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ARTICLE INFO ABSTRACT
Keywords: As part of a broader characterization and study of vectors to ore in VMS systems of the Iberian Pyrite Belt (IPB,
Volcanogenic massive sulphide deposits Spain), we have investigated in detail mineral chemistry vectors in a representative replacive deposit hosted in

Ore vectors
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laser ablation ICP-MS
Iberian Pyrite Belt

felsic volcanic rocks. At the Aguas Tenidas deposit (northern IPB) the hydrothermal system affected rocks of an
originally homogeneous composition extending hundreds of metres beyond its footprint. The major and trace
element chemistry of white micas, chlorite and carbonates have been analysed by electron microprobe (EMP)
and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to characterize geochemical
vectors across the extent of the hydrothermal system at Aguas Tenidas.

White micas are dominated by muscovite in both regionally altered lithologies and within the hydrothermal
system, with coexisting paragonite occurring in a halo beyond the first disseminated pyrite surrounding the
stockwork and in the proximal hanging wall. Systematic variations have been observed in FeO/(FeO + MgO) and
Na0/(NayO + K;0) across the alteration zone.

Chlorite is predominantly clinochlore in composition, with chamosite restricted to the centre of the hydro-
thermal system. In regionally altered lithologied it is characterized by a constantly low Al and Al"V at variable Fe/
(Fe + Mg); in rocks influenced by the hydrothermal system it presents higher Al'Y and total Al, and a progressive
increase in Al, Al'Y and Fe/(Fe + Mg) towards its core.

Regional carbonates consist of calcite, with additional dolomite forming in proximal rocks. Iron content in
dolomite increases towards the centre of the hydrothermal system, with ankeritic compositions becoming
dominant.

Systematic variations in Ba, Cs, Li, Pb, Rb, Sn, Sr, Tl and Zn have been observed in white micas consistent with
a proximal-distal transition (vector). Trends in chlorite have been less well characterized due to analytical
limitations, although variations have been observed in the contents of As, Co, Li and Zn.

A schematic model has been proposed which accounts for the observed mineralogical and mineral chemistry
trends across the hydrothermal footprint of the Aguas Tenidas VMS deposit. Major element signatures in white
micas and chlorite are interpreted as having been controlled by the upwards and outwards flow of hot reducing
Fe-rich hydrothermal fluids producing a coupled increase in temperature and fluid Fe/(Fe + Mg), and a decrease
in fO,, with increasing fluid/rock ratios towards the centre of the stockwork.

The data presented herein are not only applicable to VMS exploration in the IPB, but on a broader scale
improve our general understanding of vectors to ore in VMS deposits in general.

1. Introduction and the development of new exploration technologies based on
geophysical methods, they are crucial for new mineral discoveries

Vectors to ore play an increasingly important role in the exploration contributing to the supply of raw materials. Ore deposits can occur as

of mineral resources. In combination with the study of mineral systems small and complex bodies difficult to trace; vectors to ore focus on the
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identification and study of their lithogeochemical and mineralogical
fingerprints, which typically are much wider, extending well beyond the
extent of ore mineralization. Vectors to ore are most commonly based on
variations in lithology, geochemistry, mineralogy, and mineral chem-
istry associated to the hydrothermal system, which may be imparted
during deposit formation or subsequently as a result of ore remobiliza-
tion (e.g. Ballantyne, 1981; Madeisky and Stanley, 1993; Large et al.,
2001a,b,c; Ames et al., 2016; Cooke et al., 2017; Mukherjee and Large,
2017; Soltani Dehnavi et al., 2018a).

Mineral chemistry can be a powerful tool for vectors to ore, although
for its effective use several aspects must be considered, such as the
presence of mineral phases unrelated to ore-forming processing both in
regional protoliths and hydrothermally-modified rocks, or the effects of
later re-equilibration and recrystallization (Supplementary Material
1.1). The study of major elements in minerals (e.g. Fe-Mg content in
chlorite, Large et al., 2001b; K-Na-Fe-Mg in white mica, Gaillard et al.,
2018; Uribe-Mogollon and Maher, 2018) was the earliest and still most
widespread use of mineral chemistry as a vector to ore. It can be based
on direct analysis of mineral chemistry (e.g. Electron Microprobe
Analysis, Large et al. 2001b), or on other techniques such as X-Ray
Diffraction (XRD; e.g. Toscano et al., 1994a) or spectral methods (e.g.
Short Wave Infrared Spectral Analysis, SWIR; Herrmann et al., 2001,
Wang et al., 2017) aimed at detecting the mineral structure and varia-
tions associated to changes in major element contents. Additionally,
advances in the analysis of trace elements by Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) have increased the use
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of this technique in a wide variety of mineral studies (e.g. chlorite, white
micas, epidote, pyrite, rutile) across different deposit types, including
sedimentary exhalative (SEDEX) deposits (Mukherjee and Large, 2017),
orogenic gold (Gaillard et al., 2018), VMS (Soltani Dehnavi et al.,
2018a), and particularly in porphyry systems (e.g. epidote, Cooke et al.,
2014; Cooke et al., 2015; Cooke et al., 2020; Baker et al., 2020; Wil-
kinson et al., 2020; chlorite, Xiao et al., 2018; Cooke et al., 2020;
Maydagan et al., 2018; white micas, Maydagan et al., 2018; Alva-
Jimenez et al., 2020; pyrite, Cook et al., 2020). Nevertheless, the use
of trace element mineral signatures as vectors to ore in VMS systems is
still incipient and, thus, further work is needed.

Volcanogenic Massive Sulphide deposits represent a major source of
base (Cu, Pb, Zn), precious (Ag, Au) and other metals (e.g. Co, Sn, In, Cd,
Tl, Ga, Se, Sb, Bi) of economic and industrial importance (Large et al.,
2001a; Franklin et al., 2005; Tornos et al., 2015). The Iberian Pyrite Belt
(IPB), located in the SW Iberian Peninsula (Fig. 1), is arguably the largest
known accumulation of VMS in the earth’s crust, and represents an
important mining region of Spain and a key base metal producer for
Europe (Tornos, 2006). Vectors to ore have been studied in this district
(e.g. Relvas et al., 1990; Relvas et al., 2006; Madeisky and Stanley, 1993;
Toscano et al., 1994a, b; Costa, 1996; Luz et al., 2019; Velasco-Acebes
et al., 2019), but their characterization is still far from systematic or
complete, especially compared to other VMS districts (e.g. Australian
districts, Large et al., 2001a and references therein; Bathurst Mining
Camp, Canada, Soltani Dehnavi et al., 2018a; Soltani Dehnavi et al.,
2018b; Soltani Dehnavi et al., 2019). Moreover, trace element mineral
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chemistry has not yet been investigated for its use as pathfinder in the
IPB.

This work forms part of a broader study aimed at the investigation
and characterization in the IPB of the main vectors to ore currently used
in VMS systems (Fig. 1 in Gisbert et al., 2021) in order to improve
mineral exploration and the location of new resources in the area. Since
previous works have mostly focused on the study of the larger exhalative
shale-hosted deposits of the southern IPB (e.g. Toscano et al., 1994a;
Toscano et al., 1994b; Tornos et al., 2008; Saez et al., 2011; Velasco-
Acebes et al., 2019) or the giant Rio Tinto deposit (e.g. Madesiky and
Stanley, 1993; Costa, 1996), our focus has been on the less studied
volcanic rock hosted replacive deposits of the northern IPB (e.g. Relvas
et al., 1990; Sanchez-Espana et al., 2000). Although generally smaller in
size compared to southern deposits, those in the northern IPB typically
exhibit higher base metal concentrations (Tornos, 2006). Replacive
deposits form through sub-seafloor replacement of lithologies favour-
able to hydrothermal infiltration situated beneath the seafloor (Doyle
and Allen, 2003; Tornos et al., 2015); thus, they are expected to produce
large anomalies associated to hydrothermal alteration in the hanging
wall area, which has major implications for exploration.

We have performed a thorough study of a representative replacive
VMS mineralization, the Aguas Tenidas deposit. The massive sulphides
and stockwork of this deposit are hosted in a felsic dome complex which
extends hundreds of metres beyond the hydrothermal system, and which
upon emplacement had a homogeneous chemical composition (Conde
and Tornos, 2020; Gisbert et al., 2021); this has allowed a detailed
characterization and study of mineralogical and chemical changes pro-
duced on the host rocks by the hydrothermal system during the miner-
alizing event, without the complexities associated to changing
lithologies. In Gisbert et al. (2021) vectors to ore related to mineralog-
ical zoning and whole rock geochemistry were described. Here, we
present the results related to the characterization of vectors to ore
associated to mineral chemistry of both major and trace elements,
mainly in white micas and chlorite, analysed by electron microprobe
and LA-ICP-MS.

White micas are common and ubiquitous mineral phases related to
hydrothermal alteration in VMS systems (Large et al., 2001a; Franklin
et al., 2005; Soltani Dehnavi et al., 2018a). Moreover, several sub-
stitutions can occur in their crystal lattice in response to varying con-
ditions (e.g. Fe-Mg-Si-Al, Na-K-Ba, Rieder et al., 1998); this can include
useful vectoring trace elements (e.g. volatiles such as T, Sb, Hg) which
are accommodated within their structure and interlayer positions (Sol-
tani Dehnavi et al., 2018a and references therein). Consequently, they
are commonly regarded as some of the most useful vectoring phases.
Chlorite is most common in the inner part of alteration zones (Large
et al., 2001a, Franklin et al., 2005). Similar to white micas, several
substitutions can occur in its crystal structure (e.g. Fe-Mg-Si-Al, Wie-
wiora and Weiss, 1990), and useful vectoring trace elements (e.g. vol-
atiles such as Tl, Sb, Hg) can also be accommodated in it (Soltani
Dehnavi et al., 2019).

Data presented in this work will not only be applicable to exploration
in the IPB but, on a broader scale, will also contribute to improve our
general understanding of vectors to ore in replacive-type VMS deposits
in particular and VMS deposits in general.

2. Geological setting
2.1. VMS deposits in the Iberian pyrite Belt

The IPB is located in the southernmost domain of the Variscan Belt in
the Iberian Peninsula, the South Portuguese Zone (Fig. 1). VMS deposits
formed from Late Famennian to early Late Visean times (ca. 360-335
Ma) within intra-continental third order basins, related to a period of
transtensional tectonics triggered by oblique collision during the
ongoing accretion of the Variscan belt (Oliveira, 1990, Silva et al.,
1990). They are hosted in a stratigraphic sequence dominated by
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mudstones and interbedded bimodal volcanic, and shallow intrusive
rocks (Volcanic Sedimentary Complex, VSC; Schermerhorn, 1971).
Subsequent compressive tectonism disrupted the stratigraphic record
forming a thin-skinned foreland fold and thrust belt (Silva et al., 1990),
and produced prehnite-pumpellyite to low greenschist facies regional
metamorphism (Munha, 1983). A detailed review on the geology and
metalogenesis of the IPB can be found in Barriga (1990), Leistel et al.
(1998), Carvalho et al. (1999) and Tornos (2006), and is briefly sum-
marized in Supplementary Material 1.2, and in Supplementary Material
1.1 in Gisbert et al. (2021).

The IPB hosts over 90 VMS deposits (including 22% of the VMS
world-class deposits; >32 Mt, Laznicka, 1999) featuring in excess of
1600 Mt of massive sulphides originally in place, and about 250 Mt of
stockwork ore (Tornos, 2006). Although individual lenses can be up to
170 Mt (La Zarza), most giant deposits (e.g. Neves Corvo, Tharsis, Rio
Tinto) typically include numerous separate ore bodies (Tornos, 2006).

2.2. The Aguas Tenidas deposit

2.2.1. Host stratigraphic sequence

The Aguas Tenidas deposit is situated in the northern part of the IPB
(Fig. 1). VSC rocks dominate the area around the deposit, consisting of
volcanic and subvolcanic rocks with minor shale (Bobrowicz, 1995;
McKee, 2003; Conde Rivas, 2016; Conde and Tornos, 2020) (Fig. 2). The
massive sulphides formed by replacement of the permeable and reactive
uppermost autobrecciated and partially devitrified facies of a dacitic
dome (Bobrowicz, 1995; Tornos, 2006) belonging to the Footwall Felsic
Unit (Conde Rivas, 2016; Conde and Tornos, 2020). This dome consti-
tutes the footwall of the deposit and extends beyond the footprint of the

DACITIC UNIT (UD)

Cohesive andesitic-dacitic lavas

Fine to coarse felsic tuffs and tuffites with chloritic

and hematitic alteration
- Massive sulphides (Old Aguas Tefiidas deposit)

Purple shales

SEDIMENTARY UNIT (US)

Grey shales with interbedded red shales

| Red tuffs. Hematitic fine intermediate tuffs
Green tuffs. Chloritic fine intermediate tuffs
r Jaspers

HANGING WALL RHYOLITE UNIT (URT)
Felsic tuffs with interbedded black rhyolitic lavas

0 Dark shales
VOLCANO-SEDIMENTARY UNIT (UVS)

Hematitic mafic lavas and fine to coarse
volcaniclastic deposits

| Dark, red and green shales

- Massive sulphides and stockwork

RHYODACITIC UNIT (URD)
Rhyodacitic dome

Fig. 2. Local stratigraphy at the Aguas Tenidas deposit, not to scale. Nomen-
clature follows original description by Mina de Aguas Tenidas S.A. (MATSA).
Modified from MATSA.
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hydrothermal system (Gisbert et al., 2021). It was referred to as the URD
(Unidad Riodacitica; Rhyodacite Unit) in the mining terminology (Mina
de Aguas Tenidas S.A., MATSA); to differentiate this specific dome from
other volcanic rocks in the broader Footwall Felsic Unit, the mining term
will be used in this work. The hanging wall to the host dome and
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orebody presents strong vertical and lateral lithological and facies
changes; it is dominated by red basaltic (s.l.) lavas (predominant in the
northern part of the deposit), green to red volcaniclastic rocks, and red
and green metapelites (present in the southern part of the deposit)
(Hidalgo et al., 2000). Host rocks have endured three consecutive stages

IMU-2

AGI-888

- Massive sulphides

:] Stockwork a

o——Drill hole

AM-49

"N Distal drillings
500 m

Marginal massive sulphides

Central deep stockwork

Shallow stockwork

Distal stockwork

Medial stockwork

DST-392

AGI-888 \

100 m

AGI-808

DST-332

DST-386

ATS-7 DST-392

Fig. 3. Plan view (a), front view (b) and cross sections perpendicular to the deposit elongation (c) of the Aguas Tenidas deposit (massive sulphides and stockwork),
and location of the studied drill holes. Front view (b) is facing N, with no vertical exaggeration; the dotted line represents the ground level. Cross sections (c) are
facing W with no vertical exageration. Cores MU-2, MU-5, AM-49, AE-68, AE-69 and AE-70 were drilled from surface; the rest were performed from an underground
gallery; AGI-888 was drilled horizontally and AGI-808 and DST-386 upwards, in the three cases advancing stratigraphically upwards. Modified from Gisbert et al.

(2021). Data provided by MATSA.
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of alteration/modification: 1) initial seafloor metasomatism produced
by interaction of volcanic rocks with seawater during and soon after
emplacement in submarine conditions (Munha and Kerrich, 1980); 2)
hydrothermal alteration related to the mineralizing event; and, 3)
metamorphism under prehnite-pumpellyite facies conditions (Bobro-
wicz, 1995; Sanchez-Espana et al., 2000; McKee, 2003; Gisbert et al.,
2021).

