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Abstract
Arc environments are locally gold-endowed and it has been long hypothesized that gold
mobilization during slab dehydration could affect mantle composition and arc Au-fertility.
Here, we determine gold mobility during prograde high pressure-low temperature
metamorphism of both metavolcanic and metasedimentary rocks from the islands of
Santorini, los, Naxos and Syros (Greece). These rocks experienced peak greenschist to
upper-blueschist/eclogite facies metamorphism, allowing determination of large-scale gold
mobility within a subduction zone. Our data shows that gold is significantly mobilized by
fluids at the blueschist-eclogite facies transition. In the associated mélange zones at the slab-
mantle interface gold shows heterogeneous concentration but is not enriched, implying only
partial retention of gold in the mélange and its mobilization across the slab-mantle interface.
Furthermore, the intrinsically complex lithologies and heterogenous gold concentrations of
these mélange zones contribute to the slab component inherent to arc magmatism, and can

affect magmatism gold-fertility.



Introduction
Fluid fluxes in subduction zones promote the transfer of elements from the altered oceanic
crust and sediments to the overlying mantle. These fluxes affect the mantle composition and
its redox budget, having a profound impact on arc environments (1-4). Arcs are favorable
geological settings for the formation of major magmatic-hydrothermal ore deposits variably
enriched in Au, such as porphyry, skarn, epithermal and volcanogenic massive sulfide, as
well as orogenic Au deposits during arc accretion (5-10). Gold enrichment in the mantle has
been suggested as a prerequisite for the formation of some Au-rich deposits (11-14), but this
process is not systematic and the metasomatized mantle can either be locally Au-enriched
(11, 13, 15) or barren (16, 17). Overall, the mobility of Au during slab dehydration, slab-
mantle interaction and mantle melting, as well as its impact on ore deposit formation, has

been extensively discussed but has not yet been tested from the slab perspective.

Conversely, mobility of Au during Barrovian metamorphism is fairly well understood, where
devolatilization during prograde metamorphism at upper amphibolite metamorphic facies
conditions effectively generates metamorphic H20-COz2 fluids capable of transporting Au
(6, 18). Gold is most efficiently mobilized at ~550 °C and is sourced from both
metasedimentary and metavolcanic rocks (19-21). High pressure-low temperature (HP-LT)
metamorphism in subduction zones shares broad similarities with Barrovian metamorphism,
albeit at different pressure and redox conditions. Prograde HP-LT metamorphism leads to
progressive devolatilization of H20, CO2 and other volatiles from the descending slab into
the overlying mantle wedge, promoting mantle metasomatism, melting and arc magmatism
(22).

This study investigates the mobilization of Au during prograde HP-LT metamorphism of the
Cycladic Blueschist Unit (CBU). The CBU, within the Hellenide orogen in Greece, records
a complex but coherent prograde P-T path from greenschist (~300 °C; ~7 kbar) to upper-
blueschist/eclogite facies (~550 °C; ~22 kbar) recorded by rocks from the islands of
Santorini, los, Naxos and Syros. To gain a comprehensive understanding of Au-mobility in
a subduction zone, Au is investigated for both metavolcanic and metasedimentary rocks from
the subducted and now obducted slab, as well as from mélange zone rocks, representing the

slab-mantle interface. The results show that Au is significantly mobilized during prograde



HP-LT metamorphism, revealing significant Au fluxes in subduction zones and Au cycling

in arc systems.

Results

Geological settings

The study area is the Cycladic zone of the Hellenide orogen. The Cycladic zone consists of
fragments of the northern passive continental margin of the Adriatic plate and remnants of a
subducted oceanic crust (Figure 1). Within the Cycladic zone, the CBU represents the most
deeply exhumed part of the Hellenides. In simplified term, the CBU is subdivided into three
separate members: (a) the Bottom-CBU nappe, a Carboniferous basement; (b) the Middle-
CBU nappe, a Permo-Carboniferous to late Cretaceous sequence of alternating
metasedimentary and metavolcanic rocks; and (c) the Top-CBU nappe, an ophiolite-like
mélange zone representing a distal continental margin and an oceanic slab assembled in a

slab mélange zone (23-25) (Figure 1).

Three main tectono-metamorphic stages of the Middle-CBU nappe are distinguished: a)
Eocene/Oligocene HP metamorphism during subduction, b) Eocene/Oligocene early
exhumation to mid-crustal depths and retrograde greenschist facies metamorphism, and c)
exhumation from the mid-crust to the surface, associated with slab-roll back and low-angle
detachment faulting during the Miocene (26-28). The P-T conditions estimated for peak
metamorphism vary significantly. In Santorini, they are ~7.6 kbar and ~330 °C (upper-
greenschist facies) (26, 29), ~13 kbar and ~500 °C in los (lower-blueschist facies) (26, 30),
~16 kbar and 575 °C in Naxos (upper-blueschist facies, South-Naxos) (31) and 19-24 kbar
and 500-575°C in Syros (upper blueschist/eclogite facies transition) (32, 33). Despite various
exhumation mechanisms many rocks preserved their peak metamorphism parageneses. The
Top-CBU nappe at Syros shows similar peak P-T conditions like the Middle-CBU nappe but
has sustained local retrogression from eclogite to greenschist facies (24, 34). The
petrographic overview of the Middle- and Top-CBU is provided in the supplementary note

1 (Supplementary Figure 1-5) and in the supplementary data 1.

