. 2). Local scale N-S
strike-slip faults have subsequently cross-cut and offset the entire ridge and adjacent dykes with a
displacement of 1-5 m. There is no unified sense of displacement on cross-cutting faults and both

4
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sinistral and dextral kinematic indicators are preserved, probably representing fault reactivation under
different stress regimes. We infer that Alpen Rose is bound to the SE by a large N-S fault as the ridge

and mineralisation end abruptly (Fig. 2).

Mineralisation is dominantly breccia or vein hosted and quartz-rich (Fig. 3e,f). Textures are consistent
with multiple phases of sulfide and silica-rich mineralisation. Only minor un-oxidised pyrite was
observed at Alpen Rose, however, hematite, goethite and jarosite (cf. section 4.1) that indicate sulfide
oxidation are the most abundant matrix-hosted minerals (Fig. 3g,h). Veins are less-common than

breccia with a laminated morphology and are typically 30-70 cm wide (Fig. 3c,d).

Mathiatis South

The Mathiatis South deposit has historically been exploited for Au and Cu. It is located SE of the
village of Mathiatis (ESM 1, Table S1, Fig. 1) and approximately 2.5 km S of the Mathiatis North
VMS. The western margin of the deposit contains a Cu-rich massive pyrite lens (Fig. 4a). The centre
of the open pit is dominated by inter-fingered goethite, hematite, jarosite and limonite-rich zones with
distinct zones of silica-rich brecciated material (Fig. 4c,h). Brecciation is prolific throughout the entire
deposit occurring at a range of scales (Fig. 4b,c,d). In the upper horizon to the east, brecciation
becomes less-pronounced instead grading to crudely banded layers (Fig. 4b). Examples of common

mineralisation styles are summarised in Fig. 4e—h.

Kokkinovounaros

Kokkinovounaros (Red Hill) forms a prominent topographic high 2 km SW of Analiontas (ESM 1,
Table S1, Fig. 1). Mineralisation is bound to the E and W by two parallel N-S striking and eastward
dipping normal faults (Fig. 5, see map in ESM 2, Fig. S1). Mineralisation is traceable along strike for
~500 m and is truncated and offset to the S by a NE trending fault. Mineralisation is spatially
associated with the N-S faulting with a clear decrease in alteration intensity with distance from the
fault plane (~5 m) (Fig. 5a,b). The fault plane is characterised by highly bleached and brecciated lavas
with alteration intensity decreasing rapidly from the fault plane to a red-pink zone of jarosite and

hematite to a goethite-rich zone at the margins (Fig. 5b).
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Brecciation is common throughout Kokkinovounaros with hematite-silica (jasper-rich) breccias
occurring proximal to the main N-S fault. Alteration of pyrite is observed as relict cubic pyrite voids
now infilled with hematite residue (Fig. 5d). Two different alteration styles are associated with the N-
S bounding faults; a stockwork texture that contains disseminated subhedral pyrite (Fig. 5¢) and a
massive jasper breccia (Fig. 5f-h). Distally from the faults, alteration becomes more chaotic with
inter-fingered reds, yellows, whites and pinks indicating variable amounts of hematite, goethite, silica

and jarosite respectively. Locally, silicified umber is observed in the hanging wall of faults (Fig. 5Se)

Touronjia

Touronjia is located 3.5 km ESE of Kato Lefkara (Fig. 1 and Fig. 6a, ESM 1, Table S1). Silica-sulfide
mineralisation occurs in basal group lithologies and grades upwards into LPL flows and brecciated
pillows that are directly overlain by the Lefkara limestones (see ESM 2, Fig. S2 for summary map). In
the lower regions, sinuous crudely sheeted dykes are highly oxidised grading upwards into a bleached
gossanous, silica-rich zone where both silicification and minor kaolinisation occur (Fig. 6b—f).
Mineralisation is characterised by pervasive silicification of dykes and pillow lavas accompanied by
disseminated pyrite, minor chalcopyrite and covellite with a brecciated texture (Fig. 6¢,g,h; ESM 2,
Fig. S3). Sulfides are associated with silicification in the matrix of breccia units where pyrite is

subhedral and occurs as sub mm scale aggregates and disseminations (ESM 2, Fig. S3).

In the uppermost-mineralised horizon, silicification is pervasive and breccia fragments are hosted in a
silica-kaolinite matrix with variable amounts of goethite (Fig. 6a,e,f). In the lower regions,
mineralisation is less-pervasively silicified and lavas are identifiable (Fig. 6e,f). Veins of goethite,
hematite and silica occur cross-cutting oxidised, but not pervasively altered lavas and no fresh sulfide

is observed (Fig. 6f).