2.2.2. Deposit characteristics

Aguas Tenidas is a polymetallic (Cu-Zn-Pb) massive sulphide deposit.
It consists of a single roughly E-W-oriented elongated massive sulphide
body ca. 1,800 m long and 150 to 300 m wide located at a depth between
280 (eastern side) and 650 m (western side) (Fig. 3). It is wedge-shaped
perpendicular to elongation, with a maximum thickness of 90-100 m by
its northern margin, which is mostly fault-bounded (Hidalgo et al., 2000;
McKee, 2003). This fault (Northern Fault, Fig. 4) has been interpreted as
a syn-sedimentary growth fault which acted as the main feeder structure
for the hydrothermal system (Bobrowicz, 1995; McKee, 2003), and
which was inverted during the Variscan compressive deformation
(McKee, 2003). A funnel-shaped stockwork zone occurs below the
massive sulphide body along most of its extent (Bobrowicz, 1995; Hi-
dalgo et al., 2000; McKee, 2003) (Figs. 3 and 4). Variscan compressional
deformation produced abundant thrusts and shear zones which occur
along several contacts with the host rock as well as transecting the
massive sulphides (McKee, 2003) (Fig. 4). The contact between the
massive sulphide body and the hanging wall sequence is a shear zone of
unknown, but presumably small displacement (Gisbert et al., 2021). In
contrast, there is structural continuity between the massive sulphides
and the underlying stockwork in most areas (Bobrowicz, 1995; Hidalgo
et al., 2000; McKee, 2003).

At the deposit scale, massive sulphides exhibit zonation with a Cu-
rich core at the base and Zn-Pb-rich ore towards the top and periphery
(Fig. 4), with minor Pb, Zn and Au ore at the footwall contact which
represents a deviation from the classical VMS model (Bobrowicz, 1995;
McKee, 2003). Four main phases account for over 95 vol% of the sul-
phide mineralogy; in order of decreasing abundance: pyrite (generally
between 50 and 80 vol%), sphalerite, chalcopyrite and galena. In
addition, tetrahedrite-tennantite group minerals, arsenopyrite, stannite,
bournonite and native bismuth are also present, as well as trace amounts
of fine-grained magnetite (Hidalgo et al., 2000). At the meter to

Hanginng wall N
sequence

:l Polymetallic (Zn-Pb)\ :
l:l Barren pyrite -
I:J Cupriferous : :

0 25 50 m
S E—

Fig. 4. Schematic cross section of the Aguas Tenidas deposit based on Sanchez-
Espana et al. (2003). It includes shear zones described by McKee (2003), as well
as hanging wall alteration zones described in Gisbert et al. (2021).
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decimetre-scale, massive sulphides are highly complex, with numerous
repetitions, displacements and lateral variations (McKee, 2003).

Pervasive hydrothermal alteration envelopes the orebody and
stockwork system (Fig. 4). Footwall alteration passes laterally, from core
to edge, from quartz (only locally present), to chlorite-quartz, sericite-
chlorite-quartz, and sericite-quartz zones, and finally transitions into
regional sea-floor metasomatic assemblages at the margins of the system
(Bobrowicz, 1995; Hidalgo et al., 2000; McKee et al., 2001; Gisbert
et al., 2021). In the upper areas of the chlorite alteration zone, partic-
ularly along its northern and southern contacts with the siliceous zone,
chlorite-carbonate alteration zones are found (Bobrowicz, 1995).
Hanging wall alteration consists of a proximal sericite alteration zone
followed by albite-dominant alteration in more distal positions (Gisbert
et al.,, 2021). In addition, the hanging wall exhibits a younger over-
printing oxidizing alteration represented by iron oxides (Tornos, 2006,
Gisbert et al., 2021).

3. Methods
3.1. Sampling

Samples from proximal, medial and distal host rocks, and from
shallow, medial, and deep regions of the stockwork, were collected from
12 representative drill cores provided by MATSA; this allowed for the
characterization of the lithological background as well as variations
(Proximal-Distal) across the hydrothermal system. Drill hole locations
and their spatial relationship to the mineralization are shown in Fig. 3. A
summary of drill core characteristics and the purpose of their sampling
are provided in Supplementary Material 1.3. Schematic stratigraphic
columns of the main studied portions are presented in Fig. 5. A list of the
samples and a brief description of their location within the system and
characteristics is provided in Supplementary Material 2. Sample name
consists of the drill core name and the depth along the core where it was
collected, in meters (e.g. sample DST-332/75.8 was collected at 75.8 m
from the start of drill core DST-332).

3.2. Analytical methods

Thin sections for 112 samples were prepared for petrographic study
and in situ mineral analysis for major and trace elements by EMPA and
LA-ICP-MS, respectively. Samples were examined using a petrographic
microscope at the IGEO followed by Scanning Electron Microscopy
(SEM) at the Centro Nacional de Microscopia Electrénica (CNME) of the
Universidad Complutense de Madrid.

Major element analysis of minerals was carried out by electron
microprobe (EMP) at the facilities of the CNME and the Centres Cien-
tifics i Tecnologics of the Universitat de Barcelona (CCiT-UB). At the
CNME, a JEOL SUPERPROBE JXA-8900 M was used; analyses were
conducted at 15 kV and 20nA using a 5 pm spot. Mineral reference
samples were used for calibration (Si, Na: albite; Al: sillimanite; Fe, Mn:
almandine; K: microcline; Mg, Ca, Ti: kaersutite; P, F, Cl: apatite). At the
CCiT-UB, a JEOL JXA-8230 was used. Silicates were measured at 15 kV
and 10nA with a 5 pm spot using mineral reference samples for cali-
bration (Si: diopside; Al: kyanite; Ti: rutile; Fe: Fe203; Mg: periclase;
Mn: rhodonite; Ca: wollastonite; Na: albite; K: orthoclase; Ba: barite; F:
fluorite). Carbonates were measured at 15 kV and 6nA with a 10 pm
spot, using mainly carbonate mineral reference samples for calibration
(Ca: calcite; Mg: dolomite; Fe: siderite; Mn: rhodonite; Sr: strontianite;
Ba: barite; Si: diopside; Na: albite).

Trace element analysis of minerals was carried out using LA-ICP-MS
at the iCRAG Raw Material Characterization Laboratory of Trinity Col-
lege in Dublin. A Teledyne PhotonMachines G2 193 nm Excimer ArF
laser with a HelEx II 2- vol cell coupled to a Thermo Elemental iCapQs
ICP-MS was used. Silicates (white micas and chlorite) were analysed for
7Li, 23Na, 24Mg, Z’Al, 2%si, 343, 35C1, 3K, *4Ca, *°Ti, 5V, 53Cr, 55Mn, 57Fe,
590, 5ONi, 63Cu, %6Zn, 73As, 7’Se, 81Br, 8Rb, 88sr, 111cd, 1151n, 18sp,
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123gp, 125Te, 133cg 137Bg, 202Hg, 205T), 208pp  209g; Isotopes were
selected to avoid significant isobaric-mass and polyatomic-molecular
interferences. For the analyses, a spot size of 35 pm (square) was used,
with a repetition rate of 6 Hz and fluences ranging from 1.35 to 1.44 J/
cm?. Data were calibrated using NIST610 and NIST612 glass standards
and BCR-2G basalt glass standard. Sulphide phases (pyrite, chalcopyrite)
were analysed for 55Mn, %°Co, ®°Ni, %°Cu, ¢7Zn, 7*Ga, 73Ge, "°As, 7’Se,
%Mo, 109g, 111cd, 1151, 118gp, 121gp, 125Te, 197y, 202pg, 207pp, 209g;.
A spot size of 20 pm (square) was used, with a repetition rate of 6 Hz and
fluences of 1.25 J/cm? for chalcopyrite and 1.34 J/cm? for pyrite. Data
were calibrated using MUL-ZnS (Onuk et al., 2017) and MASS-1 (Wilson
et al., 2002) sulphide standards. Limits of detection were <10 ppm for
trace elements and <0.1 wt% for major elements. Precision of results
were within 10 % error and accurate to within 5 %. Data reduction was
performed in Iolite using Fe as an internal standard for pyrite and
chalcopyrite, and Si for silicate minerals. Concentration data were ob-
tained by applying the data reduction scheme ‘Trace-Elements’
(Woodhead et al., 2007) in ‘Internal Element Standard’ mode. Fully
quantitative concentrations were calculated applying the internal stan-
dardization method of Ulrich et al. (2009), Ulrich et al. (2011).

The typically fine-grained nature of the mineral assemblage around
VMS deposits such as Aguas Tenidas, combined with the common close
association of several mineral phases (e.g. muscovite, chlorite, quartz,
pyrite, etc.) makes the identification of appropriately sized targets for
EMP and especially LA-ICP-MS analyses problematic (e.g. Soltani Deh-
navi et al., 2018a; Soltani Dehnavi et al., 2018b; Soltani Dehnavi et al.,
2019). Thus, compositional values reported in this study may be influ-
enced by micro-inclusions or partial analysis of encroaching mineral
phases. Criteria to filter out mixed analyses are described in Supple-
mentary Material 1.4; the selection of normalization values for LA-ICP-
MS analyses is also described.

4. Results

The mineral assemblages, textures, and chemistry here described are
the result of original rock composition, seafloor metasomatism,
mineralization-related hydrothermal alteration, and subsequent modi-
fication by diagenesis and metamorphism in the prehnite-pumpellyite
facies. Based on 1) a clear relationship of mineralogy and mineral
chemistry with location relative the hydrothermal system, and 2) no
evidence of major recrystallization during post-mineralization meta-
morphism (Gisbert et al., 2021), we suggest that the distribution and
composition of the currently observed white micas and chlorite are
predominantly controlled by seafloor metasomatism and hydrothermal
alteration through their precursory alteration phases. Accordingly, and
to simplify the description of results in this section, the current mineral
assemblage will be used to describe the characteristics of hydrothermal
alteration in this deposit. Nevertheless, the nature and influence of
primary alteration minerals will be addressed in the discussion section.

4.1. Petrography and mineral distribution

Quartz, white micas and chlorite dominate the alteration mineral
assemblage of rocks around the Aguas Tenidas deposit. In addition,
other phases such as epidote, carbonates and Fe and Ti oxides occur
depending on original rock composition and location relative to the
hydrothermal system. Schematic sections of the studied cores are pro-
vided in Fig. 5, in which lithology, dominant alteration assemblage and
mineralization types are shown. A detailed description of textures and
mineral assemblages in the different parts of the studied system is pro-
vided in Supplementary Material 1.5.

In distal locations (e.g. cores MU-2, MU-5), seafloor metasomatism of
volcanic and subvolcanic rocks resulted in the albitization of feldspar
and the variable alteration of groundmass to white mica, quartz and
chlorite. The alteration assemblage also includes epidote and carbonates
in mafic rocks. Accessory phases include Fe and Fe-Ti oxides, zircon and
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apatite.

In URD footwall rocks, the intensity of alteration increases towards
the ore, with sericite-quartz alteration dominating the external parts of
the stockwork system and areas around it. Feldspar phenocrysts may be
partially to entirely replaced by white mica aggregates coarser than the
groundmass; in this zone chlorite is usually a minor component. Close to
the disseminated pyrite zone that surrounds the feeder system (Fig. 5),
Fe and Fe-Ti oxides disappear and only rutile is observed in more in-
ternal locations. In rocks exhibiting a higher degree of alteration, the
original rock texture is completely obliterated except for the modified
remnants of quartz phenocrysts. Sericite-quartz alteration transitions to
chlorite-quartz alteration towards the centre of the system. Increasing
chlorite abundances occur at different locations relative to the appear-
ance of sulphides depending on the area (marginal vs. central, deep vs.
shallow, Fig. 5). The most intense chloritization is usually found in rocks
hosting mineralized veins with chalcopyrite in the sulphide assemblage
(e.g. central parts of the stockwork system in DST-332 and DST-386). In
the most heavily chloritized rocks white mica is not typically present,
only occasionally occurring as rare individual grains.

The hanging wall proximal alteration was investigated in drill core
AGI-888, where mafic to felsic volcaniclastic rocks dominate. Regardless
of original composition, these show a proximal sericite alteration zone
(fine-grained assemblage of white micas, quartz and minor to rare
chlorite) followed by albite alteration (fine-grained assemblage of albite,
muscovite and minor amounts of chlorite). In addition, hanging wall
rocks predominantly show an overprinted (Tornos, 2006) oxidizing
alteration in which widespread pervasive very fine-grained Fe oxides
occur.

4.2. White micas

4.2.1. Major elements

White micas mostly consist of solid solutions between four main end-
members: muscovite (KAly(AlSi3010)(OH)3), alumino-celadonite (K(Mg,
Fe?")AI(Si4010)(OH)y), celadonite (K(Mg,Fe?H)Fe®*(Sis010)(OH)) and
paragonite (NaAly(AlSi3019)(OH)2) (Rieder et al., 1998). Solid solutions
between muscovite and celadonite (s.L.) are commonly known as
phengite, and are the dominant phase in VMS systems alteration halos.
The celadonitic content in phengite is known as phengicity. Typical
major element chemical vectors include variations related to the
Tschermak substitution ((Fe2+, Mg)VI +8iV o AlY + AlVI; phengicity),
and substitutions between K, Na and Ba. (e.g. Large et al., 2001a). Re-
sults of white micas characterization by EMP analysis performed in this
study are provided in Supplementary Material 2.

White micas within individual samples tend to present relatively
homogeneous compositions regardless of textural variations (e.g. fine-
grained groundmass white mica vs. coarser crystals in feldspar pseu-
domorphs; white micas in the host rock vs. white micas in mineralized
veins). They have been classified following Rieder et al. (1998) based on
EMP data (Fig. 6a and b). Since EMP does not differentiate between Fe?*
and Fe®", molar Fe" has been roughly estimated as Fe + Mg + Mn +
(AI"V-1) - (Ti + Na + K + 2Ca + 2Ba), and constrained to be > 0 and <
Fe. White micas classify as muscovite/paragonite (Fig. 6a), with a
muscovite/paragonite component mostly in the range of molar (Mg +
Fe2+)/(Mg + Fe + AIY1) 0.2-0.02. Since the Fe + Mg contents are below
0.5 a.p.f.u. in all cases, projection of white micas within the muscovite/
paragonite field would occur even if Fe was considered to occur exclu-
sively as Fe>™ or Fe>". Sodium contents indicate that muscovite is the
dominant white mica, and that it coexists with paragonite in some
samples from the most proximal hanging wall (AGI-888/179.8, AGI-
888/180.9, AGI-888/191.5) and the area surrounding the stockwork
in the footwall (e.g. AE-68/367.6, AE-68/420.0, AE-69/217.0, AE-69/
273.2, AGI-888/74.3) (Fig. 6b). This coexistence does not occur as two
separate mica populations but as crystals with interleaved muscovite
and paragonite laminae (Supplementary Material 1.6); the fine char-
acter of this interleaved structure results in analytical mixtures upon
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Fig. 6. Composition of white micas from the Aguas Tenidas deposit area derived from EMPanalysis. Cations calculated for 11 O with all Fe as Fe?*. (a) Classification
diagram of Rieder et al. (1998); Fe®* was estimated as Fe + Mg + Mn + (AI'V-1) - (Ti + Na + K + 2Ca + 2Ba), and constrained to be > 0 and < Fe. (b) Na/(Na + K)
vs. VIR**/(VIR**+VIR3*) diagram to differentiate muscovite and paragonite. (c) Al'Y vs Fe + Mg diagram depicting the chemical trend associated to the Tschermak
substitution. (d) Fe vs. Fe/(Fe + Mg) diagram; the dotted line separates high and low FeO/(FeO + MgO) micas described in the main text. (e) Fe vs. Mg diagram; the
dotted line separates high and low FeO/(FeO + MgO) micas described in the main text. (f) Ba vs. Na/(Na + K) diagram.
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analysis by either electron microprobe or LA-ICP-MS (Fig. 6b). Our data
follow the ideal Tschermak substitution trend (Fig. 6¢), with minor de-
viations that can be attributed to the effect of analytical uncertainty,
interlayer cation deficiency, and Fe>* content. Magnesium dominates
over Fe, with molar Fe/(Fe -+ Mg) mostly below 0.5 (Fig. 6d). A positive
correlation is observed between Fe and Fe/(Fe + Mg) in muscovite,
whereas high Fe/(Fe + Mg) in paragonite occurs at low Fe associated
with lower Mg (Fig. 6d, e). Indeed, paragonite presents lower phengicity
compared to muscovite, with compositions close to the pure muscovite/
paragonite end-member. Ba is a significant interlayer cation in some
white micas, showing higher concentrations in muscovite (Fig. 6f).