Gold content of metavolcanic rocks

The metavolcanic rocks from the Middle-CBU nappe on Santorini, los, Naxos and Syros

have an overall arc affinity (35) (Supplementary Note 2 and Supplementary Figure 6). They



show, however, large chemical variations, from tholeiitic, mainly on los and Naxos, to calc-
alkaline, mainly on Santorini and Syros (Supplementary Figure 6c), representative of the
lithological diversity in passive margin sequences (25) and preventing straightforward
classification to a specific magmatic setting. Melt contamination by subduction fluids/melts
(slab component) and crustal material can account for such diversity (Supplementary Figure
6d) and is highlighted by progressive light rare earth element enrichment (Supplementary
Figure 7a-b). Such geochemical signatures have similarities with modern-day supra-
subduction arc analogues (Supplementary Figure 6). Greenschist to upper-blueschist facies
metavolcanic rocks from the Middle-CBU nappe at Santorini (n=7), los (n=14) and Naxos
(n=7) have similar Au concentrations with median values of 0.88 ng.g%, 0.84 ng.g’* and 0.94
ng.g, respectively, whereas blueschist-eclogite facies transition rocks from Syros (n=14)

have a lower median Au concentration of 0.28 ng.g™* (Figure 2, Table 1).

The Top-CBU nappe at Syros consist of large, massive metavolcanic blocks in a chlorite-
talc schist matrix forming a mélange zone (24, 36). The blocks have tholeiitic affinity with
complex REE patterns (Supplementary Figure 6-7) whereas the matrix corresponds to
variably metasomatized ultramafic rocks (24) (Supplementary Figure 7). The mélange zone
has an overall Au median of 0.72 ng.g™* (Figure 2). The blocks have a median Au
concentration of 0.86 ng.g™* (n=14) ranging between 0.30 and 6.21 ng.g™* and the matrix has
a median Au concentration of 0.57 ng.g* (n=10), ranging between 0.23 and 6.99 ng.g*
(Figure 2, Table 1).

Gold content of metasedimentary rocks

The bulk of the Middle-CBU nappe consists of metasedimentary rocks. The siliceous
metasedimentary rocks are dominated by metapsammite with minor metapelite and rare
quartzite (Supplementary Figure 6e). The immobile element contents of metapsammites and
metapelites suggest an oceanic island arc to continental arc affinity (Supplementary Figure
6f). Their Au concentration ranges from 0.07 ng.g-1 up to 418 ng.g* with a median of 0.78
ng.g? (n=65). Median Au concentration is 0.80 ng.g™ for samples metamorphosed at
greenschist facies (Santorini, n=12), 1.12 ng.g* for those at lower-blueschist facies (los,
n=21), 1.69 ng.g™* for those at upper-blueschist facies (Naxos, n=22) and 0.29 ng.g™* for those

at the blueschist/eclogite facies transition (Syros, n=6, Figure 2, Table 1). Two quartzite



samples have 0.42 and 0.47 ng.g? Au and two marbles have 0.28 and 0.23 ng.g* Au,
respectively (Supplementary Data 1).

Content of volatiles, As and Sb in metavolcanic and metasedimentary rocks

Gold is often mobilized alongside volatiles, mainly H20 and COz2 inferred from the loss on
ignition (LOI), and other elements during Barrovian metamorphism such as S, As and Sh
(19, 37). For metavolcanic rocks from the Santorini, los, Naxos, Syros Middle-CBU and
Syros Top-CBU, LOI median concentrations are 4.91, 3.75, 2.43, 3.81 and 2.37 wt.%, S
median concentrations are 100, 60, 120, 180 and 205 ug.g, As median concentrations are
3.16, 0.98, 0.73, 0.37 and 0.83 ug.g%, and Sb median concentrations are 0.65, 0.40, 0.51,
0.12 and 0.12 ug.g%, respectively; correlating with increasing grades of metamorphism ( 3a,
Supplementary Data 1). In the corresponding metasedimentary rocks, LOI median
concentrations are 8.89, 4.30, 3.64 and 3.03 wt.%, S median concentrations are 85, 60, 141
and 130 pg.g?, As median concentrations are 17.5, 1.50, 1.79 and 0.54 pg.g* and Sh median
concentrations are 0.72, 0.44, 0.99 and 0.09 ug.g* in Santorini, los, Naxos and Syros Middle-
CBU, respectively (Figure 3b, Supplementary Data 1).

Discussion

Gold mobility during prograde HP-LT metamorphism

Gold mobility during prograde HP-LT metamorphism is determined using only samples
from the Middle-CBU nappe, which was subducted as a coherent nappe during the Eocene
(26). Importantly, samples from Syros Top-CBU are not considered for determining Au
mobility during prograde HP-LT metamorphism. To determine Au mobility the Au
concentration and distribution in metamorphic protoliths needs to be first determined,
especially for metavolcanic rocks which is challenging (21). The metavolcanic rocks from
Santorini and Syros Middle-CBU show calc-alkaline affinity while those from los and Naxos
Middle-CBU show tholeiitic to transitional affinity, implying protoliths with possibly
different Au content at the onset of metamorphism. Fortunately, the tholeiitic metavolcanic
rocks from los and Naxos show supra-subduction zone (SSZ) affinity similarly to those of
Santorini and Syros (Supplementary Figure 6). The SSZ affinity of the CBU passive margin
metavolcanic rocks (38, 39) implies a complex, but similar Au distribution within the
protoliths for all localities before metamorphism. Gold behavior during magmatic

differentiation in a SSZ environment is strikingly different from mid-oceanic ridge basalts