Troodos VMS deposits

Whole rock geochemical data for 10 VMS deposits are presented and samples were classified based
on their sulfide abundance and morphology into: Massive (n = 17), semi-massive (n = 9),

disseminated (n = 9), jasper (n = 11), stockwork (n = 8), South Apliki Breccia Zone (SABZ) (n = 5),
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ochre (n = 7) and gossan samples (n = 4) (Fig. 7). Massive sulfide contains >90% sulfide, mainly
pyrite with minor (<5%) chalcopyrite and trace sphalerite (<1%) (Fig. 7a). Semi-massive samples
contain <50% sulfide with a higher silica content (Fig. 7b). Disseminated samples contain fine-
grained pyrite (10-20%) but predominantly consist of altered wall-rock (Fig. 7c). Jasper samples
contain only pyrite (10-20%), hematite and silica (amorphous or quartz; Fig. 7d). Stockwork samples
are characterised by discrete veins of pyrite and chalcopyrite (Fig. 7¢). South Apiliki Breccia Zone
samples contain high concentrations of chalcopyrite (up to 50%) and variable amounts of covellite,
hematite, pyrite and silica (Fig. 7f; Martin et al. 2018). Ochre samples are finely laminated and
contain goethite, jarosite and minor hematite (Fig. 7g). Gossan samples are typically goethite-rich

with a box-work texture (Fig. 7h).

Methods

Whole rock geochemistry was prepared using an aqua regia digest followed by inductively coupled
plasma-mass spectrometry (ICP-MS) analysis. Samples were first crushed using a steel jaw crusher
followed by pulverisation in a tungsten carbide TEMA mill. Half a gram of sample was then digested
using aqua regia (3:1 HCI:HNOs). 3.75 ml of HCI and 1.25 ml of HNO; was added to the powdered
sample and left for 1 hour at room temperature for the initial reaction to subside. Samples where then
heated at 85°C for 24 hours and left to cool for 1 hour. A 1:5 dilution was then performed using
MilliQ® 18.2 MQ de-ionised water ready for analysis. Quantitative trace element analysis was
performed at Cardiff University using a Thermo iCAP RQ ICP-MS and data correction was
performed using the Thermo Qtegra software. Standards UM1, CCU1 and SU1A were prepared in the
same dilute aqua regia matrix as the unknown samples, RSD values for Au were better than 1.7%
(ESM 1, Table S2 and S3). We acknowledge that aqua regia digestion is not capable of total digestion

of silicates; therefore, the Au concentrations presented in this study represent minimum values.

For the identification and quantification of modal mineralogy, X-ray diffraction (XRD) analysis was
carried out on powdered samples at Cardiff University. Scans were run using the Philips PW1710

Automated Powder Diffractometer using Cu Ko radiation at 35 kV and 40 mA. From the scans,
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phases were identified using Philips PC Identify software and from the peak areas, semi-quantitative

analysis was performed and a percentage of each phase present was estimated.

Results

Mineralogy

Modal mineralogy analysed by XRD is summarised in Figure 8. Minerals identified include quartz,
cristobalite and amorphous silica, multiple Fe phases including goethite (FeO[OH]), jarosite
(KFe3+3[OH]6[SO4]2), hematite (Fe,O;), carphosiderite (H,O*Fe;[SO4],[OH]sH,0) and other minerals
including: natroalunite (NaAl;[SO4]2[OH]e), anatase (Ti0y), sergeevite
(Ca,Mgq1[CO3]s[HCO;]4[OH4+6H,0]), calcite (CaCOs) and kaolinite (Al,Si0,05[OHy]) (see Fig. 8
and ESM 2, Fig. S4). Quartz is the most common mineral occurring in 19 out of 24 of samples
analysed, its abundance varies significantly from ~5 vol.% to 99 vol.%. Samples from Mathiatis
South are the most mineralogically diverse whilst all other deposits analysed contain predominantly
quartz with minor goethite, hematite (Alpen Rose) and kaolinite (Touronjia). Based on XRD analysis
and hand specimen mineralogy we divide samples from Kokkinovounaros and Mathiatis South into
Si-rich, that contain amorphous silica or quartz with only minor hematite and goethite and Fe-rich
samples that contain predominantly goethite, hematite and jarosite with lesser amounts of silica. Full

data is available in ESM 2, Fig. S4.

Geochemistry

Of the 166 samples analysed from silica-rich mineralisation, 25 returned Au concentrations >1 ppm,
with the highest concentration of 20.43 ppm recorded at Mathiatis South (Fig. 9). Median Au
concentrations, independent of sample mineralogy are 0.02, 0.38, 0.08 and 0.61 ppm (n = 166; ESM
1, Table S3) for Alpen Rose, Mathiatis South, Kokkinovounaros and Touronjia, respectively (Fig. 9).
Samples analysed from Mathiatis South and Kokkinovounaros are sub-divided in Fe- and Si-rich

subsets reflecting sample mineralogy (cf. section 4.1).