Systematic variations in muscovite mineral chemistry have been
observed for the Fe/(Fe + Mg) and Na/(Na + K) ratios, which can
therefore be used as vectoring tools. Indicators based on oxide contents
have been preferred to cations to reduce the amount of calculations
required (Fig. 7). Three main parts of the system can be identified in
diagrams in Fig. 7 which present different white mica characteristics:
distal host rocks beyond the influence of the hydrothermal system,
footwall proximal rocks, and hanging wall rocks.

4.2.1.1. Distal rocks. These are characterized by high FeO/(FeO +
MgO) (>0.42) and low Nay0/(Naz0 + K20) (<0.05) (Fig. 7a-c, zone 1 in
Fig. 7b).

4.2.1.2. Footwall proximal rocks. These include from rocks outside the
stockwork system but with characteristics different from those of the
distal rocks, to rocks at the centre of the feeder zone. Rocks in external
zones present both muscovite and paragonite (e.g. AE-68/367.6, AE-69/
217.0), which are characterized by high FeO/(FeO + MgO) (>0.45) and
Nay0/(Nay0 + K0) (>0.05) (zone 2 in Fig. 7b). Rocks in internal zones
bear low FeO/(FeO + MgO) (<0.45) muscovite, with variable NayO/
(Nay0 + K30) < 0.2 (zones 3 to 5 in Fig. 7b).

Samples from cores AE-68 and AE-69 show the transition from distal
rocks to the centre of the distal stockwork (Fig. 7c). Starting from distal
compositions (e.g. AE-68/337.3), an increase in the Na30/(Na0 + K50)
of muscovite occurs (>0.05) (trend 1 in Fig. 7c¢) when approaching the
hydrothermal system, coupled with the appearance of paragonite in the
mineral assemblage (trend 2) (e.g. AE-68/367.6, AE-69/217.0). To-
wards more internal locations, the FeO/(FeO + MgO) ratio of paragonite
decreases (trend 3) (AE-68/420.0, also seen in AGI-888/74.3 outside the
shallow stockwork), followed by a disappearance of paragonite and
further decrease of FeO/(FeO + MgO) in muscovite (AE-69/319.8)
(trend 4). Finally, at the centre of the distal stockwork, low FeO/(FeO +
MgO) muscovite is present with medium (AE-68/473.9, more distal,
zone 3 in Fig. 7b) to low (AE-69/366.2, more proximal, zone 4 in Fig. 7b)
Nay0/(NasO + K50) (trend 5).

In more proximal or central cores, further evolution of muscovite
composition when approaching the centre of the hydrothermal system is
observed. In the marginal shallow stockwork in AGI-888 (Fig. 7d), a
slight increase in FeO/(FeO + MgO) and NayO/(NazO + K50) occurs
when approaching the massive sulphides (trend 5") (AGI-888/90.3, AGI-
888/115.8, AGI-888/130.7). In the deeper stockwork (central in DST-
332, lateral in DST-386, Fig. 7e) muscovite shows a decrease in NayO/
(NagO + K20) and an increase in FeO/(FeO + MgO) towards the centre
of the system (trend 6), reaching higher FeO/(FeO + MgO) values but
still below those of distal rocks and proximal rocks with paragonite
(<0.45) (zone 5 in Fig. 7b). Sample AGI-888/162.5 (Fig. 7d), which was
collected from a sill within the massive sulphides, represents an excep-
tion to the previously described behaviour. The rare muscovite in this
sample has the highest FeO/(FeO + MgO) of all analysed muscovite (ca.
0.8), and Nay0/(Nas0 + K;0) > 0.2.

These mineral-chemical trends are coupled with mineralogical
changes in the host rock, particularly related to oxides and sulphides.
The most distal rocks with paragonite in the mineral assemblage bear Fe
and Fe-Ti oxides, similar to regional protoliths. Towards the centre of
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the hydrothermal system, Fe oxide abundance decreases and rutile ap-
pears, representing the only oxide in the internal mineral assemblage.
Paragonite with the lowest FeO/(FeO + MgO) (e.g. samples AE-68/
420.0 and AGI-888/74.3) occurs in rocks where already only rutile is
present. On the other hand, the transition to low FeO/(FeO + MgO)
(<0.45) muscovite occurs in still more internal locations, apparently
close to the first appearance of sulphides (e.g. disseminated pyrite in
sample AE-69/319.8).

4.2.1.3. Hanging wall rocks. White micas in the hanging wall are char-
acterized by high FeO/(FeO + MgO) (>0.45) and present variably high
Nay0/(NazO + K30) contents above 0.05, with coexisting muscovite
and paragonite in the most proximal samples (Fig. 7f). In the most distal
analysed samples (AGI-888/206.9, AGI-888/238.7) paragonite is ab-
sent, but muscovite presents NayO/(NasO + Ko0) values still above
those of more distal rocks. Sample AGI-888/238.7 was collected in the
albite alteration zone, and therefore still within the hydrothermal
alteration halo of the deposit. Thus, we interpret that between distal and
paragonite-bearing rocks there is a transitional area of higher NayO/
(Naz0 + K30) muscovite that, although not observed in the footwall,
also likely exists (e.g. between AE-68/337.3 and AE-68/367.6). No clear
trends are seen in the composition of muscovite and paragonite in the
hanging wall rocks. However, the increase in the paragonite component
within the white mica population towards the ore is likely to produce an
overall increase in FeO/(FeO + MgO) and Na,0/(Nay0 + K50) of white
micas.

4.2.1.4. Barium. Barium represents a major component of muscovite in
some rocks around the Aguas Tenidas deposit, with up to 3 wt% BaO in
sample AGI-888/162.5. BaO contents are predominantly below 0.4 wt%
for muscovite and paragonite (which presents lower contents compared
to coexisting muscovite, Fig. 6f), but higher concentrations occur in
muscovite around the massive sulphides and stockwork (Fig. 6f, Fig. 8).
In cores AE-68 and AE-69 in the distal stockwork area, Ba seems to peak
along with Na in the paragonite-bearing zone. In the shallow stockwork
(AGI-888), an initial decrease in Ba towards the massive sulphides (AGI-
888/74.3 to AGI-888/90.3) is followed by a subsequent increase (AGI-
888/90.3 to AGI-0.888/130.7). In the deeper stockwork, a decrease in
Ba content towards the centre of the stockwork is observed in DST-332,
although the opposite trend occurs in the lateral and slightly shallower
DST-386. Thus, except for DST-386, Ba is seen to increase from distal to
proximal locations, peaking along the margin of the hydrothermal sys-
tem and within the massive sulphides, and decreasing towards the
innermost parts of the stockwork system.

4.2.1.5. Comparison with VMS deposits in the IPB and other districts.
There is no universal trend for all VMS districts and deposits regarding
white mica composition, which therefore require individual study and
characterization. According to Soltani Dehnavi et al. (2018a) there are
two main trends of compositional variation:

1) phengitic and Ba-rich white mica occurs proximal to the massive
sulphide horizon. Examples: Hellyer and Rosebery, Tasmania;
several deposits in the Bathurst Mining Camp, Canada (Soltani
Dehnavi et al., 2018a and references therein).

phengitic white mica occurs at the outer edge of the alteration zone,
with sodic muscovite proximal to massive sulfides. Examples:
Western Tharsis and Mt. Lyel, Tasmania; Highway Reward and Mt.
Windsor subprovince, Queensland (Soltani Dehnavi et al., 2018a and
references therein).

2

—

Within the IPB, VMS systems broadly fall within the first category of
Soltani Dehnavi et al. (2018a) (e.g. Masa Valverde, Toscano et al.,
1994b; Rio Tinto, Costa, 1996; Neves Corvo, Relvas et al., 2006).
However, the presence of Na-muscovite in both external and internal
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B DST-386/129.0 medial, chloritic zone
¢ DST-386/138.0 central, minor ccp
Deep stockwork
A\ DST-332/75.8 disseminated pyrite
[0 DST-332/139.7 external, sericitic zone
0 DST-332/215.4 central, chloritic zone
@ DST-332/251.5 central, thick ccp veins

Marginal shallow stockwork zone
AGI-888/74.3 outside stockwork
AGI-888/90.3 disseminated pyrite
AGI-888/115.8 stockwork, sericitic zone

O AGI-888/122.0 chloritic band

4p AGI-888/130.7 stockwork, sericitic zone

@ AGI-888/162.5 sill in massive sulphides
Hanging wall

A AGI-888/179.8 crustal v.c.

[ AGI-888/180.9 crustal v.c.

¢ AGI-888/191.5 mixing series v.c.

O AGI-888/206.9 mantle series v.c.

<5 AGI-888/238.7 mantle series v.c.

Fig. 7. Composition of white micas from the Aguas Tenidas deposit area derived from EMP analysis in a Na,O/(NayO + K30) vs. FeO/(FeO + MgO) diagram. (a) all
analyses. (b) lower Na;O/(NayO + K,0) data. In diagrams (c) to (g) samples from specific zones of the studied system are presented in colour, whereas the remaining
analyses are shown in grey scale for reference. Data with SM"! between 2.05 and 2.1 a.p.f.u. are represented for samples MU-5/871.3, AE-68/337.3, AGI-888/206.9
and AGI-888/238.7, as these are the only ones available; in this case they can be used reliably (Supplementary Material 1.7).
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Fig. 8. Trace element contents (in pgg™?) in white micas and chlorite measured by LA-ICP-MS analysis. sh. stw.: shallow stockwork; MS: massive sulphides; hang. w.:

hanging wall; med. stw.: medial stockwork; deep stw.: deep stockwork.

parts of the system is not uncommon (e.g. Rio Tinto, Costa, 1996).
Similar to Aguas Tenidas, Ba-rich micas occur in the innermost part of
the system in Rio Tinto (up to 3.5 wt% BaO, Costa, 1996) and Masa
Valverde (up to 5.78 wt% BaO, Toscano et al., 1994b). Toscano et al.
(1994b) suggested that K/Ba in hydrothermal micas can be a good
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vector to ore in the VMS systems in the IPB, although this indicator does
not produce distinctive trends at the Aguas Tenidas deposit.

Similar to other deposits in the IPB, the Aguas Tenidas deposit seems
to combine the two main categories of Soltani Dehnavi et al. (2018a),
with Na-Ba-muscovite proximal to the massive sulphides, and with
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Fig. 8. (continued).

especially Na-rich white mica in the hanging wall and external parts of
the system. However, in the influence area of the hydrothermal system,
whereas systematic FeO/(FeO + MgO) variations have been observed
with distance to ore, trends are not evident in phengicity.

4.2.2. Trace elements

Results of LA-ICP-MS analyses are provided in Supplementary Ma-
terial 2, and contents of selected trace elements are depicted in Fig. 8.
Concentrations were mostly below the detection limit or did not show
any trend related to sample location within the system for many ele-
ments. However, systematic variations have been observed for Ba
(described in the previous section), Cs, Li, Pb, Rb, Sn, Sr, Tl and Zn. In
paragonite-bearing rocks, Ba, Cs, Li, Pb, Rb, Sr, Tl, V and Zn

12

concentrations in each individual sample have been observed to broadly
correlate to NayO/(Naz0 + K50). LA-ICP-MS data indicate that Cs, Rb,
Tl, V and Zn partition preferentially into muscovite, whereas Li, Pb and
Sr partition into paragonite; this must be considered when describing
and interpreting chemical trends, as different muscovite-paragonite
analytical mixtures will produce different concentrations for these ele-
ments. Rubidium, Sr and Zn show trends similar to those of K;0, Na;O
and MgO respectively, suggesting a close relationship between these
elements.

Rubidium contents in white micas broadly correlate to KO (Fig. 9),
although minor differences occur which are shown by the Rb/K50 ratios
(Fig. 10). A positive correlation between these two elements indicates
that Rb substitutes for K in the crystal structure of white micas and, thus,
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Fig. 8. (continued).

only minor contents are expected to occur in paragonite. Accordingly,
the lowest Rb contents occur in paragonite-bearing samples (e.g. AE-69/
273.2, AGI-888/74.3, AGI-888/179.8), which present concentrations
below those of regional protoliths of equivalent initial composition (e.g.
MU-5/875.25). However, low Rb values are also seen in distal mafic
rocks (e.g. AE-69/460.4); indeed, different Rb contents in muscovite in
felsic and mafic regional protoliths stress the importance of rock char-
acterization when using chemical vectors to ore in order to discriminate
trends related to hydrothermal influences as opposed to initial whole
rock composition. The Rb/K50 ratio has the advantage, compared to Rb
concentration, of not being influenced by LA-ICP-MS data normalization
or by the simultaneous analysis of muscovite and paragonite. The Rb/
K50 ratio shows trends across the hydrothermal system and can thus be
used for vectoring purposes (Fig. 10). In the distal stockwork area in core
AE-69, Rb/K0 ratios are nearly constant beyond the mineralized area,
with values slightly above those of regional protoliths (Fig. 10); hence,
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they present a minimum in the zone with disseminated pyrite outside
the stockwork before increasing towards its centre. Within the deeper
stockwork (DST-332, DST-386), an initial increase in Rb/K>O occurs
from external to medial parts of stockwork, followed by a decrease to-
wards its centre. The trend is less evident in the shallow stockwork due
to insufficient data. In the hanging wall, Rb/KoO peaks above the
massive sulphides, decreasing towards more distal locations.
Equivalent to Rb and KO, Sr contents in white micas broadly
correlate to NapO (Fig. 9), mimicking its trends, although with minor
differences which are more clearly seen in the Sr/Na,O ratio (Fig. 10).
Contents of NapO and Sr peak outside the stockwork system in the
footwall, and in the proximal hanging wall, decreasing both away from
the hydrothermal system and towards its centre (with the exception of
the Na and Sr increase towards the massive sulphides in the marginal
shallow stockwork in AGI-888). Like Rb/K50, the Sr/Na,O ratio can also
be used for vectoring purposes. In the distal stockwork area (core AE-
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Fig. 9. Box and whiskers diagrams showing the major element composition (in wt.

69), paragonite-bearing rocks outside the stockwork system present
nearly constant Sr/NayO values below those of distal rocks of equivalent
initial composition, which then increase towards the centre of the distal
stockwork. Changes in Sr/Na,O ratio in other parts of the system are less
well constrained by the available data. Remarkably, no significant
changes occur along AGI-888, which goes from the external part of the
shallow stockwork, through the massive sulphides, to the distal hanging
wall, where lithologies change from felsic to intermediate in original
composition. In core DST-386, Sr/NayO seems to consistently decrease
from the margin towards the centre of stockwork, whereas in core DST-
332 the highest value occurs in medial parts, decreasing towards the
centre and outer parts of the stockwork. The high Sr/NazO in AE-69/
460.4 is possibly related to its mafic original composition. The similar-
ity between Rb and K on one hand, and Sr and Na on the other, is
translated into similar behaviour of the Sr/(Sr + Rb) and Na;O/(NaO +
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%) of white micas derived from LA-ICP-MS analysis.

K50) ratios, which can therefore be used for vectoring purposes in an
equivalent manner.