(MORB) and depends on numerous parameters such as melt composition, redox condition,
volatile content and, importantly, the timing of sulfide saturation and volatile degassing (40,
41). In many SSZ localities, Au behaves as an incompatible element during the early stage
of magmatic differentiation, usually because the melt is sulfide undersaturated. In the late
stage of differentiation, however, its behavior changes to strongly compatible due to sulfide
saturation and/or magmatic degassing, leading to a strong drop in the Au content usually
concomitant with the onset of advanced magnetite crystallization (42-46) (Figure 4a).
Hence, the SSZ affinity of the volcanic rocks exerts a first order control on the protolith Au

content and distribution prior post-magmatic processes.

To define Au distribution in the metavolcanic rock protoliths we assessed Au concentration
relative to MgO and V. Although MgO is a commonly used proxy for magmatic
differentiation it can be partly affected by hydrothermal seafloor alteration. Commonly used
immobile elements, such as Zr and Y, do not work properly for the Middle-CBU nappe
sample set, as some samples show high Y and Zr concentrations possibly due to the presence
of accessory minerals such as zircon or apatite. Vanadium is used instead as a proxy for the
overall magmatic differentiation (Figure 4b-c). It behaves in a similar way as Au during
magmatic differentiation (Figure 4b), although not being controlled by the same phases, and
is relatively immobile during seafloor alteration and metamorphism. The Au/Cu ratio is also
useful to decipher Au distribution within the metavolcanic protolith (Figure 4c). Copper,
being a strongly chalcophile element, behaves similarly to Au during magmatic
differentiation in SSZ environments (42, 44-46). This is highlighted by the overall constant
Au/Cu ratio in diverse SSZ analogues during differentiation, ranging within one order of
magnitude (Figure 4c). Additionally, Cu is less mobile than Au during seafloor alteration

and Barrovian metamorphism, although not being fully immobile (37, 47).

The samples from Santorini, los and Naxos, do not show a Au distribution which can be
related to magmatic differentiation but the Au concentrations plot within the range of the
SSZ analogues (Figure 4a-c). This is likely due to post-magmatic Au remobilization,
possibly during seafloor alteration (47). Gold concentrations in samples from Syros Middle-
CBU nappe, however, do not overlap with those of samples from the other localities nor with
SSZ analogues, showing that the low Au concentration in rocks metamorphosed at the upper-

blueschist/eclogite facies transition is not related to magmatic processes.



Variations in Au content relative to MgO and V in metavolcanic rocks from the Middle-
CBU nappe during prograde HP-LT metamorphism provides better insight into Au mobility
(Figure 5). The MgO and V content of metavolcanic rocks show no noticeable variation
related to metamorphic grade while Au/MgO and Au/V show pronounced decrease in value
at the upper blueschist-eclogite transition (Figure 5). This indicates that the decrease in Au
at the upper blueschist/eclogite metamorphic grade (Figure 2) is not due to differences in the
initial protolith composition otherwise both the Au/MgO and Au/V would have remained
constant. This confirms further that the variations observed in Au concentrations are related
to prograde metamorphic devolatilization rather than differences related to magmatic

processes.

To truly determine Au mobility during HP-LT metamorphism, the Au content of the samples
metamorphosed at the lowest metamorphic grade need to be used as a reference frame (19,
21). Notably, low-grade metamorphic samples record the same pre-metamorphic history as
their high-grade metamorphic counterparts, allowing comparison. The limited exposure of
the Middle-CBU nappe at Santorini prevents building a large and comprehensive low-grade
metamorphic sample suite which can be used as a metamorphic protolith. To circumvent the
issue, the samples from Santorini (n=21) are paired with those from los (n=40). Peak
metamorphic temperatures on los are ~470-500 °C (26), the upper limit at which Au is still
not extensively mobilized from both metavolcanic and metasedimentary rocks during
Barrovian metamorphism (18, 19, 21). The sample set from Santorini and los does not
represent a true metamorphic protolith at the onset of metamorphism, but it is a proxy for
the Au content in rocks metamorphosed at the upper greenschist-lower blueschist facies,
allowing to determine if Au is mobilized at higher metamorphic grades. Mann-Whitney U
statistical tests are performed to define if the Au content of rocks metamorphosed at upper
greenschist-lower blueschist facies are statistically different from those metamorphosed at
higher conditions (Table 2). Both metavolcanic and metasedimentary rocks from Syros
Middle-CBU nappe, metamorphosed to upper blueschist-eclogite metamorphic facies
transition, have significantly lower Au contents than those metamorphosed at the upper
greenschist-lower blueschist facies, implying that Au mobilization does occur during

prograde HP-LT metamorphism (Figure 2 and 5). This outcome is somehow similar to Au



mobilization during Barrovian metamorphism when Au is significantly mobilized in the

upper amphibolite facies (19).