Of the 48 samples analysed from Mathiatis South, 15 represent Si-rich mineralisation and 33 are Fe-
rich. Gold is notably enriched in Si-rich samples with a median concentration of 1.50 ppm (n = 15)

8
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compared to 0.24 ppm (n = 33) in Fe-rich samples. Silica-rich samples also exhibit an enrichment in
Sb, Ag and Pb and a depletion in Fe, Se, Te, Zn and As relative to Fe-rich samples (Fig. 9). Au does
not exhibit any notable correlation in Si-rich samples with the exception of silica (R >0.5) (ESM 1,
Table S4). Other notable correlations in Si-rich samples include a strong positive correlation between
Fe, As and Se (R >0.8). No notable correlation (R <0.3) exists between Au and other elements

analysed in Fe-rich samples (ESM 1, Table S4).

At Kokkinovounaros, of the 59 samples analysed, 11 are classified as Si-rich and 48 are Fe-rich. Au is
enriched in Si-rich samples with a median concentration of 1.40 ppm (n = 11) compared to 0.06 ppm
(n=48) in Fe-rich samples (Fig. 9; ESM 1, Table S3). Si-rich samples are highly enriched in Pb and
Ag with median concentrations of 8.7 and 68.4 ppm compared to Fe-rich samples at 0.4 and 16.6
ppm, respectively (Fig. 9). Fe-rich samples contained elevated concentrations of Zn, Cu, As and Mn
relative to Si-rich samples. In Si-rich samples a moderate positive correlation (R >0.4) exists between
Au, Mo and Se whereas As and Ag have a strong positive correlation (R = 0.78; ESM 1, Table S4). A
moderate negative correlation is recorded between Au and Si (R = -0.6). In Fe-rich samples,
correlation with Au is limited with the exception of a minor positive correlation between Au, Ag and

Sb (R>0.3) (ESM 1, Table S4).

Samples at Alpen Rose contain the lowest median Au concentration at 0.02 ppm (n = 53) with only
one sample containing >1 ppm Au. Alpen Rose samples are enriched in Mn and Co relative to all
other Si-rich mineralisation (ESM 1, Table S3). Notably, Au exhibits a moderate positive correlation
with Fe (R = 0.65), whereas in all other deposits, Au and Fe exhibit no correlation (R = <0.1).
Additionally, a moderate correlation (R >0.6) is recorded between Au with Ag, As, Sb and Bi (ESM

1, Table S4).

Samples from Touronjia contain median Au concentrations of 0.61 ppm (n = 6; Fig. 9). Au exhibits a
moderate negative correlation with Si, Fe, Zn, Cu and Cd (R = >-0.6) and a positive correlation with

As (R=0.77; ESM 1, Table S4).
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The Au content of VMS samples is highly variable, the highest median Au concentration of 0.26 ppm
(n = 9) occurs in semi-massive samples followed by ochre at 0.24 ppm (n = 7) (ESM 1, Table S5).
Jasper, stockwork and disseminated mineralization contained the lowest median Au concentration of
0.02 ppm (n = 28). Ochres are enriched in most trace elements relative to massive sulfide samples and
contain the highest concentration of Mn, Co, Zn, Se, Ag and Pb (Fig. 9; ESM 1, Table S5).
Correlations between Au and As, Ag, Sb and Bi are highly variable. Au exhibits a moderate to strong
positive correlation with As, Ag, Sb and Bi in disseminated samples (R = 0.6-0.9; ESM 1, Table S6).
The opposite trend is true for ochre samples with a negative correlation between Au, Sb, Bi and As (R

=-0.2 to -0.7). See ESM 1, Table S6 for further correlation matrices.

Discussion

Gold in the Troodos hydrothermal system

Gold is associated with both seafloor and subaerial supergene weathering products of VMS deposits
such as gossans and ochres (Herzig et al. 1991) and hypogene mineralisation such as sphalerite-rich
white smoker vents (Gamo et al. 1996; Maslennikov et al. 2017; Urabe and Kusakabe 1990).
Mineralogical characterisation of samples in this study identified two distinct sample suites, namely
Fe- and Si-rich samples (section 4.1 and 4.2). We suggest that the mineralogical and geochemical
differences between Fe- and Si-rich samples represent subaerial supergene and seafloor hypogene
processes. Supergene samples contain high concentrations of goethite, jarosite and hematite (e.g.,
MAT 39, MAT 36; Fig. 8), common alteration minerals produced by the weathering of sulfide
(Herzig et al. 1991), minerals that are notably less-abundant in Si-rich hypogene mineralisation (e.g.,

MAT 3, KKNV 52; Fig. 8).

At Kokkinovounaros, hypogene mineralisation consists of massive jasper (quartz + hematite) breccias
that occur between two N-S trending faults, whilst at Mathiatis South silica-rich samples occur as
discrete silicified pods proximal to massive sulfide. In both instances, the morphology and close
spatial association of silicified samples with seafloor faulting and massive sulfide suggest a seafloor

origin. In contrast, the distribution of supergene alteration at Kokkinovounaros and Mathiatis South is

10
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widespread showing limited spatial correlation with faults and a decrease in alteration intensity with
increasing stratigraphic depth from the exposed weathering surface, further supporting a subaerial

supergene origin.