Zn concentrations in white micas broadly correlate with MgO
(Fig. 9), with minor differences that are more clearly seen in the Zn/
MgO ratio (Fig. 10). In this case, the correlation of Zn with NaxO/(NayO
+ K20) in paragonite-bearing samples relates to the different MgO
contents in coexisting muscovite (higher MgO) and paragonite (lower
MgO) (Fig. 6d and e). In the distal stockwork area, white micas in the
paragonite-bearing rocks present Zn values below those of regional
protoliths, which then increase towards the centre of the stockwork. In
the shallow stockwork there also seems to be an increase in Zn towards
the centre, towards the massive sulphides, whereas no clear trend is seen
in the deeper stockwork. In the hanging wall there is a Zn concentration
increase from paragonite-bearing proximal rocks to the paragonite-free
more distal sample, towards values similar to regional protoliths. The
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Fig. 9. (continued).

effect of the simultaneous analysis of paragonite and muscovite is
reduced in the Zn/MgO ratio. Zn/MgO ratios are lower than background
values along the margin of the hydrothermal system in the footwall, and
increase towards its centre in all the studied drill cores except for DST-
386. Zn/MgO ratios are remarkably high in the proximal hanging wall,
with values in the most proximal sample being higher than in any other
part of the hydrothermal system. From there, Zn/MgO ratios consis-
tently decrease away from the massive sulphides. Our results indicate
that Zn/MgO ratios can be used as a vectoring tool, with more consistent
trends than those shown by Zn concentrations, which are influenced by
the presence of paragonite.

No clear correlation has been found between Cs, Li, Pb, Sn and Tl and
major elements. However, preferential partition of these elements into
either muscovite or paragonite has a strong effect on the observed trends
due to the inevitable analytical mixture in LA-ICP-MS data. Cesium and
Li concentrations seem to peak along the margin of the hydrothermal
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system, decreasing away from it towards background values as well as
towards its centre (e.g. AE-69, DST-332, Fig. 8). Lead contents in white
micas are consistently low around the Aguas Tenidas deposit except for
higher concentrations in the immediate hanging wall of the massive
sulphides, with concentrations decreasing away from the mineraliza-
tion. Slightly higher values also occur in the paragonite-bearing samples
around the distal stockwork in AE-69. Due to this behaviour, Pb seems to
represent a good vectoring tool in hanging wall alteration above the
massive sulphides. Significant Sn contents have only been observed in
rocks of the proximal deeper stockwork in DST-386 and DST-332, where
enrichment occurs towards its centre. Thalium contents show consistent
trends across the hydrothermal system, with low values in regional
protoliths increasing towards the margin of the hydrothermal system,
and then decreasing towards its centre (e.g. deep stockwork). The
highest values occur around the massive sulphides in AGI-888, both in
the hanging wall and footwall. In the distal stockwork, the highest
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Fig. 10. Box and whiskers diagrams of Rb/K,0, Sr/NayO and Zn/MgO ratios
(ugg™'/wt. %) in white micas measured by LA-ICP-MS analysis.

values occur along the margin of the stockwork, in the disseminated
pyrite zone surrounding it (AE-69/319.8). In the more proximal stock-
work in DST-386 the highest values occur in medial portions of the
stockwork, whereas in the deep central stockwork in DST-332 they are
found outside the stockwork. It is important to bear in mind that the
profile across the massive sulphides studied here is located in a lateral
position, above sericitic stockwork. Therefore, trends in more central
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locations (e.g. above chloritic or silicic stockwork) are likely to be
different (e.g. depleted Tl in the immediate footwall within the chloritic
stockwork as seen in the deep stockwork in cores DST-386 and DST-
332).

Finally, analysed As contents are mostly <8 ppm. Although compo-
sitional trends are not marked, there seems to be an initial enrichment
away from the massive sulphides in the proximal hanging wall.

4.2.2.1. Comparison with VMS deposits in the IPB and other districts. No
other trace element data in white micas are available for the IPB.
However, trace elements in muscovite have been explored as potential
vectoring tools in other VMS districts, such as the Bathurst Mining
Camp, Canada (Soltani Dehnavi et al., 2018a). In this district, white
mica immediately adjacent (within 50 m) to the massive sulphides (in
both the hanging wall and footwall) is enriched in Tl, Sb, Hg (most
abundant volatile elements), and variably enriched in As, Sn, In, Se, Bi,
and Cd. Contents in these elements decrease with distance, but were
recognized up to several hundred meters away from mineralization.
Soltani Dehnavi et al. (2018a) thus suggested that these elements could
be used as vectors to mineralization as single elements in proximal lo-
cations, and as XTl + Sb + Sn + Hg in distal areas with lower
concentrations.

4.3. Chlorite

4.3.1. Major elements

Although there is typically a large chemical variability in chlorite
around VMS deposits, it can be described in most cases as mixtures
between two extreme end-members: clinochlore (Mg;0Aly)(SicAl2020)
(OH)1(, and chamosite (Fe%aAlz)(SiéAlzozo)(oH)16 (Bayliss, 1975; Wie-
wiora and Weiss, 1990; Large et al., 2001a, Franklin et al., 2005). Main
substitutions include Fe?t « Mg, Tschermak ((Fe>",Mg)"! + iV & A1V!
+ AlIV, towards amesite composition) and di-trioctahedral (3(Mg,
Fe2OV & O + 2A1Y,, towards sudoite composition) substitutions
(Wiewiora and Weiss, 1990). Results of chlorite characterization by EMP
analysis performed in this study are provided in Supplementary Material
2.

Even though several chlorite types can be identified within most
samples at the Aguas Tenidas deposit (e.g. host rock vs. veins; different
vein populations; different anomalous birefringence colours), intra-
sample compositional variability is not significant, with analyses
mostly clustering around a single composition (Fig. 11). This may reflect
either formation of all chlorite in a given sample under similar condi-
tions and/or re-equilibration of all chlorite populations within the
sample.

Chlorite has been classified following Wiewiora and Weiss (1990)
using WinCcac (Yavuz et al., 2015). All analysed crystals correspond to
trioctahedral chlorite, with dominant clinochlore (Fe/(Fe + Mg) < 0.5 in
a.p.f.u.) and minor chamosite, which is restricted to the innermost parts
of the hydrothermal system (Fig. 11a and c). Chemical variability is
dominated by Fe « Mg (Fe/(Fe + Mg) ca. 0.05 to 0.7, Fig. 11d) and
Tschermak (AI'Y 1.0 to 1.5 a.p.f.u., and Al ca. 2.25 to 3 a.p.f.u., Fig. 11a
and b) substitutions, with minor di-trioctahedral substitutions resulting
in low vacancies (<0.2 a.p.f.u.). The Fe/(Fe + Mg) ratio in the analysed
chlorite broadly correlates negatively to F content (Fig. 11f), with
chlorite in samples AGI-888/122.0 and AGI-888/238.7 falling outside
the trend.

Compositional differences have been observed between chlorite in
regional protoliths and in locations proximal to and within the hydro-
thermal system; in addition, systematic compositional variations occur
in the latter group. These variations mostly relate to the molar Fe/(Fe +
Mg) ratio and Al content. Chlorite from the regional background (“Distal
host sequence” in diagrams) presents lower Tschermak substitutions; it
has lower Al and higher Si and Fe + Mg compared to proximal chlorite
(Fig. 11a and b), thus being closer to the clinochlore-chamosite end
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Fig. 11. Composition of chlorites from the Aguas Tenidas deposit area derived from EMP analysis. Cations calculated for 14 O with all Fe as Fe?". Element units are
atoms per formula unit; oxides are wt. %. (a) Si vs. Al diagram showing the Tschermak and di-trioctahedral substitutions; modified from Trincal and Lanari (2016).
(b) Al vs. Fe + Mg + Mn diagram with a dotted line indicating the ideal Tschermak substitution. (c) Al vs. Fe/(Fe + Mg) diagram; trends are described in the main
text. (d) Fe vs. Mg diagram; the dotted line indicates the ideal Fe-Mg substitution. (e) Al,O3 vs. FeO/(FeO + MgO) diagram,; interpretations are described in the main
text. (f) F vs. Fe/(Fe + Mg) diagram.

17



G. Gisbert et al.

member. This difference in Al contents is evident in the Al vs. Fe/(Fe +
Mg) diagram (Fig. 11c), where distal chlorite has Al values <2.5 a.p.f.u.,
whereas proximal chlorite mostly has Al contents >2.5 a.p.f.u. Within
the distal chlorite, there seems to be no correlation between Al and Fe/
(Fe + Mg), with only sample AE-68/337.3 presenting slightly higher Al
contents at low Fe/(Fe 4+ Mg); this could indicate a transitional character
of this sample towards chlorite compositions influenced by the hydro-
thermal system (e.g. AE-68/367.6, AE-69/217.0), which will be dis-
cussed later. In the most distal samples (cores MU-2 and MU-5), similar
Al contents occur in rocks with different initial compositions (e.g. felsic
in MU-5/837.2 and MU-5/871.3, intermediate in MU-2/895.5). The Fe/
(Fe + Mg) ratio neither correlates with the original rock composition; for
instance, chlorite in samples with the same initial composition (e.g. URD
samples MU-5/871.3 and AE-68/337.3) presents markedly different
ratios. Samples from the proximal areas around the stockwork in the
footwall (e.g. paragonite-bearing rocks in cores AE-68 and AE-69) are
close to the low Fe/(Fe + Mg) end of the trend depicted by background
chlorites. From these compositions, samples from cores AE-68, AGI-888,
DST-332, and DST-386 mostly show increasing Al and Fe/(Fe + Mg)
values towards the centre of the hydrothermal system, peaking in
sample AGI-888/162.5 within the massive sulphides. Exceptions to this
main trend are: 1) sample DST-332/215.5 and to a lesser degree DST-
332/251.5; 2) samples AGI-888/115.8 and AGI-888/122.0, which
were collected from within and close to the chlorite band in the shallow
stockwork described in Gisbert et al. (2021); and 3) sample AGI-888/
238.7, from the most distal area of the proximal hanging wall.

The origin of these apparent trends and the possible causes for de-
viations from them are covered in the discussion section. However, our
data already show that Al content can be used to discriminate between
chlorite from proximal (influenced by hydrothermal fluids) and distal
(dominated by seafloor metasomatism) locations, and that, within the
hydrothermal system, the Fe/(Fe + Mg) ratio in chlorite vectors towards
its centre. Differentiation between distal and proximal chlorites is
crucial, as Fe/(Fe + Mg) variation may not be systematic outside the
influence area of hydrothermal fluids as shown by regional protoliths.
Element mass concentrations derived from EMP analysis can also be
directly used for vectoring purposes, although there may be more
overlap between Al;O3 contents in distal and proximal chlorite (e.g.
sample AE-68/337.3 is richer in Al;03 than DST-332/215.4) (Fig. 11e).

4.3.1.1. Comparison with VMS deposits in the IPB and other districts.
Systematic detailed studies of chlorite compositional trends at other
deposits in the IPB are needed, as most characterizations are generic.
Sanchez-Espana et al. (2000) described altered felsic volcanic rocks in
the northern IPB as showing a general trend of lower Fe/(Fe + Mg) in
hydrothermal alteration chlorites compared to regional varieties.
However, in the Rio Tinto area the opposite trend has been observed
(Costa, 1996), and at the Aguas Tenidas deposit Fe/(Fe + Mg) in hy-
drothermal and background chlorites overlap. Regarding trends within
the hydrothermal system, divergence in alteration trends is also
observed; in La Zarza and Rio Tinto deposits Fe/(Fe + Mg) in chlorite
decreases from distal to inner chlorites (Strauss et al., 1981; Leistel et al.,
1994; Costa, 1996), whereas the opposite is observed at Masa Valverde
and Aznalcollar deposits (Toscano et al., 1993; Almodovar et al., 1998).
Toscano et al. (1994a) also describe for the Masa Valverde deposit a
decrease in Fe relative to Mg with depth within the inner part of the
hydrothermal alteration halo and, in the most chloritized areas, the
presence of aluminous chlorite together with chamositic chlorite. More
work is required for the appropriate characterization of this vector in the
IPB.

The Fe/Mg ratio has long been suggested to be a useful VMS vector to
ore (e.g. Lydon, 1988). However, as in the IPB, studies and reviews show
that Fe-Mg compositional changes, although large, may not be system-
atic (e.g. Large et al., 2001a). For example, in the Seneca, Southbay, and
Corbet deposits in Canada, Mg content of Fe-Mg chlorite commonly
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increases passing from the margin to the core of the footwall alteration
system (Urabe et al., 1983). An opposite trend is described in the
Bathurst Mining Camp, also in Canada, where the Fe content in chlorite
increases towards the ore (e.g Heath Steele, Lentz et al., 1997). In
addition, in the less altered portions of the system with lower fluid/rock
ratios (e.g. regional protoliths) chlorite composition can be strongly
conditioned by the initial host rock/sediment composition, overlapping
the entire compositional range of hydrothermal-related chlorite (Large
et al.,, 2001a, Herrmann et al.,, 2001, Gemmell and Fulton, 2001).
Therefore, this tool needs to be investigated in detail in every district.

4.3.2. Trace elements

Results of LA-ICP-MS analyses are provided in Supplementary Ma-
terial 2. The study of trends in trace element contents in chlorite is
hampered by the lower number of samples from which reliable data
could be obtained compared to muscovite. This was mostly due to the
low abundance and small size of chlorite crystals and patches in rocks
from the external zones of the hydrothermal system, which precluded
appropriate targets for LA-ICP-MS analysis. In addition, for many of the
analysed elements, contents were mostly below the detection limit or
did not show any trend related to sample location within the system.
Nevertheless, systematic variations have been observed in the contents
of As, Co, Li and Zn (Fig. 8). Ba, Rb, Sr and Tl, which are useful vectoring
tools in white micas, are not found in significant amounts in chlorite.

In the deep stockwork in cores DST-386 and DST-332 As contents
seem to peak in medial parts of the feeder system (samples DST-386/
129.0 and DST-332/182.0), decreasing both towards its centre and to-
wards its margin. In the distal stockwork, the highest As contents seem
to occur at its centre, with concentrations decreasing outwards. Co
contents above the detection limit mainly occur in the deep stockwork in
cores DST-386 and DST-332, where an increase in Co concentration in
chlorite is seen towards the centre of the stockwork. In the deep stock-
work, Li contents decrease from the margin towards the centre of the
stockwork. High values also occur along the margin of the shallow
stockwork (sample AGI-888/74.3), and remarkably also in the chloritic
band in AGI-888/122.0 and within the massive sulphides (AGI-888/
162.5). Thus, Li in chlorite seems to behave like in muscovite, with
contents peaking along the margin of the hydrothermal system in the
footwall, and decreasing both outwards and inwards except for the peak
in the massive sulphides. Li contents in chlorite are higher than those in
white micas. Although trends for Zn contents are less clear, this element
seems to exhibit an increase above background values towards the
centre of the hydrothermal system, but with depletion in its most central
parts, where intense chloritic alteration and chalcopyrite occur. Zinc
contents in chlorite are an order of magnitude higher than those in
coexisting muscovite. Finally, although Sn shows no systematic trends,
its contents seem to be higher in the deep stockwork (DST-386, DST-
332).

4.3.2.1. Comparison with VMS deposits in the IPB and other districts. No
previous data on the trace element contents in chlorite are available for
the IPB. Trace elements in chlorite in combined chlorite-white mica pair
studies have been recently proposed as a useful vector to ore, especially
in proximal zones (e.g. Bathurst Mining Camp, Canada, Soltani Dehnavi
etal., 2019). In the Bathurst Mining Camp, chlorite presents a behaviour
similar to that of white mica, with fluid-mobile element enrichment with
proximity to ore (e.g. Tl, Sb, Sn, and Hg), although this enrichment is
several times lower than in coexisting white mica (Soltani Dehnavi et al.,
2019). In the proximal footwall and hanging wall (up to 100 m from
ore), fluid-mobile element enrichment was observed to be relatively
systematic, whereas in more distal areas increased variability is condi-
tioned by protholith whole rock composition (Soltani Dehnavi et al.,
2019). Based on this behaviour, combined with typically decreasing
chlorite contents in the alteration mineral assemblage with distance to
ore, the authors argued that trace elements in chlorite are a less useful
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vector compared to white mica. Our observations support this
conclusion.