Arsenic and Sh, which are generally mobilized alongside Au and enriched in orogenic Au
deposits (19, 20, 37), also show decreasing concentrations in both metavolcanic and
metasedimentary rocks from the Middle-CBU with increasing HP-LT metamorphism
(Figure 3), implying similar mobilization to Au. Sulfur, on the other hand, shows increasing
concentrations in both metavolcanic and metasedimentary rocks with increasing HP-LT
metamorphism (Figure 3), which is the opposite of its behavior during Barrovian
metamorphism (18). While the S behavior during Barrovian metamorphism is mainly
controlled by the pyrrhotite-pyrite mineral reaction (18, 19), S mobility in HP-LT
metamorphism is more complex, associated with various S species sensitive to redox and

complex mineral reactions (36, 48, 49).

Where does the Au go?

The fluids released during HP-LT metamorphism migrate towards the slab-mantle interface
(3). They are generally H20-dominated with variable C species (CO2-CHas) and diverse
salinity (50, 51), similar to Barrovian metamorphic fluids (52) except possibly for their redox
conditions. When the HP-LT metamorphic fluids reach and migrate along the slab-mantle
interface, their redox budget depends on the content of redox-sensitive species, pathways
and on fluid-rock ratios, resulting in an overall heterogenous system (53). These processes

will alter the speciation of Aug ligands and influence Au solubility and transport.

Gold transport in fluids is generally by hydrogen sulfide or chlorine complexes, but oxidizing
conditions do not promote Au mobilization by hydrogen sulfide complexes (54, 55). The
variable salinity of the HP-LT metamorphic fluids (from 4 to >20 wt.% NaCl) (50) and CI
devolatilization during prograde metamorphism (56) could promote Au transport as chlorine
complex. Despite the variable redox conditions of HP-LT metamorphic fluids, the diversity
of Au complexes stable over relatively wide range of P-T and redox conditions (57) allows

for Au transport in HP-LT metamorphic fluids.

Gold in the mélange zone at the slab-mantle interface

Mélange zones are characterized by physical mixing as well as advective and diffusive

metasomatism between diverse lithologies, mainly ultramafic, metavolcanic and



metasedimentary rocks at the slab-mantle interface (24, 58, 59). The mélange zone at Syros
Top-CBU nappe records such complex processes during both prograde and protracted
retrograde metamorphism from eclogite to greenschist facies, in particular associated with
fluid flow over a wide P-T range at the slab-mantle interface (24). The Au content in the
mélange zone at Syros is not specifically associated with either a sedimentary, altered
oceanic crust or mantle component (Figure 6a). Instead, its large Au variability (Figure 2)
reflects local enrichment of Au in both the metavolcanic blocks and the schist matrix;
sometimes metasomatic sulfides are present at the contact between the two, likely due to
local redox changes (36) (Au>3 ng.gt, n=7; Supplementary Figure 6). Metasomatic sulfides
in the mélange zone most likely exert a strong control on Au distribution as they are the main
mineral host for most chalcophile elements (60). Most of the samples, however, have Au
concentrations below 1 ng.g* (n=13; Supplementary Data 1). The overall low Au content of
the mélange zone (median = 0.72 ng.g™?) relative to the modern lithospheric mantle (Au
median = 1.2 ng.g?, 0.6-2.2 ng.g™?) or the primitive mantle (Au median = 1.4 ng.g%, 0.8-2.0
ng.gl) (16) implies that the Au released from the slab by HP-LT metamorphic fluids is not
enriched in the mélange zone, despite local enrichment, but is rather transported elsewhere
with the fluids.

Gold transport to the mantle and the crust

Fluid flow at slab-mantle interface depends on lithology, mineralogy, temperature,
permeability, rheology, and compaction pressure (61-64). The majority of the fluids tend to
travel upslope along the slab-mantle interface (64) although some can partly migrate within
the mantle wedge (62) (Figure 7). The apparent lack of Au enrichment in the mélange zone
at Syros Top-CBU indicates that Au is efficiently mobilized along the slab-mantle interface

as it was not enriched during retrograde metamorphism.

The Au mobilized upwards along the slab-mantle interface may be integrated into the
hydrothermal system of the overriding crust where Barrovian metamorphism occurs and
some orogenic Au deposits may form (5, 52) (Figure 7). For instance, Au enrichment in the
forearc mantle during low-temperature metasomatism (<300 °C-400 °C) has been reported
to be associated with lizardite-antigorite serpentinization and mantle-derived CO2-H20-rich
fluids (15); possibly representing the shallow path of Au-rich fluids originating deeper within
the subduction zone. Alternatively, fluid migration within the mantle wedge, rather than



along the slab-mantle interface, is anticipated to form metasomatized mantle domains with
high or heterogeneous Au content, often referred to as fertile sub-continental lithospheric
mantle (Figure 7). Later, these can be involved in the formation of post-subduction orogenic

Au and Au-rich magmatic-hydrothermal deposits (12-14, 65).

Gold and arc magmatism

While fluids travel upwards along the slab-mantle interface, the hydrated and mechanically
weak metasomatized rocks are dragged to depth by the subducting slab, leading to
decoupling between fluids and rocks. Although the mechanisms for crustal material transfer
within the mantle wedge are debated (58, 66—72), the contribution of a slab component to
arc magmatism is accepted (58, 67). On initiation of melting, either at slab surface or in a
rising diapir (58), the mélange zone is most likely not Au-depleted as some Au is
concentrated in the heterogeneously distributed metasomatic sulfides which are stable until
high PT conditions (73). Melting of mélange zones will thus lead to a notably different
geochemical signature for Au compared to melting of depleted or metasomatized mantle
(Figure 7). This process may directly recycle the Au retained in the mélange zones into arc
magmas. Therefore, the strongly heterogeneous Au distribution and abundance of
metasomatic sulfides in the mélange zone, mainly pyrite, chalcopyrite and bornite (36),
likely play an important role for the timing of Au release during melting (74).