The enrichment pattern of Au differs between supergene and hypogene samples. At Kokkinovounaros
median Au concentrations are 1.4 and 0.1 ppm (n = 59) for hypogene and supergene samples,
respectively. A similar distribution is observed between samples at Mathiatis South where hypogene
samples contain median concentrations of 1.5 ppm, whilst supergene samples contain only 0.2 ppm
Au (n = 48). Furthermore, at both localities the highest Au concentrations correspond to hypogene
samples. Thus, the enrichment of Au in silica-rich samples indicates a seafloor origin for Au in silica-

rich mineralisation.

In addition to the enrichment of Au in hypogene samples at Kokkinovounaros and Mathiatis South,
geochemical distinctions can be made between hypogene and supergene mineralisation, for example,
Ag and Pb are enriched in hypogene samples relative to supergene samples (Fig. 9). In contrast,
supergene samples may be enriched in As, Se, Cu and Sb, indicating that these metals were primarily
hosted in sulfide minerals (Martin et al. 2019) or were preferentially adsorbed onto

Fe(oxy)hydroxides during sulfide oxidation (Balistrieri and Chao 1987; Mamindy-Pajany et al. 2009).

The geochemical signatures of Troodos massive sulfides and hypogene silica-rich samples also differ.
VMS samples are depleted in Au relative to hypogene samples from Kokkinovounaros, Mathiatis
South and Touronjia (Fig. 9). Additionally, VMS samples are enriched in Cu relative to silica-rich
mineralisation with median Cu concentrations across all VMS sample types of 933 ppm (n = 70). The
difference in geochemistry between massive sulfide samples and silica-rich mineralisation can be
explained by affinity of certain metals to high-temperature (~350°C) and sulfide-rich systems. For
example, Cu in stockwork samples (Galley et al. 2007) or the enrichment of intermediate to high-
temperature elements such as Bi, Mo, Se, Co and Te in VMS deposit (Keith et al. 2016; Monecke et
al. 2016; Fig. 9). Our data indicates higher median concentrations of Bi, Se, Co, Mo and Te in VMS
samples relative to hypogene silica-rich samples, suggesting that silica-rich mineralisation formed at
lower temperatures (ESM 1, Table S3). This is supported by an enrichment of low-temperature

11
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elements such as Pb, Sb and Au in silica-rich mineralisation relative to Troodos VMS deposits

(Huston and Large 1989; Monecke et al. 2016).

The occurrence of low-temperature fluid venting in Troodos is further supported by fluid inclusion
studies at Touronjia (Naden et al. 2006). Mean homogenization temperatures of quartz hosted fluid
inclusions at Touronjia were 209°C supporting the occurrence of low-temperature fluid circulation.
Additionally, we apply sphalerite geothermometry (Keith et al. 2014; Scott and Barnes, 1971) to the
previously published data of Adamides (2013). The application of sphalerite Fe/Zn ratios in this study
to data of Adamides (2013) for a Zn-rich prospect located south of Mitsero yield average precipitation
temperatures of 246°C (min = 230°C, max = 273°C, n = 14), supporting the occurrence of lower-
temperature fluid circulation in Troodos. Hannington et al. (1998) also described a bi-modal
distribution in sphalerite Fe content in Troodos VMS, possibly indicating the presence of both high-
and low-temperature fluids. These low-temperature fluids contrast those typical for a Troodos VMS
with Keith et al. (2016) reporting average precipitation temperatures of 411°C derived from sphalerite
at the Skouriotissa VMS. These data indicate that both high-temperature black smoker (>300°C; Von
Damm 1995) and lower-temperature (<275°C) hydrothermal activity was present during seafloor

spreading.

Low-temperature fluid discharge sites in active hydrothermal fields associated with VMS deposits are
reported as localised features. For example, the Kremlin area of the TAG mound that is approximately
20-50 m in diameter and situated <100 m from high-temperature black smoker vents (Tivey et al.
1995). Increased silica abundance, similar to that observed in hypogene samples from
Kokkinovounaros and Mathiatis South and in Touronjia samples is also documented for active white
smoker vents with amorphous silica and barite intergrown with pyrite and sphalerite (Koski et al.
1984; Tivey et al. 1995). Similar textural and mineralogical associations have been described for the
extinct MESO vent site(s) in the central Indian Ocean that are characterised by jasper breccias that
formed at temperatures of <265°C (Halbach et al. 2002). Similar mineralogical associations are
documented in Troodos silica-rich mineralisation, for example at Kokkinovounaros where elevated

Au concentrations are associated with jasper-rich breccias (Fig. 5f~h). In combination, temperatures
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derived from sphalerite geothermometry (Adamides 2013), fluid inclusion analysis (Naden et al.
2006) and indirectly from mineralogical and geochemical variations between VMS deposits and
silica-rich mineralisation in this study, indicate different chemical and physical fluid properties
between these hydrothermal systems. Fluids responsible for forming silica-rich mineralisation were
low-temperature <300°C, Au-rich and in some instances where hematite forms the dominant Fe

mineral, fluids were locally more oxidising.