4.4. Carbonates

The use of carbonates as vectoring tool requires special attention
because of the several generations of carbonates that typically occur
within rocks hosting VMS deposits. The full vectoring potential of car-
bonates may be realised through discrimination of phases formed during
mineralization-related alteration, which typically occur as disseminated
patches and veins; whereas information obtained from late post-
mineralization veins (e.g. formed during metamorphic and tectonic
deformation stages) is of limited use (e.g. Large et al., 2001b; Tornos,
2006). Therefore, correct identification and characterization of car-
bonate phases and generations is of great importance. Carbonates
associated with VMS deposits typically consist of calcite (CaCOs),
dolomite (CaMg(COs3)s), ankerite (CaFe(COs)2), and siderite (FeCOs3).
Results of carbonate characterization by EMP analysis performed in this
study are provided in Supplementary Material 2.

At the Aguas Tenidas deposit, three main carbonate phases were
identified: calcite, dolomite and ankerite (Fig. 12). Carbonates in distal
rocks are calcite, found mostly as veins, groundmass patches or vesicles
fill. Proximal rocks contain calcite, with additional dolomite or ankerite
depending on location. Fe content in dolomite increases towards the
centre of the hydrothermal system, with ankeritic compositions occur-
ring in the most central parts (Fig. 12b). Low Fe contents in dolomite
from the Mg-rich sample AGI-888/122.0 are consistent with other
whole-rock and mineral chemistry presented in previous sections for this
sample, further supporting a separate origin for this chlorite band within
the sericitic stockwork (Gisbert et al. 2021).
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4.4.1. Comparison with VMS deposits in the IPB and other districts

In the IPB, systematic studies on carbonate minerals compositions
are rare. However, as in the Aguas Tenidas deposit, ankerite has been
commonly reported in the central parts of the hydrothermal system and
massive sulphides (Tornos, 2006; e.g. Masa Valverde, Toscano et al.,
1993; Tharsis; Tornos et al., 1998; Migollas, Velasco-Acebes et al.,
2019). A significant detailed study is that by Velasco-Acebes et al.
(2019), performed in the shale-hosted Migollas deposit. In this deposit,
carbonate content in shale away from it is low; instead, carbonates are
mostly related to hydrothermal alteration. Carbonates fall within the
siderite-magnesite series, with increasing Fe content with proximity to
ore (Velasco-Acebes et al., 2019). In addition, carbonate-rich ores have
been described at Sotiel-Migollas and Tharsis, which consist of ankerite,
ferroan dolomite and Mg-rich siderite, with Fe content increasing to-
wards the base of the massive sulphides in the Migollas orebody
(Velasco-Acebes et al., 2019).

The carbonate chemical trend observed at the Aguas Tenidas deposit
is similar to those seen in other VMS districts. In deposits of the
Cambrian Mt. Read Belt in Tasmania, hydrothermal alteration-related
carbonates occur mostly in areas close to orebodies in both the foot-
wall and hanging wall (Large et al., 2001a and references therein); distal
carbonates within the less altered samples are relatively pure calcite and
dolomite, which increase in Fe (towards siderite and ankerite compo-
sitions) and/or Mn towards the ore. At the K Lens of Rosebery deposit,
Large et al. (2001b) describe Mn content in disseminated carbonate as
an excellent vector to ore, with contents increasing with proximity to ore
over distances of up to 200 m. Similar trends (dolomite to Mn-bearing
siderite) in carbonate composition have been described in other areas,
such as in the footwall alteration zone of the Mattabi deposit in Canada
(Franklin et al., 1975). At the Aguas Tenidas deposit, higher Mn contents
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seem to occur in calcite associated with sulphides, whereas lower con-
tents are found in barren veins (even within the same sample), as well as
in rocks outside the hydrothermal system. However, more data and
better carbonate-bearing veins characterization are needed to confirm
these trends within calcite, as well as in dolomite.

5. Discussion

A detailed discussion of the causes of changes in the major element
composition of white micas and chlorites in different parts of the hy-
drothermal system using thermodynamic modelling (e.g. Walshe, 1986;
Schardt et al., 2001) is beyond the scope of the present study, and thus
further work in this field is needed. However, some preliminary obser-
vations are made regarding elements and ratios which have been shown
to be useful vectors to ore. These are the FeO/(FeO + MgO) and NayO/
(Naz0 + Ko0) ratios in white micas, and the FeO/(FeO + MgO) ratio and
Al content in chlorite. The observed white micas and chlorite compo-
sitions reflect influences from protolith composition, that of interacting
fluids (seawater and hydrothermal fluids, and their mixtures), degree of
fluid/rock interaction, element partitioning (Kp) between coexisting
mineral phases, physicochemical conditions (temperature, pressure, pH,
fOo, fCO3 and fS5), as well as the overprinting effects of diagenesis and
metamorphism (e.g. Guidotti, 1984; Guidotti et al., 1994a,b; Inoue et al.
2009; Bourdelle et al., 2013; Lanari et al., 2014). In such open system,
the interpretation of white micas and chlorite compositions can be
complex; for the Aguas Tenidas deposit, the homogeneous initial rock
composition in the footwall (URD host dome) makes interpretation
possible.

The marked differences between the mineral chemistry of white
micas and chlorite in distal and proximal rocks, and the systematic
variations within different parts of the hydrothermal system, indicate
that the resulting composition of these phases was mostly controlled by
processes related to seafloor metasomatism and hydrothermal alter-
ation, thus mostly contemporaneous with ore emplacement. Therefore,
although some re-equilibration and re-crystallization may have
occurred during subsequent diagenesis and low-grade metamorphism, it
is suggested that these did not have a significant effect on mineral
chemistry.

Hydrothermal fluids in VMS feeder systems are typically a mixture of
deep hydrothermal fluids (hot, Fe-rich, mostly reducing) and seawater
(cooler, Mg-rich, usually oxidized) (Large et al., 2001a; Franklin et al.,
2005; Hannington, 2014). In proximal locations (i.e. within the hydro-
thermal system), higher fluid/rock ratios result in hydrothermal fluids
exerting greater control on final rock and mineral compositions. On the
other hand, in distal locations, seafloor metasomatism typically occurs
at lower fluid/rock ratios, thus resulting in greater control from the
protolith composition (e.g. Large et al., 2001a). Besides a change in the
fluid/rock ratio, as hydrothermal fluids flow upwards and outwards
within the system, progressive interaction with host rocks and mixing
with external fluids produces a change in their physicochemical prop-
erties — e.g. cooling, variations in elements which partition into
precipitating or recrystallizing phases, shift from hydrothermal fluid-
dominated to seawater-dominated compositions. These progressive
systematic changes with depth and distance from the centre of the hy-
drothermal system are the source of distinct mineralogically and
geochemically zoned alteration halos, which are the base for most
vectoring tools used in the exploration and characterization of VMS
systems (Large et al., 2001a; Gibson et al., 2007).

5.1. Major elements in white micas

White micas analysed in this work form from the transformation of
original hydrothermal smectite, illite, and mixed-layer clays (Nieto
et al., 1996; Li et al., 1994; Livi et al., 1997; Lackschewitz et al., 2004;
Giorgetti et al., 2006). In distal areas of VMS systems, the primary
alteration minerals belong to the smectite group (Giorgetti et al., 2006;
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Lackschewitz et al., 2004) — mainly montmorillonite-beidellite for
evolved rocks (e.g. dacites, Giorgetti et al., 2006) and saponite for mafic
ones (basalts, Alt, 1999). Smectites evolve, depending on their original
composition, to chlorite, or to illite-smectite mixed-layer clays, then
illite & chlorite and finally muscovite + chlorite (Inoue et al., 1987; Li
et al., 1994; Nieto et al., 1996; Livi et al., 1997; Lackschewitz et al.,
2004). In more proximal areas, the primary minerals are illite-smectite
mixed-layer clays or illite (Giorgetti et al., 2006; Lackschewitz et al.,
2004).

The paragonite-muscovite system has been largely investigated,
whereas it is still unclear how ambient conditions control compositions
in the muscovite-celadonite system — for example total Fe content, Fe/
(Fe + Mg), or Fe>*/Fe?* (e.g. Baldelli et al., 1989; Guidotti, 1984;
Guidotti et al., 1994a; Guidotti et al., 1994b; Guidotti and Sassi, 1998;
Keller et al., 2005). Although pressure is known to have an extensive
effect in the Tschermak substitution — which tends to increase with it
(Guidotti 1984, Guidotti et al., 1994a; Guidotti and Sassi, 2002)-, since
all investigated white micas equilibrated at similarly low pressures
(Tornos, 2006), the effect of this intensive parameter has not been
considered. On the other hand, the behaviour of Na, K, Fe and Mg in
smectite and illite is even less constrained, mainly due to the complexity
of the systems and the common occurrence of mixed-layer clays (Gior-
getti et al., 2006; Lackschewitz et al., 2004; Livi et al., 2008). For
instance, little is known about the relationship between illite and its Na
counterpart, brammallite. Further work is needed in this field as this
lack of knowledge inhibits the thorough interpretation of observed
white micas compositions.

5.1.1. FeO/(FeO + MgO)

White micas around the Aguas Tenidas deposit can be subdivided
into two main populations based on their FeO/(FeO + MgO) composi-
tion: high (>0.45) and low (<0.45) FeO/(FeO + MgO) micas. High FeO/
(FeO + MgO) micas are found in regional protoliths (field 1 in Fig. 7b),
in proximal rocks surrounding the stockwork and above the massive
sulphides (field 2 in Fig. 7b), and within the massive sulphides (AGI-
888/162.5), and predominantly coexist with Fe and Fe-Ti oxides in the
mineral assemblage. Low FeO/(FeO + MgO) micas are located in rocks
in the footwall proximal or within the stockwork system (fields 3 to 5 in
Fig. 7b), which present no Fe oxides in the mineral assemblage and,
instead, bear rutile and sulphides. These observations suggest a rela-
tionship between FeO/(FeO + MgO) in white micas and redox condi-
tions. Given the uncertainty in the exact genetic and temporal
relationship between the mineralizing event and the oxidizing alteration
that produced red rocks in the proximal hanging wall, and the exception
in the general behaviour of sample AGI-888/162.5 (which is transitional
between footwall and hanging wall), footwall and hanging wall rocks
will be discussed separately.

The study of metapelitic rocks has revealed that Fe>* and Fe?* are
both usually present within muscovite at variable Fe>*/Fe2* ratios, even
in reducing rocks bearing graphite, and that in oxidising mineral as-
semblages there is a coupled increase in Fe>*/Fe?>* and total Fe content
in muscovite (Guidotti et al., 1994b; Guidotti and Sassi, 2002). These
authors suggested that, under more oxidizing conditions, more Fe>* is
incorporated in addition to, not instead of, Fe?*t, thus resulting in an
increase in total Fe without a significant change in Fe?*/(Fe>"+Mg),
which would therefore be controlled by other factors. Although differ-
ences exist between metapelitic systems and the Aguas Tenidas rocks,
our observations are compatible with this behaviour and therefore we
suggest that the higher FeO/(FeO + MgO) for white micas in footwall
rocks outside the stockwork system was likely produced by equilibration
under oxidizing conditions, with additional Fe being incorporated into
white micas in the form of Fe®*. Since Fe3* partitions preferentially into
muscovite compared to chlorite (Guidotti et al., 1994b), under oxidizing
conditions FeO/(FeO + MgO) in muscovite could be expected to be
higher than that in coexisting chlorite. This has been observed in all
samples of rocks bearing Fe oxides or close to the transition to rutile-
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bearing rocks (Fig. 13), supporting our hypothesis. Nevertheless,
whether the same behaviour here described for white micas also applies
to the illite system needs to be investigated, as the observed final ratios
could be inherited from the precursor phase and/or be modified during
transformation into white micas.

Seafloor metasomatism predominantly occurred under oxidizing
conditions, as indicated by the presence of Fe oxides and the high FeO/
(FeO + MgO) in muscovite in regional protoliths. This could be due to
the effect of potentially oxidizing fluids during seafloor metasomatism
and/or a stronger control of the initial Fe redox state in the original
igneous rock (only volcanic and subvolcanic rocks have been analysed in
this study). Although black shale has been reported in the IPB, partic-
ularly for VMS deposits in the southern IPB (Tornos, 2006), the absence
of black shale in the sequence around the Aguas Tenidas deposit
(Bobrowicz, 1995; Hidalgo et al., 2000; Conde and Tornos, 2020) could
indicate oxidizing contemporary seawater (seafloor) conditions.

For rocks near the hydrothermal system, increasing influence of the
reducing hydrothermal fluid, as well as of the fluid/rock ratios, would be
responsible for a shift towards more reducing conditions, producing the
destabilization of Fe and Fe-Ti oxides, and a decrease in the FeO/(FeO +
MgO) of white micas due to a strong reduction in Fe>*/Fe?*. Our ob-
servations indicate that the shift to low FeO/(FeO + MgO) in white
micas occurs later than the Fe oxides destabilization and disappearance,
although paragonite in rutile-bearing rocks already presents lower FeO/
(FeO + MgO) than in Fe oxide-bearing rocks. The main decrease in FeO/
(FeO + MgO) seems to occur around the area of pyrite stabilization (e.g.
AE-69/3198). This shift upon transition from oxidized to reduced con-
ditions is strong, with FeO/(FeO + MgO) changing from values above
0.42 (zone 2 in Fig. 7b) to around and below 0.2 (zones 3 and 4).
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Muscovite in sample AE-69/319.8 presents intermediate compositions
and can thus be considered as transitional.

In the hanging wall in core AGI-888, oxidized proximal rocks were
clearly affected by hydrothermal fluids as evidenced by whole rock
geochemistry and mineralogical zoning (Gisbert et al., 2021), as well as
by the chemistry of white micas in them; paragonite in the most prox-
imal samples, decreasing paragonite/muscovite with distance to ore,
and finally presence of Na-rich muscovite; trace elements that can be
related to hydrothermal activity (e.g. Tl, Pb) with contents decreasing
with distance to ore. The temporal relationship between the mineral-
izing event and the oxidizing alteration, and its effect on the pre-existing
mineral assemblage composition, still need to be studied in detail.
However, the proximity of oxidized rocks to the replacive massive sul-
phides suggests that oxidation was produced by a later event that
modified rocks which had potentially been reduced by upwelling hy-
drothermal fluids during the mineralizing event. Based on textural re-
lationships, Tornos (2006) also suggested a younger age for the
oxidizing alteration, coeval with the Variscan deformation. Since the
composition of micas that formed during the initial reducing hydro-
thermal alteration is unknown, the origin of the current high FeO/(FeO
-+ MgO) can only be inferred. Two main options exist: 1) original micas
(and resulting white micas) had low FeO/(FeO + MgO), similar to that in
reduced rocks in the footwall, and subsequent recrystallisation during
the oxidizing event produced additional incorporation of Fe as Fe>*
causing an increase in FeO/(FeO + MgO); or 2) although formed under
reducing conditions, original micas already presented high FeO/(FeO +
MgO), as is the case for sample AGI-888/162.5, in which muscovite
formed under reducing conditions within the massive sulphides but
presents the highest measured FeO/(FeO + MgO) (ca. 0.8, Fig. 7b). The
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high FeO/(FeO + MgO) in muscovite in sample AGI-888/162.5 may
indicate formation from especially Fe-rich hydrothermal fluids which
would have also reached the hanging wall of this replacive deposit, and/
or formation of micas within and above the massive sulphides under
particular ambient conditions, different from those in the footwall (e.g.
different from those in the central deep stockwork, where Fe-rich fluid
component and T should be at a maximum), supporting the second
option. If this interpretation holds true, the presence of high FeO/(FeO
+ MgO) illite and muscovite formed under reducing conditions in the
hanging wall of the massive sulphides would need to be considered,
although it would not have important implications when using this ratio
for vectoring purposes. On the other hand, whereas in sample AGI-888/
162.5 the FeO/(FeO + MgO) ratios in muscovite and chlorite are coin-
cident (Fig. 13), the strong difference in FeO/(FeO + MgO) ratios be-
tween these two minerals in hanging wall rocks strongly suggest mineral
reequilibration during the oxidizing event, thus supporting the first
option. Further work is needed to solve this problem.