The relative proportion and nature of rock types within melange zones, and their
metamorphic and metasomatic evolution prior to melting dictate the slabs” geochemical
signature in arc magmas (58), implying a potential relationship between the slab component
and Au-fertility of arc magmas (Figure 6a). For example, arc volcanic rocks with high Ba/Th
but low La/Smn ratios, due to a slab component buffered by altered oceanic crust (58) or
pelagic sediments (75) show a noticeably high Au content (Figure 6b-d; Manus Basin,
median Au = 5.5 ng.g’; Kermadec arc median Au = 5.5 ng.g™). On the other hand, volcanic
arcs showing high La/Smn but low Ba/Th ratios, due to a slab component buffered by
terrigenous sediments (58, 75) have distinctively lower Au contents (Christiana-Santorini-
Kolumbo volcanic field median Au = 0.8 ng.g*; Eolian arc median Au = 0.1 ng.g’*; Figure
6b-d). Overall, a positive correlation (R?=0.43) is observed for Au and Ba/Th in relatively
primitive volcanic arc rocks (i.e. before onset of sulfide or volatile saturation, Supplementary

Data 6, Figure 6b) while a negative correlation (R?=0.49) is observed for Au and La/Smn in



these suites, where volcanic rocks with high La/Smn (~>3) show noticeably low Au
concentrations (0.1-0.3 ppb Au, Figure 6c). The nature of the slab component, therefore, can
affect primitive arc magma Au-fertility (Figure 6b-d). Specifically, the nature of the
subducted sediments is likely critical as pelagic sediments, such as black shales, can have

high Au content (76) while terrigenous sediments can lead to Au-barren melt.

Implications for Au-rich deposits in arc settings

The formation of Au-rich deposits in arc environments, such as porphyry, epithermal, skarn
and volcanogenic massive sulfide, is associated with diverse magmatic-hydrothermal
processes occurring in the mid to shallow crust. Deposit formation depends, for example, on
volatile degassing, timing of sulfide saturation, sulfide transport and oxidation, style of
magmatism, crustal thickness, and longevity of magma reservoirs (77-82). The role of the
mantle source and the magma Au-fertility has long been debated but is generally considered
secondary to processes at shallow crustal depths. The evolution of the Hellenic subduction
system over the last 50 Ma provides insight into the relationship between mélange zones,

magma Au-fertility and Au-rich deposits.

During the evolution of the Aegean arc since the Eocene, porphyry and epithermal Au-rich
deposits mainly formed between 37-20 Ma in the Rhodopes and Biga areas, and after ~2 Ma
in the South Aegean Volcanic Arc, such as in Milos and Kolumbo (83-86) (Figure 8). In
between these two periods a hiatus in Au-rich deposit formation occurred. Concomitantly,
the style of magmatism of the Aegean arc changed between 35 to 5 Ma from calc-alkaline
to high-K and shoshonitic affinities and volcanic rocks show variations in slab component
signature (66) (Figure 8-9). From ~35 to 20 Ma the slab component recorded in volcanic
rocks shows an increase in (La/Sm)n up to ~5-6 while Ba/Th records a relatively constant
value between ~60-100 (Figure 8), indicating an increase in the terrigenous component
affecting the slab signature. Between 20 to 2 Ma, the (La/Sm)n remains elevated, with values
between 4-6, while Ba/Th still remains between ~60-100 (Figure 8). The overall high
(La/Sm)n over this period is associated with a slab component increasingly and steadily
dominated by continental-derived terrigenous sediments (66). Since 2 Ma, a decrease in
(La/Sm)n and Sr isotope values as well as a switch in magmatism back to calc-alkaline
affinity (66) indicates a slab component progressively buffered back by altered oceanic crust

and/or pelagic sediments at the expanse of terrigenous sediments (Figure 8-9) (66). The



evolution of the slab component signature in the Hellenic arc has been attributed to diapirism
(66), although this does not exclude contribution from slab melt and/or fluids (87). The
intermediate geothermal gradient of the Hellenic subduction (~7-10 °C/Km; 2, 26) and the
slab component signature varying between altered oceanic crust, mantle and terrigenous

sediments suggest that diapirism could have occurred since the Eocene (88).

The variation in the style of magmatism and slab component signature between ~35 Ma to 5
Ma is caused by the onset of subduction of the Adriatic continental plate composed of the
CBU and the external Hellenides since ~50 Ma (Tripolitza and lonan blocks; Figure 8-9)
(28, 66, 89). At ~50 Ma the Top-CBU nappe, corresponding to the distal passive margin of
the Adriatic continental plate, reached peak metamorphism (Figure 8-9) and the associated
mélange zone was dominated by an altered oceanic crust and/or pelagic sediment component
as observed from the Top-CBU at Syros (Figure 6). Slab or diapir melting resulted in a melt
with low (La/Sm)n and moderate Au-fertility (Figure 8). A lag of ~10-15 Ma between HP-
LT metamorphism in the slab and magmatism in the arc is inferred from the tectonic
evolution of the Hellenic subduction system (Figure 8) (28, 89). Hence, melts generated from
mélange zones associated with Top-CBU peak metamorphism can be related to volcanism
at 40-35 Ma in the Rhodope and Biga areas and corresponding to the onset of Au-rich deposit
formation (~37 Ma, Figure 8-9) (83).