Previous studies at Touronjia by Naden et al. (2006) suggest a possible magmatic volatile source for
Au; similar to processes associated with subaerial epithermal type mineralisation (White and
Hedenquist 1990). This observation is primarily based on the occurrence of kaolinite and dickite as
key alteration minerals indicating low pH fluids (White and Hedenquist 1990). In their proposed
model, Au and associated elements such as Bi, Te and Se are sourced from the direct contribution of a
magmatic volatile phase (cf. Yang and Scott 1996; de Ronde et al. 2005). If this was the case then an
enrichment in these elements is expected at Touronjia and this is not observed with median
concentrations of 0.02 ppm Bi, 0.11 ppm Te and 1.34 ppm Se (n = 6; ESM 1, Table S3). Additionally,
fluid inclusion data presented by Naden et al. (2006) yield average salinities close to modern seawater
(~3.5 wt.% NaCl) suggesting fluids of seawater and not magmatic origin (i.e. brines or vapour),

supporting a low-temperature seawater origin.

Mineralisation at Alpen Rose shares many similar attributes with other localities e.g. abundant
silicification and brecciation, yet Alpen Rose is depleted in Au compared to other silica-rich
mineralisation (median = 0.02 ppm Au, n = 53). We suggest that local-scale permeability variations
coupled with a high-temperature fluid source explain this depletion. Gold at Alpen Rose was probably
associated with sulfide-rich mineralisation as it exhibits a moderate positive correlation (R = >0.5)
with Pb, Te, Ag, Mo and Fe (ESM 1, Table S4); in all other silica-rich mineralisation a negative
correlation with Fe is observed. At Alpen Rose, goethite and hematite are abundant and occur in the
matrix of breccias representing the supergene oxidisation of pyrite during weathering. Additionally, a
small enrichment in Co at Alpen Rose relative to massive sulfide samples and other silica-rich

mineralisation could represent a high-temperature fluid source (Keith et al. 2016) with a similar trace
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element composition to VMS stockwork samples, excluding Cu that is relatively depleted at Alpen
Rose (Fig. 9). We infer that the geochemical signature preserved at Alpen Rose is indicative of high-
temperature fluids that were not affected by later low-temperature off-axis fluid flow and therefore

contain low Au concentrations (Fig. 10) (Patten et al. 2016).

This hypothesis is supported by field observations at Alpen Rose that indicate that the majority of
quartz formed early in the deposit paragenesis as it predates sulfide (now goethite-hematite)
mineralisation that forms the matrix of breccias (Fig. 3g,h). Initial quartz brecciation occurred during
a period of increased fault movement that led to a localised increase in permeability facilitating a
high-temperature fluid pulse and sulfide precipitation (Fig. 10). The precipitation of sulfides occluded
initial permeability pathways, effectively sealing the Alpen Rose hydrothermal system from later,
low-temperature silica- and Au-rich fluids (Fig. 10). These late stage low-temperature fluids were
channelled through the nearby Mathiatis North VMS where late Au-rich quartz veins cross-cut
massive sulfide (Martin et al. 2019). This indicates that Au and silicification post-date VMS
formation, as demonstrated by Prichard and Maliotis (1998) for silicified umbers. Therefore, the low
Au concentrations at Alpen Rose can be explained by i) the timing of silicification and quartz
formation relative to fault movement, ii) the high-temperature, probably near axis location of Alpen

Rose, and iii) sulfide precipitation leading to the occlusion of late-stage fluid pathways (Fig. 10).

Models for gold enrichment

Silica-rich mineralisation at Troodos is comparable to a variety of modern day sites of effusive, low-
temperature venting that occur within the VMS mound as white smokers or off-axis as sites of
effusive fluid discharge (“shimmering water”) (Gamo et al. 1996; Halbach et al. 2002; Hannington et
al. 1991). Silica-rich mineralisation in Troodos share many similar attributes with seafloor hosted
low-temperature vent sites, including: i) abundant silica and silicification, ii) mineralisation that
occurs distally to high-temperature VMS deposits, iii) an enrichment in Au and, iv) indirect

mineralogical and geochemical evidence of low-temperature fluids <300°C.
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Gold in the Troodos ophiolite was initially mobilised during high-temperature (>350°C) fluid-rock
interaction within the SDC, as epidosite zones that form a source region for some metals in Troodos
VMS deposits are depleted in Au (Patten et al. 2017). Upwelling high-temperature, metal-rich fluids
undergo mixing with shallow, lower temperature, oxidised seawater-derived fluids at the basal-group-
LPL boundary (Alt 1994, 1995). Mixing between down-welling seawater and up-welling
hydrothermal fluid within this transitional zone facilitates the precipitation of secondary pyrite that
incorporates trace metals (Alt 1994; Alt and Teagle 2003). Disseminated pyrite is widely observed
throughout the basal-group-LPL transition in Troodos, most notably in areas such as Almyras and

Mosfiloti (Fig. 11).