Besides the main change in FeO/(FeO + MgO), minor variations
occur within each of the two main groups of white micas, which need to
be considered. In regional protoliths, variations are likely strongly
controlled by the original rock composition and the degree of seafloor
metasomatism. In footwall proximal rocks outside the stockwork, no
clear trends are seen other than the decrease in the FeO/(FeO + MgO)
ratio of paragonite upon disappearance of Fe oxides from the mineral
assemblage. On the other hand, rocks within the hydrothermal system
show a clear trend of increasing FeO/(FeO + MgO) ratio towards its
centre. This can be directly related to the progressive change in physi-
cochemical conditions towards the centre of hydrothermal system
caused by increasing influence of hot Fe-rich fluids. Besides the control
of FeO/(FeO + MgO) in the fluid, although little investigated, changes in
T may also exert a control on the differential partition of Fe and Mg into
illite as seen for muscovite, and thus on the FeO/(FeO + MgO) ratios (e.
g. Guidotti, 1984; Guidotti et al., 1994a). No clear trends have been
observed in muscovite composition in rocks from the hanging wall,
which may be in part due to their more complex history.

Finally, the studied white micas present a nearly pure paragonitic
composition for the paragonite end-member, with only a minor cela-
donitic component. This is consistent with the low solubility of the
celadonitic component in the paragonite structure compared to
muscovite (Guidotti, 1984; Keller et al., 2005). On the other hand,
paragonite mostly presents markedly higher FeO/(FeO + MgO) of ca.
0.8 at lower Fe content compared to coexisting muscovite. The reason
for preferential incorporation of Fe relative to Mg in paragonite is un-
known, although it may be caused by structural constraints inducing
different partition of these elements into the two phases.

5.1.2. Nay0/(Na20 + K20)

The Na and K contents and Na/K ratios in minerals of the smectite
and illite (+brammallite) groups can be highly variable. However, a
solvus exists in the muscovite-paragonite system (Guidotti, 1984; Gui-
dotti et al., 1994a; Guidotti et al., 1994b; Keller et al., 2005). Thus,
during transformation of smectite and illite to white micas, inter-
stratified muscovite and paragonite may form to accommodate both Na
and K (Frey, 1978; Livi et al., 2008); with further evolution, paragonite
and muscovite recrystallize into discrete larger crystals (Frey, 1978; Livi
et al., 2008). The maximum Na,O content in muscovite is constrained by
element availability — which may be controlled by rock and fluid com-
positions as well as by partition between coexisting mineral phases (e.g.
muscovite, albite), phengicity, and formation conditions (e.g. P, T)
(Guidotti, 1984, Guidotti et al., 1994a, b; Keller et al., 2005). Data on
coexisting muscovite and paragonite in metapelitic rocks show that at
low P (<8 kbar) and T (<300 °C), the muscovite-paragonite solvus is
nearly vertical at the muscovite side and, hence, changes in P and T have
little influence on the maximum Na content in muscovite, which is close
to Na/(Na + K) = 0.1 for pure muscovite (i.e. without celadonitic
component) (Guidotti et al. 1994a).
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At the Aguas Tenidas deposit, high (mostly 0.05 — 0.15) Na;O/(NayO
+ K20) muscovite has been observed in proximal rocks in the hanging
wall, and in the external zones of the stockwork and proximal rocks
around it. This high Na,O/(NayO + K20) muscovite coexists with par-
agonite in the most proximal hanging wall, as well as outside the
stockwork, beyond the area with disseminated pyrite. On the other
hand, low (<0.05) Na,O/(NayO + K50) muscovite occurs in more in-
ternal parts of the feeder system and in regional protoliths. In the
footwall and regional protoliths, overall white mica compositions are
suggested to reflect the original Na and K compositions of precursory
minerals based on the absence of evidence of major system modification
during diagenesis and low-grade metamorphism. In the proximal
hanging wall, where white micas may have reequilibrated and/or
recrystallized during the oxidizing alteration event, we consider that,
because 1) unlike FeO/(FeO + MgO), the NayO/(NagO + K50) ratio is
not significantly affected by Fe>*/Fe?*; and 2) trends in the abundance
of paragonite and in the Na,O/(NaO + K,0) ratio in muscovite follow
those expected for VMS deposits and mimic those observed in the
footwall; NayO/(NagO + K30) ratios are likely mostly similar to those
present prior to the oxidising event. Nevertheless, micas from the foot-
wall and hanging wall are discussed separately.

Low Nay0/(NaO + K30) ratios in muscovite in the central part of
the hydrothermal system reflect physicochemical conditions which
inhibit Na partition into illite + brammallite, thus favouring its leaching
from this zone (where there are no other Na-bearing phases) towards
more external ones as shown by whole-rock geochemistry data (Gisbert
et al., 2021). Higher NayO/(NasO + K50) ratios in muscovite in the
external parts of the hydrothermal system likely reflect a change in
conditions which favour Na partition into illite + brammallite, and thus
its enrichment relative to K in this area. These conditions may include
higher Nay0/(NayO + K20) in the fluid due to preferential partitioning
of K into illite in more internal areas. Beyond the margin of the stock-
work system in the footwall, high Na partitioning into the illite and illite-
smecite alteration assemblage results in the formation of paragonite in
addition to high Na,O/(NaO + K30) muscovite during mineral
maturation.

The poor negative correlation of Fe + Mg contents (as a proxy for
phengicity) with Na/(Na + K) (Fig. 14) indicates that, as suggested by
Guidotti (1984), Guidotti et al. (1994a,b) and Keller et al. (2005),
phengicity plays a role in controlling Na solubility in muscovite; this
poor correlation may be due to the presence of Fe>*. For instance, in the
proximal footwall, variations in phengicity can explain the different
trends observed for the shallow stockwork compared to the deep and
distal one in the Na,O/(NayO + K30) vs. FeO/(FeO + MgO) diagrams
(Fig. 7). In all cases, an increase in FeO/(FeO + MgO) is seen towards the
centre of the system. However, in the deep (DST-332) and distal (AE-69)
stockwork this is coupled with a decrease in Na;0/(NaO + K30) related
to increasing phengicity, whereas in the shallow stockwork (AGI-888)
an increase in NayO/(NagO + Ky0) is associated with decreasing
phengicity (Fig. 14). Regarding the origin of the differing phengicity
trends, several physicochemical factors exist that can have an effect on
the extent of Thschermak substitution; thus, different conditions in the
shallow stockwork compared to other parts of the system may result in
the observed diverging trends. To give an example, increasing pH has
been proposed to increase phengicity at low temperatures (sub-
amphibolite facies) (Wang et al., 2017). Whether these variations in
phengicity are inherited from precursory phases or produced during
their evolution to white micas needs to be investigated. Finally, the
occurrence of different Na/(Na + K) ratios at the same Fe + Mg in the
reduced part of the system (e.g. DST-332/139.7 vs DST-332/75.8) are
evidence of the participation of additional controlling factors other than
phengicity on the NayO/(NazO + K2O) ratios in white micas.

In the hanging wall, the paragonite/muscovite content ratio in white
micas is the highest in the most proximal rocks, decreasing with distance
to the massive sulphides. Disappearance of paragonite in sample AGI-
888/206.9 indicates that muscovite does not reach the paragonite
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Fig. 14. Atomic Na/(Na + K) vs. Fe + Mg (as a proxy for phengicity) diagram
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solvus at this distance from the ore, maybe in part due to minor albite
occurrence. In AGI-888/238.7, widespread hydrothermal albite could
host much of the Na in the rock. Changing fluid composition and
ambient conditions necessarily play a role in the onset of albite forma-
tion at a certain distance above the massive sulphides (e.g. an increase in
a(Na™)/a(H™); Saccocia and Seyfried, 1994). Muscovite in both AGI-
888/206.9 and AGI-888/238.7 still presents higher NayO/(NaxO +
K0) than distal muscovite, thus evidencing the influence of the hy-
drothermal system beyond this distance. The Na/(Na + K) ratio of
muscovite in the sill within the massive sulphides (AGI-888/162.5) is
above the maximum proposed by Guidotti et al. (1994a) for metapelitic
rocks, thus indicating the coexistence of muscovite and paragonite also
in this part of the system.

The transition from paragonite-bearing rocks to regional protoliths
has not been observed in the footwall. However, if a behaviour similar to
that seen in the hanging wall is assumed, the expected transition to-
wards more distal locations should be: 1) paragonite disappearance,
with white mica consisting of high Na,O/(NazO + K30) muscovite;
followed by 2) a decrease in NayO/(Na0 + K20) in muscovite towards
background values. In distal muscovite (MU-2, MU-5), high phengicity
and its coexistence with albite may explain the low Na contents in this
phase.

Regarding textural features, separate muscovite and paragonite
laminae can be seen in the hanging wall samples under SEM observation.
In contrast, in paragonite-bearing rocks from the massive sulphides and
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footwall, white micas are seen as homogeneous phases under the SEM.
Extremely fine intergrowths are known to occur in metamorphic as-
semblages, which require TEM for its observation (e.g. Feenstra, 1996).
This suggests that hanging wall rocks underwent further recrystalliza-
tion compared to footwall rocks, likely related to the oxidizing event, as
has been proposed in our examination of FeO/(FeO + MgO).

The small grain size of interleaved paragonite and muscovite in the
proximal hanging wall, which has resulted in mixed EMP analyses, the
high celadonitic component in muscovite, and their formation under
conditions below the calibration range of muscovite-paragonite pairs
geothermometres like those of Guidotti et al. (1994a) and Keller et al.
(2005), have precluded the use of these tools for the investigation of T
conditions under which the studied muscovite formed.

5.2. Major elements in chlorite

In ancient VMS systems, chlorite can be a primary alteration phase in
proximal zones as well as forming from the transformation of smectite
group minerals in external zones (Giorgetti et al., 2006; Lackschewitz
et al., 2004, Relvas et al., 2006)). The chlorite system has been exten-
sively investigated for its use as geothermometer, which has revealed
that Tschermak substitution and Fe/(Fe + Mg) in chlorite tends to in-
crease with temperature, while vacancies in octahedral positions
decrease (Walshe and Solomon 1981; Walshe, 1986; Cathelineau, 1988;
Bourdelle et al., 2013; Lanari et al., 2014; Bourdelle and Cathelineau,
2015; Vidal et al., 2016). The role, controls, and effects of Fe>* content
in chlorite are less well established compared to white micas, although
the study of diagenetic and metamorphic rocks has shown that XFe3" in
chlorite depends on temperature and oxygen fugacity, which is
controlled by a buffering assemblage (i.e. bulk-rock composition)
(Lanari et al., 2014).

The markedly different trends shown by distal and proximal chlorites
in the Al vs. Fe/(Fe + Mg) diagram (Fig. 11c) indicate that the partici-
pation of hydrothermal fluids in rock alteration has a strong effect on the
final chlorite composition. This could be related to the composition of
the fluid itself and/or to its thermal influence, as well as to the primary
formation of chlorite or of precursory smectite. Two recent semi-
empirical chlorite geothermometres (Bourdelle et al., 2013; Chl(2) of
Lanari et al., 2014) have been applied to the Aguas Tenidas chlorite
compositions to obtain a first approximation of temperatures in the
different parts of the system. Details on the geothermometers, temper-
ature calculations for the Aguas Tenidas deposit, and evaluation of re-
sults are provided in Supplementary Material 1.8. Calculated
temperatures are provided in Supplementary material 2 and shown in
Fig. 15.

In the ALY vs. Fe/(Fe + Mg) diagram (Fig. 15a) trends of chlorite
composition are equivalent to those observed with total Al contents
(Fig. 11). In addition, the positive correlation between ALY and Fe/(Fe
+ Mg) in chlorite from the hydrothermal system is more regular, with
samples DST-332/215.4 and DST-332/251.5 being in the main trend.
However, although minor mixed analysis with other phases has a min-
imal effect on the total Al budget, it may produce anomalous Si contents
(e.g. higher when mixing is with quartz or muscovite) which result in
modified and incorrect Al' values. Therefore, A"V can be used for
vectoring purposes in substitution of total Al, but great care during data
selection is required.

Although available temperature data are scarce, they are consistent,
showing a temperature increase towards the centre of the system. For
instance, in the distal stockwork area there is a temperature increase
from sample AE-68/367.6 to AE-68/420.0, the later having a tempera-
ture similar to AGI-888/74.3, which agrees with both samples present-
ing muscovite with similar major element characteristics (Fig. 6). A
temperature increase is also observed from the external margin of the
stockwork (e.g. AGI-888/74.3, DST-332/75.8) towards its centre (e.g.
DST-386/129.0 and DST-386/138.0). The highest estimated tempera-
ture corresponds to sample AGI-888/162.5, in the massive sulphides
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Fig. 15. Chlorite compositions derived from EMP data, and T estimated using the chlorite geothermometres of Bourdelle et al. (2013) and Lanari et al. (2014) (Chl
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zone. However, temperatures upon equilibration of rocks from which
samples DST-332/215.4 and DST-332/251.5 were collected could be
expected to have been higher as these were in the deep region of the
central stockwork; the lack of temperature data in these samples is due
to their lower vacancies in octahedral positions (Fig. 11b; Supplemen-
tary material 1.8), which support higher equilibration temperatures
compared to other samples.

In distal rocks beyond the influence of the hydrothermal system (e.g.
MU-2, MU-5), seawater dominates seafloor rock alteration processes and
chlorite forms from precursory smectite. Three factors can be considered
as the main controls of the Fe/(Fe + Mg) ratio in chlorite in this area.
Firstly, interaction with cold Mg-rich seawater can be expected to lower
Fe/(Fe + Mg) in whole-rock and smectite-chlorite (Fig. 11d, Fig. 16b),
with the extent of any decrease depending on the degree of seafloor
metasomatism. As an example, samples MU-5/837.3 and MU-5/871.3,

24

which both had similar original felsic compositions but present
different Fe/(Fe + Mg) in final chlorite and whole rock chemistries (this
work, Gisbert et al., 2021). On the other hand, lower water/rock ratios
compared to hydrothermal alteration (e.g. Large et al., 2001a) imply a
higher initial whole-rock composition control (e.g. intermediate
composition in MU-2/895.5 vs. felsic composition in MU-5/871.3).
Finally, under oxidizing conditions, and due to the preferential parti-
tion of Fe®' into muscovite relative to chlorite, FeO/(FeO + MgO) in
chlorite can also be expected to be controlled to some extent by Fe>*/
FeZ* and chlorite/muscovite ratios resulting from the maturation of
precursory smectite, as well as by the presence of Fe oxides.