Further subduction of the Adriatic passive margin, represented by the Middle-CBU with
peak metamorphism at ~45-40 Ma (26, 90), leads to changes in the mélange zone
components, possibly a mixture between altered oceanic crust and/or pelagic sediments and
terrigenous sediments. Slab or diapir melting resulted in melts with increasing La/Smn and
lower Au-fertility. Such change is observed in volcanism between ~30-25 Ma where La/Smn
is significantly increasing, yet Au-rich deposits are still forming (Figure 8) (83). This implies
that the magma Au-fertility, at this stage, is not a first order factor controlling the formation
of Au-rich deposits, but that mid to shallow crustal processes are more important.
Specifically, at ~35-30 Ma magmatism switched to high-K affinity which is known to be
associated with the formation of Au-rich porphyry and epithermal deposits (91) due to
hydrothermal processes rather than magma Au-fertility (79).

At ~30 Ma, the Bottom-CBU reached peak metamorphism (Fig 7-8) followed by the external
Hellenides at 25-20 Ma. The mélange zones formed from the subduction of these units was



strongly dominated by a terrigenous component (66) which resulted, after melting, in melts
with high La/Smn and very poor Au-fertility. Volcanism between 20 and 5 Ma is
characterized by constantly high La/Smn (~>4, Figure 8) and no Au-rich deposit formation
despite high-K magmatism. We infer that the long-lasting and strong buffering of slab
components by terrigenous sediments ultimately led to magma Au-fertility so poor (e.g. ~0.1
ppb) that mid to shallow processes were not sufficient for Au-rich deposit formation over
this period.

Following the Adriatic continental plate subduction, the subduction of the East
Mediterranean oceanic plate at ~15 Ma resulted in a mélange zone buffered back by an
altered oceanic crust and/or pelagic sediments. The resulting magma, from slab or diapir
melting, had moderate Au-fertility, allowing the formation of Au-rich deposits via mid to

shallow crustal processes since 2 Ma (Figure 8-9).

The 50 Ma evolution of the Hellenic subduction system highlights the interplay between
source processes, i.e. the slab component effect on magma Au-fertility, and shallow to mid
crustal processes, such high-K magmatism, on the formation of Au-rich ore deposits in the

Aegean arc.

Materials and methods

A suite of 131 samples has been petrographically studied and analyzed for major and trace
elements as well as for Au. To constrain Au-mobility during prograde HP-LT metamorphism
sampling focused on rocks representative of local peak metamorphic conditions in the
Middle-CBU nappe. Metamorphic facies were determined from mineral assemblages and
PT calculations (26, 31, 33, 90). Samples showing a minimum retrograde metamorphic
overprint were selected and the sample suite has been checked for local metasomatism (e.g.
Ca or Fe metasomatism). This was achieved by calculating alteration indexes (92) as well as
checking for samples with non-coherent REE profiles. Classification of samples as
metavolcanic or metasedimentary rocks was achieved by combining field petrography,
optical microscopy, and chemical classification (93). Samples from Naxos are, as much as
possible, from the southern part of the island, as the northern part underwent significant
retrograde overprint (31).



Gold analysis
Gold analysis was done on pressed powder pellets (PPP) by laser ablation-inductively

coupled plasma-mass spectrometry (LA-ICP-MS) using a Teledyne 193 nm Excimer Laser
coupled to an Element XR ThermoFisher at the Laboratory for Environmental and Raw
Materials Analysis (LERA), KIT, using ultra-low Au analysis method (94). Pressed-powder
pellets were made by nano milling of sample rock powder using a Pulverisette 7 planetary
mill (94, 95). Pellet ablation was done with a laser beam diameter of 150 um, a frequency of
100 Hz and a fluence of 5 J.cm, optimized for Au sensitivity (94). Each pellet was analyzed
5 times. Measurements of Si%, Ca*, Hf'% Ta!®! and Au'®" have been made for calibration
and oxide interference corrections (94). Data reduction was done using the 3DRS plugin
from IOLITE (96) using Si%° as the internal standard. Pellets of the reference materials TDB-
1, BHVO-2, BCR-2, MRG-1 and UM-2 have been used for testing accuracy and precision
(Supplementary Data 2). Analyses of TDB-1, a CanMet certified reference material and
well-suited standard for low-Au analysis, has an accuracy of 6 % and a precision of 14.5 %.
Other standards, not referenced for Au, have lower precision and accuracy but are in
accordance published values (Supplementary Data 2). The method limit of detection
(MLOD) is determined from repeated analyses of a Au-poor pellet and varies between runs
(n=5) depending on the analytical conditions. The MLOD ranges between 0.07 and 0.24
ng.gl. Four samples have concentrations below the MLOD and are reported as the run
MLOD value.