Secondary disseminated sulfide probably formed at temperatures <250°C as celadonite and
chalcedony are the dominant alteration minerals present in the LPL stratigraphy of Troodos (Alt 1994;
Gass and Smewing 1973). Disseminated sulfide formed at, or within close proximity to the spreading
axis and would have been coeval with high-temperature hydrothermal systems that formed in areas of
focused fluid discharge associated with graben bounding faults and VMS deposit formation (Fig. 11).
The associated change in redox and decrease in temperature during the diffuse mixing of
hydrothermal and seawater derived fluids within the basal-group in a “near axis” position provides an
trapping mechanism for Au and other trace metals incorporated into disseminated sulfides (Fig. 11;
Alt 1994). In the shallow subsurface in the low-temperature alteration zone (UPL) temperatures were
cooler (120-200°C; Pedersen et al., 2017) and pyrite formation by biogenic sulfate reduction could
have occurred, however the extent of this process in Troodos is poorly constrained (Alt and Shanks
2011; Pedersen et al. 2017). Patten et al. (2016) document elevated concentrations of Au, As, Sb and
Se in sulfides at the transitional zone between the SDC and overlying pillow lavas in Hole 1256D
(Cocos Plate). They suggested that the mixing of hydrothermal fluids with seawater at this horizon
acted as a sink for trace metals that were mobilised during epidosite formation and the alteration of

the SDC below (Patten et al. 2016).

As the crust migrated further from the ridge axis, heat and fluid flux from the underlying SDC

decreased whereas the amount of seawater influx remained high leading to a decrease in fluid
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temperature distally (km’s to 10’s of km) from the spreading axis (Alt 1995; Alt and Teagle 2003). In
contrast to high-temperature on-axis VMS forming fluids, the cooler off-axis fluids (<250°C)
effectively scavenged and remobilised metals that have an increased affinity for lower-temperature
fluids such as Au, Zn, Pb and Sb (Monecke et al., 2016) from basal group sulfides, earlier formed
VMS deposits and epidosite zones (Fig. 11; Hannington et al., 1986). Au was transport as sulfide or
bi-sulfide complexes more efficiently in these lower-temperature fluids (Pokrovski et al. 2014;
Williams-Jones et al. 2009). Low Au concentrations at Alpen Rose and VMS deposits in Troodos are
attributed to the decreased solubility of Au at high-temperatures (~350°C) where neither CI" nor HS
complexes effectively transport Au (Hannington and Scott 1989; Pokrovski et al. 2014; Williams-
Jones and Heinrich 2005; Williams-Jones et al. 2009). We propose that Touronjia, Kokkinovounaros
and Alpen Rose represent an intermediary (~250°C?) between a typical high-temperature (>350°C)
VMS deposit and the ultra-low temperature <100°C (?) silicification of umbers (Fig. 11) (Prichard

and Maliotis 1998).

Alternate processes where Au is enriched through the addition of a magmatic volatile phase have been
suggested for bi-modal VMS environments (Patten et al. 2019; Sun et al. 2004; Yang and Scott 1996).
However, our data provides little evidence of magmatic dominated fluids in silica-rich mineralisation,
for example, the lack of an advanced argillic alteration assemblage (e.g., natroalunite, pyrophyllite
and native sulfur) that indicate low pH, magmatic, volatile-rich fluids (de Ronde et al. 2019; Herzig et
al. 1998). We also suggest that if a magmatic volatile influx did occur in Troodos it would have been
limited to high-temperature hydrothermal systems in an on-axis position and the initial stages of VMS

formation and not off-axis regions (Martin et al. 2020).

At Mathiatis South, Au enrichment reflects local-scale processes related to zone refining and mound-
scale fluid flow and not the remobilisation of Au during off-axis fluid flow. At Mathiatis South, Au
was remobilised from the high-temperature inner core zone of the VMS mound towards the cooler
mound margins during zone refining (Galley et al. 2007), resulting in the simultaneous venting of
black and white smoker fluids (Fig. 11). Similar vents occur in active seafloor systems such as the

Kremlin area of the TAG mound (Humpbhris et al. 1995; Petersen et al. 2000). In contrast to Mathiatis
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South, all other mineralisation is located distally to known VMS deposits and does not reflect mound-
scale remobilisation processes. If this were the case then Au would not demonstrate a clear
association with quartz veins that cross-cut and postdate VMS deposits, for example at the Mathiatis

North VMS (Martin et al. 2019).

Further detailed investigation to quantify and validate the proposed model should include the detailed
petrographic and geochemical analysis of sulfides and oxides from the basal group transition. This
should be complimented by sulfur isotope analysis (8**S) of sulfides in silica-rich mineralisation to

elucidate a magmatic volatile source of metals in the off-axis hydrothermal system.