The controls on Al content in the precursory smectite are less well
established than in chlorite. Thus, the interpretation of the constant Al
content in chlorite in the most distal rocks is not straightforward. If the
Al content is considered to be inherited from smectite, and a behaviour
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Fig. 16. Comparison between FeO/(FeO + MgO) ratios in whole rock and in white micas and chlorite. (a) FeO/(FeO + MgO) in whole rock vs. FeO/(FeO + MgO) in
white micas. (b) FeO/(FeO + MgO) in whole rock vs. FeO/(FeO + MgO) in chlorite.

for smectite similar to that in chlorite is considered, Al contents could
suggest that seafloor metasomatism occurred within a narrow temper-
ature range. On the other hand, constant Al contents suggest that pro-
tolith rock compositions (e.g. felsic vs. mafic igneous rocks), did not
have a significant effect on them. The characteristics of sample AE-68/
337.3 will be discussed later.

In contrast to distal rocks, chlorite in proximal rocks is an original
alteration mineral, and alteration is mainly controlled by the hydro-
thermal fluids. In addition, typically higher fluid/rock ratios result in a
stronger control of hydrothermal fluid composition and associated
thermal regime on final chlorite compositions. Three main groups will
be discussed separately in this section based on the observation of the Al
vs. Fe/(Fe + Mg) diagram (Fig. 11c): 1) regular proximal footwall rocks
(all samples except for AGI-888/115.8 and AGI-888/122.0); 2) anoma-
lous footwall rocks (samples AGI-888/115.8 and AGI-888/122.0); and
3) hanging wall rocks (only data from AGI-888/238.7 are available).

5.2.1. Regular proximal footwall rocks

At the centre of the hydrothermal system, chlorite equilibration at
high fluid/rock ratios, with high FeO/(FeO + MgO) fluids, and at higher
temperatures, should theoretically result in high FeO/(FeO + MgO),
high Al'Y compositions with lower vacancies in octahedral positions
(Bourdelle et al., 2013; Lanari et al., 2014; Bourdelle and Cathelineau,
2015; Vidal et al., 2016); progressive decrease of these parameters to-
wards the outer region of the system should produce systematic trends
towards lower Fe/(Fe + Mg) and ALY contents. This expected trend is
depicted by the regular footwall chlorites in the A"V vs. Fe/(Fe + Mg)
diagram in Fig. 15a. Estimated temperatures are also consistent with this
model.

This trend is also present in the Al vs. Fe/(Fe + Mg) diagram
(Fig. 11c¢), although in this case sample DST-332/215.4, and to a lower

degree sample DST-332/251.5, deviate from the main trend. These de-
viations may reflect a higher complexity of the system, which may be
caused by the variable interplay between controlling factors and result
in an increase in A" and total Al being not necessarily coupled. For
instance, significantly different physicochemical conditions in the
innermost part of the deep hydrothermal system where these samples
were collected (e.g. higher temperature, lower a(AI*") could result in
lower Al incorporation into chlorite, but with A"V still controlled by
temperature.

Another deviation from the main trend is that of chlorite in sample
AGI-888/162.5. Chlorite in this sample should have formed at lower
temperatures compared to samples from the centre of the deep stock-
work, but even so presents the highest measured Fe/(Fe + Mg), and a
trend towards higher Al and Fe/(Fe + Mg) compositions away from the
main trend. These compositions could indicate maximum influence of
Fe-rich hydrothermal fluids at very high fluid/rock ratios (the sill where
the sample was collected is located within the replacive massive sul-
phides). In this part of the system, coexisting pyrite does not seem to
have a significant effect on the Fe/(Fe + Mg) in chlorite (e.g. decreased
Fe/(Fe + Mg) due to Fe?" partition into pyrite), which may be due to the
high hydrothermal fluid supply.

Finally, sample AE-68/337.3 was classified as distal based on its
muscovite characteristics. However, chlorite in this sample collected
close to the first rocks with hydrothermally influenced muscovite (e.g.
AE-68/367.6) presents slightly higher Al contents, as well as the lowest
Fe/(Fe + Mg) amongst those rocks interpreted as distal. If the inferred
correlation between Fe/(Fe + Mg) and the alteration degree in distal
rocks is correct, the characteristics of this sample potentially indicate the
presence, immediately beyond the area with evident chemical signs of
hydrothermal alteration (e.g. high NayO/(NazO + K20) in muscovite),
of an envelope of rocks with protolith characteristics but higher
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alteration degrees, possibly caused by the influence of the hydrothermal
system (e.g. thermal influence, enhanced fluid circulation). The higher
Al content in its chlorite may be the result of a thermal influence, and
could indicate the first occurrence of “primary” chlorite, in contrast with
chlorite formed from earlier smectite in more distal locations. Based on
these observations, chlorite in distal rocks could be expected to
approach compositions like those of sample AE-68/337.3 close to hy-
drothermal system, and the observed decrease in Fe/(Fe + Mg) and
slight increase in Al could be the first recognizable evidence of its
presence. In this scenario, chlorites could potentially record the pres-
ence of the hydrothermal system at a larger distance than muscovite
(which still presents no modification from distal characteristics in
sample AE-68/337.3). Additional data are needed to further confirm this
hypothesis. Nevertheless, the fact that the two trends here described for
chlorite compositions (proximal and distal) meet at their low Fe/(Fe +
Mg) ends is indeed evidence of a progressive transition from background
to hydrothermally altered rocks, and from a seawater-dominated to
hydrothermal fluid dominated fluid.

5.2.2. Anomalous footwall rocks

A main deviation from the proposed model occurs in samples AGI-
888/115.8 and AGI-888/122.0 (Fig. 11c, Fig. 15a). This deviation is
due to the later origin (Gisbert et al., 2021) of the chlorite-rich band
within the sericitic stockwork in which sample AGI-888/122.0 was
collected. A detailed discussion on the characteristics of these samples
and the origin of this structure is provided in Supplementary material
1.9. Nevertheless, the existence of this deviation stresses the importance
of identifying and characterizing processes and structures occurred and
formed at different stages within the area of the ore deposit when using
vectors to ore.

5.2.3. Hanging wall rocks

In the hanging wall, a transition in chlorite compositions from sig-
natures similar to that in sample AGI-888/162.5 to those in regional
protoliths (likely along a trend similar to that depicted by footwall
rocks) would be expected. Unfortunately, reliable data from hanging
wall chlorites have only been obtained for one sample (AGI-888/238.7).
In addition, in our discussion on muscovite compositions we argue that
hanging wall samples reequilibrated under oxidizing conditions after
the initial hydrothermal alteration. During this later alteration, prefer-
ential partition of Fe>* into muscovite, and the appearance of Fe oxides
in the mineral assemblage, likely caused a shift in chlorite composition
towards lower Fe/(Fe + Mg). Thus, the current chlorite compositions in
this part of the system cannot be used to extract information on its
original configuration. The very low Fe/(Fe + Mg) in chlorite from
sample AGI-888/238.7 suggests that the oxidation event was likely
controlled by a Mg-rich fluid. Tornos (2006) describes rocks within this
oxidized zone as showing evidence of syn-deformational oxidation,
which is interpreted as suggesting that the oxidized fluids percolated
along these structures during the Variscan orogeny and, thus, that at
least part of this hanging wall oxidation was tectonically related. In such
a case, Mg-rich fluids would be metamorphic fluids. As in sample AGI-
888/122.0, the occurrence of chlorite in sample AGI-888/238.7 away
from the correlation trend between F and Fe/(Fe + Mg) (Fig. 11f) also
supports the different controls of the composition of this chlorite
compared to initial background and hydrothermal one. However,
although chlorite in samples AGI-888/122.0 and AGI-888/238.7 departs
from the main F and Fe/(Fe + Mg) trend in a similar fashion, fluids
involved in their formation were clearly different: reducing for AGI-
888/122.0, and oxidizing for AGI-888/238.7.

5.3. Major elements in carbonate
The chemical compositions of carbonates in the Aguas Tenidas de-

posit are equivalent to those seen in other VMS districts (e.g. Large et al.,
2001a and references therein), with an increase in Fe content towards
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the centre of the hydrothermal system. The low Fe content in dolomite
from sample AGI-888/122.0 is consistent with other whole-rock (Gisbert
et al. 2021) and mineral chemistry data for this sample, further sup-
porting a separate origin for this chlorite band within the sericitic
stockwork.

5.4. Simplified model for controls of white mica and chlorite compositions

Based on the previous discussions, a simplified model is proposed
which explains the trends observed in white micas and chlorite major
element chemistry (Fig. 17). Upwelling hot, reducing, Fe-rich, hydro-
thermal fluids react with host rocks producing a series of progressive
mineralogical and mineral chemistry changes in response to variations
in physicochemical conditions. Increasing hydrothermal fluid/rock ra-
tios towards the centre of the feeding system result in an increase in T
and fluid Fe/(Fe + Mg), and a decrease in fOs.

In distal regional protoliths (zone 1 in Fig. 17), muscovite and
chlorite compositions are controlled (through their mineral precursors)
by initial whole rock compositions and the degree of seafloor meta-
somatism. In this oxidizing environment with high Fe3*/Fe?*, prefer-
ential partition of Fe>* into muscovite results in higher Fe/(Fe + Mg)
ratios in this phase compared to chlorite. The observed ratios may be
inherited from illite and smectite, or produced during transformation
into muscovite and chlorite.

We suggest that the first observable effect of the hydrothermal sys-
tem when approaching it is an increase in T, and maybe also in fluid
circulation, which results in an aureole of enhanced seafloor-like alter-
ation (zone 2 in Fig. 17). Whereas no change in muscovite composition is
detected in this zone, chlorite presents lower Fe/(Fe + Mg) produced by
the increased effect of seawater into its composition, as well as slightly
higher Al. The increased Al content could be due to the higher tem-
perature and/or to direct formation of chlorite instead of through
smectite transformation, and spatially represents the first detectable
mineral chemistry change associated to the influence of the hydrother-
mal system.

Increasing fluid/rock ratios produce then the first detectable change
in muscovite composition, with an increase in its Na content that marks
the beginning of a Na-rich zone around the system (3). This is followed
by the appearance of paragonite in the mineral assemblage in combined
muscovite-paragonite crystals. The appearance of paragonite is due to
the increased Na content in precursory minerals (illite or illite—smectite
mixed-layer clays) surpassing the paragonite solubility in muscovite (4).

Decreasing fO, produces, within the paragonite-bearing zone, the
destabilization of Fe- and Fe-Ti oxides (5); Fe migrates into silicate
phases, whereas Ti crystallizes as rutile. Whether rutile forms directly or
is preceded by an earlier phase such as anatase (e.g. Post and Burnham,
1986; Giorgetti et al., 2006), requires further investigation. Fe/(Fe +
Mg) ratios in white micas are still high after the disappearance of Fe
oxides likely due to sufficient Fe3*/Fe?" ratios, although paragonite
presents lower Fe/(Fe + Mg) ratios compared to that in the Fe oxide-
bearing zone (6). Only after an additional reduction of the system,
lower Fe>*/Fe?" ratios result in lower Fe/(Fe + Mg) muscovite, whose
appearance seems to be coupled with the stabilization of pyrite (8). The
decrease in Fe/(Fe 4+ Mg) in muscovite seems to be also coupled with the
disappearance of paragonite from the mineral assemblage, indicating
lower Na contents in the original illite and illite-smectite (7).

Around the zone of Fe oxide destabilization, chlorite presents a sig-
nificant change in its composition. Aluminum" and Fe/(Fe + Mg) begin
to increase controlled by the rising T and fluid Fe/(Fe + Mg). Once AI"Y
and Fe/(Fe + Mg) in chlorite start to increase, they do so consistently
towards the centre of the feeder system.

With higher fluid/rock ratios, disseminated pyrite transitions into a
stockwork system (10). Within it, partitioning of Na into illite is reduced,
producing the formation of low-Na muscovite. The decrease in Na/(Na
+ K) in muscovite seems to be coupled with the growth of ore sulphides
(e.g. sphalerite, galena) in stockwork veins, and marks the end of the
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Fig. 17. Schematic diagram of the proposed model on the evolution and controls of major element vectors to ore in white micas and chlorite. Not to scale.

high-Na muscovite halo around the hydrothermal system (11). At this
point a difference exists in muscovite between the shallow stockwork
and the rest of the system. In all areas, Fe/(Fe + Mg) ratios increase
towards the centre of the system. However, in the shallow stockwork,
Na/(Na + K) increases towards the massive sulphides associated with a
decrease in Tschermak substitution, whereas the opposite is observed in
other parts of the system when approaching its centre. This may be due
to minor changes in the evolution of physicochemical conditions at
different zones of the hydrothermal system. In the sericitic stockwork,
Fe/(Fe + Mg) ratios in muscovite and chlorite are similar.

Towards more internal areas of the stockwork, chlorite replaces
muscovite as the dominant alteration mineral (12). This is likely due to
increasing T as well as Fe and Mg activities, and/or to decreasing aj}
(Saccocia and Seyfried, 1994; Lentz et al., 1997). Coupled with the
transition from sericitic to chloritic stockwork, there is a marked in-
crease in Fe/(Fe + Mg) ratios in muscovite, as well as in the sulphide
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content in the rock. Regarding chlorite, its Fe/(Fe + Mg) ratios increase
above those of muscovite. Finally, in the innermost part of the system,
which is characterized by large amounts of chalcopyrite in the stock-
work veins, muscovite is not present in the mineral assemblage and
chlorite presents high Fe/(Fe + Mg) ratios, with coupled high Al'Y
contents but lower total Al compared to more external areas.
Variations in the order of phase and chemistry changes described
here may occur. Indeed, further work is needed to investigate the exact
genetic and distance relationship between the destabilization of Fe ox-
ides, the disappearance of paragonite, the transition to lower Fe/(Fe +
Mg) in muscovite, and the stabilization of pyrite. For example, whereas
the decrease in Fe/(Fe + Mg) in muscovite is mainly controlled by redox
conditions, the reduction of Na contents in original alteration minerals
leading to the disappearance of paragonite from the mineral assemblage
is likely also controlled by other factors. Therefore, these two main
changes in white mica compositions could be spatially decoupled. As a
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consequence, at different locations (e.g. deep vs. shallow areas) minor
changes in the evolution of physicochemical conditions along the hy-
drothermal system could result in these transitions being located at
different distances, and maybe in different order. Also, redox conditions
seem to be the main control of the destabilization of Fe oxides, the
transition from high to low Fe/(Fe + Mg) muscovite, and the formation
of pyrite, whereas Fe/(Fe + Mg) (and Al content) in chlorite seems to be
predominantly controlled by temperature, fluid Fe/(Fe + Mg) and fluid/
rock ratio. Therefore, the formation of pyrite and the transition from
high to low Fe/(Fe + Mg) muscovite on one hand, and the increase in
Fe/(Fe + Mg) and Al in chlorite on the other, although likely close in
space, may not be necessarily coupled. For instance, in sample AGI-888/
74.3, which was collected outside the shallow stockwork in the zone
presenting high Fe/(Fe + Mg) muscovite and decreased Fe/(Fe + Mg)
paragonite, Fe/(Fe + Mg) in chlorite is higher than in sample DST-332/
139.7, which was collected within the external part of the deep stock-
work and bears low Fe/(Fe + Mg) muscovite, but reached a lower
temperature according to the geothermometric models used in this
study.

The model presented herein is based on the circulation of hydro-
thermal fluids through a host rock of homogeneous initial composition
(URD), and on the assumption that temperature, fO, and Fe/(Fe + Mg)
are coupled with fluid/rock ratios. However, changes in the location and
order of the described fronts could occur related to shifts from these
conditions. For example, the described decoupling between Fe/(Fe +
Mg) changes in muscovite and chlorite due to different temperature
gradients in the shallow and deep stockwork. Lithological changes could
also potentially introduce significant modifications (e.g. in the fO, upon
crossing a black shale layer, which would strongly change the rela-
tionship between T and fO, described at the Aguas Tenidas deposit).
Finally, this model is not applicable to the hanging wall to the Aguas
Tenidas deposit, which was modified after the main hydrothermal event.