Major and trace element analysis

Major element whole rock concentrations were analyzed by waverlength-dispersive X-ray
fluorescence using a S4 Explorer Bruker AXS at LERA. The reference materials BHVO-1,
MRG-1, AGV-1, RGM-1 and SY-2 were used for checking precision and accuracy
(Supplementary Data 3). Trace element analyses were carried out by PPP-LA-ICP-MS (95)
using the same equipment as for Au analysis. Ablation was done with a 85 um diameter laser
beam, a 10 Hz frequency and a fluence of 5 J.cm2. Gases used are He, Ar, and N with a
flow rate of 0.3 L.min?, 0.85 L.min"%, and 10 mL-min™!, respectively. Elements measured
include of Li’, Si%, Sc*°, V°, Cr®, Mn®®, Co®°, Ni®, Cu®, Zn®, As™, Rb®® S8, Y& 7%
Nb93, Sn118, Sb121, Bal37, L3.139, Cel40, PI’Ml, Nd146, Sm147, EUlSl, Gd157, Tb159, Dy161’ H0165,

Erl7 Tm!®, Ybl72 Lul™, HfY78 Taldl TI2%5 pp208 Bj299 Th232 U238 Data reduction was



done with IOLITE using also the 3DRS plugin (96). Pellets of the reference materials BCR-
2, BHVO-1, BHVO-2, MRG-1 and RGM-1 have been used for testing accuracy and
precision. Most elements are within 20% of the expected values for precision and accuracy

in at least four standards out of five, except for Sb and Bi (Supplementary Data 4).

Sulfur and Carbon

Carbon and sulfur analyses were carried out at LERA using a Carbon—Sulfur Analyzer (CS-
2000, Eltra). 150 mg rock powder samples were measured by solid-state infrared absorption.
Standards steel and ductile iron from Eltra were used for instrument calibration and data

quality check (Supplementary Data 5).

Mann-Withney U statistical test

The non-parametric Mann-Withney U statistical test is performed to determine Au mobility
during prograde metamorphism as Au distribution in rocks is not normal (20). The null
hypothesis of the test is defined as no difference in Au concentration between sample set 1
and sample set 2, with sample set 1 being the metamorphic protolith defined from Santorini
and los Middle-CBU samples (n=21-32) and sample set 2 the samples from the Middle-CBU
metamorphosed at different grade tested (n= 6-22, Table 2). The test is with an alpha level
of 0.05 and is two tailed. Only samples from the Middle-CBU nappe are tested. Quartzite

and marble samples are not used.
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Figure captions

Figure 1.
Figure 1. Geological overview of the Cyclades. a) Geological map of the Hellenic orogen,

b) geological map of the Cyclades, ¢) Summary PT paths of the Middle- and Top-CBU
nappes, d) cross section from A to A’ through Santorini, los, Naxos and Syros. Modified
from 26.

Figure 2:
Figure 2. Box plots of gold content in metavolcanic and metasedimentary rocks from

the Middle-CBU and Top-CBU nappes. Unmetamorphosed data are from fresh volcanic
arc rocks (Supplementary Data 6), deep sea sediments (97) and sub-greenschist facies pelitic
and psammitic rocks (19). Numbers next to box plots are medians values. Interquartile range
are at 25-75 percentiles and the whiskers are at 1.5 the interquartile range. Solid lines connect
median values and dashed lines connect average values. Quartzite and marble samples are

not plotted.

Figure 3:
Figure 3. Box plots of LOI, S, As, and S contents from the Middle-CBU and Top-CBU

nappes. A) Metavolcanic rocks and B) metasedimentary rocks. Box plots parameters are as
in Figure 2.



Figure 4:
Figure 4. Gold distribution in volcanic rocks from different volcanic arcs and in

metavolcanic rocks from the Middle-CBU nappe. A) Au vs MgO, B) Au vs V and C)
Au/Cu vs V. Low Au content in Syros metavolcanic rocks is not associated with magmatic
processes. SSZ arc analogues data from the Christiana-Santorini-Kolumbo volcanic field,
Manus basin, Lau basin, Kermadec arc, Kamchatka arc, Troodos ophiolite and the Andean
Southern Volcanic Zone (Supplementary Data 6).

Figure 5:
Figure 5: Box plots of Au/MgO, MgO, Au/V and V in metavolcanic rocks from the

Middle-CBU from greenschist to eclogite metamorphic facies. Box plot parameters as in

Figure 2.

Figure 6:
Figure 6. Slab components and arc magmatism Au fertility. a) Au concentration of Syros

Top-CBU nappe mélange zone relative to (La/Sm)n vs. Ba/Th. Circle and triangle sizes
indicate the Au concentration. Increase in (La/Sm)n iIs associated with terrigenous
sedimentary rock input while increase in Ba/Th is associated with altered oceanic crust fluid
and/or pelagic sediment inputs. Median Au concentrations of primitive volcanic rocks from
different arcs are also shown (Supplementary Data 6). SB = Syros blocks, SM = Syros
matrix, SMZ= Syros mélange zone, MORB = mid-ocean ridge basalt (98), AOC = altered
oceanic crust, DM = depleted mantle, CSK = Christiana-Santorini-Kolumbo volcanic field,
ASVZ = Andean South Volcanic Zone. Global mélange zone data (58) and Aegean volcanic
arc data are also plotted (66). Modified from (58). b-d) Gold concentration in primitive
volcanic rocks relative to (La/Sm)n, Ba/Th and (La/Sm)n/(Ba/Th). Volcanic arcs with
strongly altered oceanic crust/pelagic sediment slab component show high Au content. Those
with a strong terrigenous slab component show low Au content. Primitive volcanic rocks are
defined as samples which have not sustained extensive magmatic differentiation, before
magnetite, sulfide and/or volatile saturation. Correlation trends are plotted only from
primitive volcanic rock data. Gold content in Syros blocks and matrix as well as in MORB
are also plotted. See Supplementary Data 7.