Structural implications

All low-temperature silica-rich mineralisation investigated in this study is structurally controlled and
occurs within the eastern portion of the Troodos ophiolite in a complex region known as the Makheras
domain (Varga and Moores 1985). The Makheras domain is bound by the Larnaca graben to the E and
the Mitsero graben to the W. Throughout the area, NW-SE and N-S faulting is observed. The
intersection of these two fault directions appears to be important in controlling the distribution of Au

and silicification in off-axis mineralisation.

Low-temperature silica-rich mineralisation is spatially associated with either normal or strike-slip
faulting. The Makheras structural domain (cf. Varga and Moores 1985) exhibits cross-cutting
relationships consistent with multiple, temporally distinct faulting and hydrothermal events. For
example, at Alpen Rose where NW-SE trending faults and dykes are cross-cut by strike-slip N-S
trending faults. This suggests that axial parallel (Larnaca) NW-SE faults were cross-cut by later re-
activated faults associated with the N-S orientated Mitsero graben. The interplay between these two
structural regimes relates to the migration of spreading between different ridge axes that led to
localised dilation, reactivation and propagation of new faults aligned to the developing stress regime.
Renewed faulting in older, cooler, more permeable crust by late stage cross-cutting faults likely acted
as a conduit channelling late-stage silicifying fluids (Prichard and Maliotis 1998) and similar cross-

cutting fault regimes have been identified at Touronjia and Kokkinovounaros.
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Summary and Conclusions

Silica-rich mineralisation forms an intermediary between on-axis VMS deposits and low-temperature
silicification of umbers. Geochemical data identify an enrichment in Au at Kokkinovounaros,
Mathiatis South and Touronjia relative to Troodos VMS deposits. Zones of silica-rich mineralisation
at these locations share common attributes including their geochemistry, abundant quartz or
amorphous silica and their location distal to sites of high-temperature venting. We draw parallels
between low-temperature silica-rich mineralisation in Troodos and active white smoker or effusive
type vents on the modern seafloor. Low-temperature deposits of the Troodos ophiolite are variably
enriched in Au, Sb, Pb and Zn relative to Troodos VMS. This enrichment reflects the enhanced
solubility of these metals in low-temperature fluids that were generated during the migration of crust

away from the spreading axis.

As the crust migrated away from the spreading axis fluids became progressively cooler. These lower
temperature fluids transported Au more effectively as sulfide and bi-sulfide complexes. We suggest
that Au was scavenged and remobilised from basal group sulfides or epidosite zones. These Au-rich
fluids were then channelled along reactivated faults at graben margins concentrating off-axis fluid

flow leading to the formation of Au and silica-rich mineralisation.
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Figure Captions

Figure 1: Simplified geological map of the Late Cretaceous (92 Ma) Troodos ophiolite, Cyprus. Black
dashed lines indicate the approximate location of graben axes. Green circles are VMS deposits and

orange triangles are silica-rich mineralisation (after Martin et al. 2019).

Figure 2: Geological map of the Alpen Rose. Where faults are intersected, quartz and sulfide (now Fe-
oxide) abundance increases. The surrounding extrusive sequence is cross-cut by a series of dyke
swarms (parallel to Alpen Rose) that are truncated by strike-slip faults, indicating that N-S faults
postdate NW-SE faulting. Yellow letters identify photo localities presented in Fig. 3. See text for

further discussion.

Figure 3: Field photographs from Alpen Rose. A) View looking SE from the base of Alpen Rose.
Alpen Rose forms a prominent topographic high. B) View looking NW; note the prominent steep
sided fault scarp delineating the main breccia zone. C) Top of the main ridge, a massive quartz vein is
offset by minor dextral strike-slip faults. D) Quartz breccia vein with silica cement. E and F) Angular
quartz clasts in a hydrothermally altered weakly silicified matrix. G and H) Typical hydrothermal

“sulfide-rich” breccia. White clasts are sub-angular quartz in a goethite-hematite matrix.

Figure 4: Field photographs from Mathiatis South. A) View over the historic open pit, note extensive
oxidisation and acid mine lake. B) Typical gossan exposure, interlayered goethite, jarosite and
hematite. C) Silica breccia from the main pit exposure. D) Layered gossan exposure. E) Silicified lava
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containing high Au. F) Typical gossan sample consisting of goethite with minor quartz. G) Calcite-
goethite-rich sample, black mineral is Mn carbonate. H) Silica breccia exhibiting a “vuggy silica”
texture. Number above hand specimen indicates the Au content of sample. Scale bar in E-H are 1 cm

squares.