Figure 7:
Figure 7. Model for the Au cycle in subduction zone. The main steps for Au mobilization

in subduction zones are 1) Au mobilization from the slab during prograde HP-LT
metamorphism at the upper blueschist/eclogite transition, 2) Au transport upwards along the
slab-mantle interface towards the fore arc crust and/or pervasive mobilization in the mantle
leading to local Au-rich metasomatized mantle, and 3) melting of the mélange zone with
heterogenous Au distribution and contribution to arc magmatism. Hypothetical Au-rich
deposit locations are also shown. Subduction zone architecture and relative positions of the

islands representative of the CBU during the Eocene (26).

Figure 8:
Figure 8. Relationship between metamorphism, volcanism and Au-rich deposits

formation in the Hellenic subduction system since 50 Ma. A) Aegean volcanic arc
(La/Sm)n and Ba/Th and associated Au-rich ore deposits since the Eocene. Highest (La/Sm)n
values are reached between 20-5 Ma when the volcanic arc records the signature of
voluminous clastic material associated with the subduction of the external Hellenides (66).
Gold-rich deposit during Aegean Arc migration formed mainly between 37-20 Ma in the
Rhodopes and Biga areas (83). The Au-rich deposits associated with the Menderes
metamorphic core complex, on the eastern margin of the Aegean arc, are not considered as
they are related to slab-tear processes (83). B) Age of peak metamorphism of the various
subducted units since the Eocene. VVolcanic arc data from (66); 1 = Kassiteres, 2 = Maronia,
3 = Limnos, 4 = Samothraki, 5 = Ezine-Ayvacik, 6 = Lesbos, 7 = Skyros, 8 = Evia, 9 = Tinos,
10 = Serifos, 11 = Lavrion, 12 = Leptokaria, 13 = Aegina, 14 = Milos, 15 = Methana, 16 =
CSK. Au-rich deposit data are from (83); a = Sahinli, b = Rosino, ¢ = Ada Tepe, d = Sedefche
district, e = Sapes-Kassiteres district, f = Kirazli, g = Perama Hill, h = Agi Dagi, i = Palea
Kavala district, j = Skouries, k = Ovacik, | =Profitis llias. Au deposits for which the Au

tonnage is unknown are plotted with a value of 1.

Figure 9:
Figure 9. Simplified tectonic evolution of the Hellenic subduction system and associated

metamorphism, magmatism, and Au-rich deposit formation. Evolution of the Hellenic
system is based on (89) and (28). Crustal material transfer through the mantle wedge can

occur via diapirism or via slab melt/fluids. See text for details.
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Table 1:

Table 1. Gold content in the CBU

Metamorphic grade Locality n Au (ng.g-1)
Middle-CBU nappe

Metavolcanic rocks Median Average Low.Q Up.Q
Greenschist Santorini 7 0.88 1.45 0.51 1.31
Lower Blueschist los 14 0.84 1.30 0.57 1.93
Upper Blueschist Naxos 7 0.94 1.74 0.56 1.55
Blueschist/Eclogite Syros 14 0.29 0.33 0.23 0.40
Metasedimentary rocks

Greenschist Santorini 12 0.80 2.76 0.60 1.80
Lower Blueschist los 21 1.12 2.52 0.71 2.83
Upper Blueschist Naxos 22 1.69 22.70 0.71 3.98
Blueschist/Eclogite Syros 6 0.29 0.45 0.11 0.50

Top-CBU nappe

Retrograde Eclo/GS Syros blocks 14 0.86 1.71 0.62 2.26
Retrograde Eclo/GS Syros matrix 10 0.57 2.14 0.41 3.53

Eclo/GS = eclogite to greenschist, Up.Q = upper quartile, Low. Q = lower

quartile



Table 2:

Table 2. Mann Withney U tests

u z Null
Sample set 1 n Sample set 2 n value  value P value hypothesis
Metavolcanic rocks
Metamorphic protolith 21 Middle CBU-Santorini 7 77.5 0.19 0.85 Not rejected
Metamorphic protolith 21 Middle CBU-los 14 143 -0.12 0.91 Not rejected
Metamorphic protolith 21 Middle CBU-Naxos 7 68 -0.27 0.79 Not rejected
Metamorphic protolith 21 Middle CBU-Syros 14 260 3.79 1.58E-04 Rejected
Metasedimentary rocks
Metamorphic protolith 32 Middle CBU-Santorini 12 292 0.37 0.71 Not rejected
Metamorphic protolith 32 Middle CBU-los 21 279 0.26 0.80 Not rejected
Metamorphic protolith 32 Middle CBU-Naxos 22 313 -1.35 0.18 Not rejected
Metamorphic protolith 32 Middle CBU-Syros 6 184 2.38 1.70E-02 Rejected




Editorial summary:

Gold can be mobilized by fluids during blueschist—eclogite facies transitions in subduction zones
with only partial retention of gold in the mélange zone, according to petrological and
geochemical analyses of metamorphic rocks from the Aegean islands
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