Figure 5: Field photographs from Kokkinovounaros. A) View of the historic open pit (looking N
along main pit fault). Note highly bleached lavas surrounding the fault plane. B) Cross-section of
alteration zone surrounding the main pit fault. The fault plane is marked by intense leaching (white)
grading through goethite to hematite (orange to red) and finally into “fresh” green-grey pillow lavas.
C) Stockwork veins in close proximity to the western fault, inset image shows subhedral pyrite grains
in reflected light. D) Supergene altered lava: euhedral voids indicate the leaching of pyrite now
containing hematite residue. E) Silicified umber to the S of the main pit exposure. F) Exposure in a
small adit to the N of Kokkinovounaros preserving hypogene jasper-rich breccia mineralisation (see
ESM 2, Fig. S1). G and H) Examples of high-Au jasper from location F (adit). Number above hand

specimen indicates the Au content of sample. Scale bar in G and H are 1 cm squares.

Figure 6: Field photographs from Touronjia. A) View over the mineralised area, the far hill tops are
Lefkara group limestones. B) Upper Touronjia exposure, brecciated highly silicified unit with variable
amounts of Fe staining. C) Fresh surface of Touronjia breccia, the unit is pervasively silicified with
trace sulfides. D) Close-up of clast supported Fe-stained breccia. E and F) Vein hosted “sulfide”
mineralisation, now altered to goethite-jarosite cross-cutting an altered lava. G and H) Examples of
high Au samples exhibiting a distinct brecciated morphology with a highly silicified matrix
commonly containing disseminated sulfide. Number above hand specimen indicates the Au content of
sample. Scale bar in G and H are 1 cm squares. See ESM 2, Fig. S2 for photo locations and summary

map.

Figure 7: Examples of sample types analysed in Troodos VMS deposits. Samples represent different
supergene and hypogene processes synonymous with VMS mineralisation. Stockwork (E) contains

chalcopyrite, quartz and pyrite-rich veins. South Apliki Breccia Zone (F) mineralisation consists of a
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hematite matrix with large quantities of chalcopyrite, covellite and pyrite. See text for further

characterisation.

Figure 8: Modal mineralogy analysed by XRD of samples from Mathiatis South (MAT), Touronjia
(TJ), Kokkinovounaros (KKNV) and Alpen Rose (AR) (ESM 2, Fig. S4). Samples from Touronjia,
Kokkinovounaros and Alpen Rose are quartz dominated with minor Fe minerals whilst Mathiatis
South samples are generally jarosite, goethite and silica-rich (silica*= cristobalite and amorphous

phase). Au concentrations of corresponding sample shown above sample in ppm.

Figure 9: Whole-rock geochemistry (aqua regia) for low-temperature, silica-rich mineralisation
(dashed boxes) and VMS (dotted boxes) classified by location or sample morphology (in ppm). A)
Au, B) Ag, C) As, D) Pb, E) Zn and F) Cu. Element correlation is summarised in ESM 1, Table S4
and S6. Solid boxes represent upper quartile, textured boxes represent lower quartile, and the black
line the median concentrations. Minimum and maximum values are represent the whiskers. For full
data see ESM 1, Table S3 and S5. For standard information and RSD for all elements, see ESM 1,

Table S2. See text for discussion.

Figure 10: The formation of Alpen Rose mineralisation (MN = Mathiatis North VMS, AR = Alpen
Rose). T1: Alpen Rose forms proximal to the ridge axis from intermediate temperature silica-rich
fluids. At this time, the Mathiatis North VMS forms at the ridge axis. T2: Fault movement at Alpen
Rose increases permeability leading to brecciation of early quartz veins and the venting of high-
temperature fluids that leads to the precipitation of sulfide-rich mineralisation. Sulfides occlude fluid
flow pathways. T3: As the fluid flow at Alpen Rose decreases, late stage off-axis Au- and silica-rich

fluids are channelled through the nearby, more permeable Mathiatis North VMS deposit.

Figure 11: Schematic summary of the enrichment of Au in the Troodos hydrothermal system. Au is
initially sourced from leaching of metals in the SDC. In close proximity to the ridge axis Au may be
enriched in white smoker mineralisation. A) Au in a white smoker type setting e.g. Mathiatis South.
The enrichment of Au reflects mound scale fluid flow and Au enrichment is spatially associated with

VMS mineralisation. Slightly further off-axis but still within an area of high heat and fluid flux Alpen
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Rose mineralisation forms (cf. Fig. 10). B) Au may be sourced through the leaching of metals from
VMS deposits. Low-temperature hydrothermal fluid (orange arrows; <250°C) remobilises and
scavenges trace metals from sulfides in the VMS mound. C) Diffuse fluid flow from the underlying
SDC mixes with circulating seawater leading to the precipitation of disseminated sulfides within the
basal-group-LPL stratigraphy (orange arrows). As the fluid flow and heat flux decrease as the crust
migrates further off-axis fluid become progressively cooler (<250°C) and metals are scavenged and
remobilised from sulfide minerals (mainly pyrite) by lower temperature fluids. Au is transported as
sulfide and bi-sulfide complexes. Fluids are then channelled along late-stage reactivated faults leading
to the formation of silica-rich Au mineralisation. The silicification of umber occurs distally at

temperatures of ~100°C (?) as the crust continued to migrated off-axis and fluids cooled further.
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