5.5. Trace elements

Among trace elements that can be hosted in white micas and chlorite,
fluid-mobile elements (Ag, Cd, Au, Hg, Ga, In, Sn, T1, Bi, Pb, Ge, As, Sb,
Te, Se) are particularly important as they are usually carried by hy-
drothermal fluids responsible for the formation of Fe-, Cu-, Zn-, and Pb-
sulphides and sulphosalts in VMS deposits. Trends in the concentrations
of these elements thus represent important exploration tools. However,
several factors may control the contents of these elements other than
distance to ore and associated changes in physicochemical conditions,
which need to be considered. These are, among others: 1) diversity of
allocation within the studied mineral phases; 2) differential partition
into coexisting mineral phases; or 3) recrystallization and reequilibra-
tion during subsequent diagenesis and metamorphism.

5.5.1. Element allocation

Trace elements can occur as structural element substitutions, inter-
layer occupancy, or micro- to nano-inclusions (e.g. Soltani Dehnavi
et al., 2018a; Soltani Dehnavi et al., 2018b; Soltani Dehnavi et al.,
2019). Element correlations and time-resolved LA-ICP-MS profiles can
be used to investigate the allocation of each element (e.g. Soltani Deh-
navi et al., 2018a; Wilkinson et al., 2015). This diversity of possible
locations has important analytical implications. For instance, the
occurrence of micro-inclusions may produce variable data bias
depending on the degree of resulting analytical mixture. On the other
hand, substitution relationships may also have a strong impact. In white
micas, variations in Na/(Na + K) affect Rb and Sr contents as these el-
ements substitute K and Na, respectively. Location of trace elements in
the studied white micas and chlorite is discussed in Supplementary
Material 1.10.

5.5.2. Differential partition

In the Bathurst Mining Camp, white micas bear higher
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concentrations of Tl, Sn, Hg, In, and Ba, whereas sulphide minerals are
the primary host for Bi, As, Sb, Se, Cd, Pb, Ni, Cu, and Co; chlorite, and to
a lesser degree white micas, are enriched in Zn relative to pyrite and
pyrrhotite in the host rocks (Soltani Dehnavi et al., 2018a; Soltani
Dehnavi et al., 2019). At the Aguas Tenidas deposit, white micas are the
main host of Sb in silicates, and present larger concentrations of Cs, Sn
and Tl compared to coexisting chlorite. On the other hand, chlorite
presents higher concentrations in As, Co, Li and Zn compared to coex-
isting white micas. A preliminary analysis of pyrite and chalcopyrite at
the Aguas Tenidas deposit has revealed partitioning of As, Pb and Sb into
pyrite, and of In, Bi, Hg, Sb, Se, Sn and Zn (lower than in chlorite) into
chalcopyrite, which is consistent with observations in the Bathurst
Mining Camp. Thallium contents in sulphides could not be quantified;
however pyrite characterization by LA-ICP-MS analysis in ancient (e.g.
Bracemac-McLeod Deposits, Abitibi, Canada, Genna and Gaboury,
2015) and active (e.g. TAG mounds, Mid-Atlantic Ridge, Grant et al.,
2018) deposits shows that this mineral can host significant amounts of Tl
(up to >200 ppm). Even within a single group like white micas differ-
ential partition may have a strong impact; for instance, Tl, V, Li and Pb
preferentially partition into either muscovite or paragonite and, there-
fore, the presence or absence of paragonite in the mineral assemblage
may have a strong impact on the measured contents. In addition,
measured contents may show significant variability within a single
sample depending on the degree of analytical mixture obtained during
the analysis of finely interleaved muscovite-paragonite. Therefore,
element concentrations in a given mineral phase may be controlled by
coexisting phases, which may disturb the observed chemical trends by
seizing certain trace elements.

5.5.3. Diagenesis and metamorphism

Trace element concentrations can be affected by diagenesis and
metamorphism due to 1) different partition of trace elements into white
micas and chlorites during smectite transformation; 2) mineral re-
equilibration at different P-T conditions; 3) recrystallization, which
may refine the mineral chemistry, expelling trace elements from the
structure into exsolved inclusions or even out of the crystal (Large et al.,
2014; Soltani Dehnavi et al., 2018b). The preservation of chemical
trends consistent with a hydrothermal origin around the Aguas Tenidas
deposit indicates that diagenesis and low grade metamorphism in the
prehnite-pumpellyite facies did not induce any significant modification
into the trace element contents in white micas and chlorites. Meta-
morphism at higher grade greenschist facies conditions endured in the
Bathurst Mining Camp neither produced major effect (Soltani Dehnavi
et al., 2018a). Therefore, we conclude that the original chemical trends
produced during the hydrothermal event that formed the Aguas Tenidas
deposit are mostly preserved and are those that have been characterized
here.

Several different trends have been observed for trace elements at the
Aguas Tenidas deposit. Tin and Co present the highest concentrations at
the centre of feeder system, which indicates supply by the hydrothermal
fluids and their preferential partition into the solid phases upon
changing conditions. On the other hand, elements such as Cs, Li and Tl
show low concentrations (below those of regional protoliths) at the core
of the stockwork system, an increase towards its margin, and a subse-
quent outwards decrease towards background concentrations. These
trends mimic those of whole rock compositions (Gisbert et al., 2021),
and indicate high solubilities in the zones of high fluid/rock ratios and
temperature. This results in leaching of these elements towards external
areas of the system, where fluid/rock reaction and/or a change in
temperature produce their partition into the solid phases generating a
halo/shoulder of high concentrations. The shoulder occurs at different
distances along the system depending on the element. This type of
concentration pattern has been described in VMS and other hydrother-
mal deposits (e.g. Cu-Au porphyries, Wilkinson et al. 2015). Zn likely
has a similar behaviour, although its partition into sphalerite may
obscure its trends.
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Fig. 18. (continued).

Pb is a common trace element in footwall white micas around the
Aguas Tenidas deposit, although usually at low concentrations (<10
ppm) even in stockwork rocks. Slightly higher concentrations only occur
in the paragonite-bearing zone in core AE-69. In contrast, white micas in
the hanging wall present higher Pb contents up to >50 ppm. We
envisage two main possible scenarios: 1) upwelling hydrothermal fluids
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transported Pb into the hanging wall, which became fixed in illite due to
favourable physicochemical conditions including low HjS in fluids due
to prior precipitation of sulphides; and 2) upwelling of Pb-bearing hy-
drothermal fluids produced minor galena mineralization in the imme-
diate hanging wall and, when subsequent oxidizing alteration occurred,
Pb released from the dissolved galena became hosted in muscovite. In
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Fig. 18. (continued).

either case, Pb represents a powerful vector for the detection of the
hanging wall of the massive sulphides, although in this particular de-
posit only for a short distance (<30 m). A similar mechanism can be
envisaged for Zn, especially to explain higher Zn/MgO ratios in the
hanging wall.

5.6. Comparison between mineral and whole rock chemistry vectors to ore
at the Aguas Tenidas deposit

Rocks hosting the Aguas Tenidas deposit present systematic whole
rock geochemistry trends with distance from the centre of the hydro-
thermal system similar to those in other VMS systems (e.g. Large et al.,
2001b; Barrett et al., 2005) (Gisbert et al., 2021). There is a general
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whole rock Fe enrichment and alkali depletion towards the centre of the
hydrothermal system, with Mg showing less systematic trends. Potas-
sium leached from the inner portions of the system accumulated in
marginal to distal locations of the stockwork producing a K-rich band.
Regarding Na, even in the most distal analysed samples from the
stockwork Na was still leached from the host rock and, instead, accu-
mulated outside it. In addition, geochemically anomalous halos of base
metals (Zn, Pb, Cu), volatile elements (Tl, Sb) and Ba were recognized
around the Aguas Tenidas deposit. Whole rock geochemistry profiles
along the studied drill cores produced in Gisbert et al. (2021) are pro-
vided in Supplementary Material 1.11 for reference. The main whole
rock and mineral chemistry trends around the Aguas Tenidas deposit are
compared in three cores (AGI-888, AE-69 and AE-68) in Fig. 18.
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5.6.1. NayO/(Naz0O + K30)

A correlation is observed between Na/(Na + K) in white micas and
Nay0/(NayO + K30) in whole rock in the albite-poor proximal rocks
under the influence of the hydrothermal system (Fig. 18). This is due to
Na and K being predominantly hosted in white micas and, thus, Na/(Na
+ K) ratios in white micas controlling that in the whole rock. This
control results in trends of the Na,O/(NayO + K30) ratio in whole rock
that were not detected in Gisbert et al. (2021) and which represent a
powerful vector to ore. Indeed, in Gisbert et al. (2021), where mainly the
contents of individual elements were investigated, the area beyond
disseminated pyrite in cores AE-68 and AE-69 was considered to present
a composition controlled by homogeneous seafloor metasomatism based
on nearly constant AC; values for FeO, MgO, NayO and K»O (AC; rep-
resents the absolute difference between the actual concentration of a
given element in a rock, and the concentration it would have had if it
had behaved as immobile, in wt % in this case).

Whole rock NayO/(NasO + K0) data show a broad high NayO/
(NagO + K20) halo beyond the area with disseminated pyrite, indicating
that in this zone whole rock geochemistry is still controlled by the hy-
drothermal system. In this high NayO/(NasO + K20) shoulder, whole
rock NapO shows no depletion or enrichment relative to the URD
reference rock. Instead, the higher Na;0/(NaO + K»0) is produced by a
depletion in KyO controlled by the composition of illite and illite-
smectite equilibrated during hydrothermal alteration (Fig. 18). In core
AE-68, sample AE-68/347.0 shows the transition from high NayO/
(Nag0O + K30) values in the halo to background ones; this transition is
mainly due to an end in K20 depletion. In AE-69, this transition occurs
beyond rocks of the URD and is thus masked by rock compositional
changes. Indeed, lithological changes always need to be considered,
especially in the low fluid/rock ratio distal areas. From the high Na,O/
(NagO + K30) shoulder along the margin of the hydrothermal system,
this ratio decreases towards its centre as a result of a shift from K5O to
NayO depletion. This high whole rock NasO/(Na0O + K20) halo around
the hydrothermal system, bearing high Na,0/(NaO + K;0) muscovite
and coexisting paragonite in its central area, is likely equivalent to the
ultraperipheral alteration zone described by Relvas et al. (1990) in the
Gaviao orebody also in the IPB.

5.6.2. FeO/(FeO + MgO)

FeO/(FeO + MgO) ratios in whole rock are controlled by Fe/(Fe +
Mg) in muscovite and chlorite, as well as by the presence of other Fe-
bearing minerals such as Fe oxides or sulphides.

In Fe-oxide bearing footwall rocks, low oxide contents result in a
predominant silicate control on whole rock FeO/(FeO + MgO). In these
rocks, muscovite presents higher FeO/(FeO + MgO) than whole rock due
to Fe3" partition (Fig. 16). Towards the centre of the system, a pro-
gressive decrease in whole rock FeO/(FeO + MgO) occurs which can be
related to reduced fixation of Fe relative to Mg due to 1) the progressive
disappearance of Fe oxides from the mineral assemblage under the in-
fluence of reducing hydrothermal fluids, and 2) the coupled decrease in
FeO/(FeO + MgO) in muscovite. In this chlorite-poor area, FeO/(FeO +
MgO) in muscovite progressively approximates that in whole rock due to
decreasing Fe>*/Fe?". In more internal locations, the crystallization of
pyrite produces additional fixation of Fe in the rock, and therefore
higher FeO/(FeO + MgO) ratios decoupled from silicates compositions;
in sulphide-bearing areas, whole rock FeO/(FeO + MgO) is consistently
higher than in muscovite or chlorite. Therefore, the whole rock FeO/
(FeO + MgO) ratio, which was not investigated in Gisbert et al. (2021),
shows consistent trends and can thus be used for vectoring purposes;
from regional protoliths, this ratio shows a steady decrease towards the
stockwork system, followed by a sharp increase upon appearance of
sulphides.

On the other hand, in the hematitic hanging wall in core AGI-888, the
high content in Fe-oxides results in higher FeO/(FeO + MgO) in whole
rock than in muscovite or chlorite. Since Fe3* is less mobile than Fe?*,
the high Fe content (and associated high FeO/(FeO + MgO)) in the
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proximal hanging wall ratio could be argued to be unrelated to the fluid
producing the oxidizing alteration. Instead, we suggest that the Fe likely
has its origin in the previous mineralizing hydrothermal event. Under
the original reducing conditions, pyrite (and probably other sulphides,
like galena as suggested in previous sections) could be expected to have
precipitated in significant amounts in the proximal hanging wall. Upon
oxidation, Fe released by the destruction of pyrite would have been then
fixed in muscovite and chlorite, with excess Fe forming the observed Fe
oxides.

Rb/K50, Sr/Nay0 and Zn/MgO in whole rock geochemistry have also
been explored for vectoring properties after the observation of the
equivalence of NayO/(NaO + K30) ratios in muscovite and whole rock
(Fig. 18). Whole rock Rb/K50 and Sr/Nay0 should be controlled mainly
by white micas in proximal rocks, with increasing influence of albite
towards distal rocks. On the other hand, chlorite and sphalerite may also
control Zn/MgO, especially in the innermost part of the hydrothermal
system.

5.6.3. Rb/K30

In the footwall, Rb/K>0 in white micas has been seen to 1) increase
from regional protoliths to the paragonite-bearing rocks surrounding the
hydrothermal system, where ratios are nearly constant; 2) decrease in
the disseminated pyrite zone and external parts of the stockwork; 3)
increase towards the innermost parts of the sericitic stockwork; and
finally 4) decrease again towards the centre of the chloritic stockwork
(Fig. 10). In the hanging wall, this ratio decreases away from the massive
sulphides. Equivalent trends are depicted by whole rock geochemistry
(Fig. 18), which therefore can be used for vectoring purposes. In addi-
tion, this similarity in behaviour with whole rock data can also provide
information on the likely evolution of the Rb/K>O ratio in white micas in
parts of the system which were not analysed by LA-ICP-MS (e.g. core AE-
68).

The transition to from hydrothermally influenced to protolith whole
rock Rb/K,0 compositions is seen in the uppermost URD in core AE-68,
which was not studied by LA-ICP-MS (Fig. 18). A decrease from high Rb/
K20 values in paragonite-bearing samples to lower ones in the regional
protolith is evident, which can be expected to also occur in muscovite
mineral chemistry. Towards more internal locations, rocks in core AE-68
show a steady mild decrease in Rb/KyO from the paragonite-bearing
zone to the disseminated pyrite and stockwork, with a minimum
within the stockwork. In AE-69 a similar behaviour is seen, with nearly
constant to slightly decreasing Rb/K,O within the paragonite-bearing
area, a marked decrease in this ratio starting at AE-69/309.0, likely
close to the last occurrence of paragonite and high-Fe/(Fe + Mg)
muscovite, a minimum in Rb/K30 within the disseminated pyrite zone
around the stockwork, and a subsequent increase towards its centre (up
to 45.5 ppm/wt. %). The location of the minimum in Rb/K20 within the
stockwork in AE-68, compared to within the zone of disseminated pyrite
in AE-69, is consistent with the more distal location of core AE-68, as
also indicated by other whole rock indicators (Gisbert et al., 2021) and
mineral chemistry data (e.g. absence of low Na/(Na + K) muscovite). In
core AGI-888, whole rock geochemistry shows increasing Rb/K,0 values
towards the massive sulphides both in the footwall and hanging wall. No
whole rock geochemistry data are available for the external parts of the
chlorite stockwork; nevertheless, as expected, Rb/K;O in DST-332/
251.5 (muscovite-free) presents lower values (35). In the studied
cores, the transition from the URD felsic dome to the overlying inter-
mediate to mafic rocks does not produce a significant shift in Rb/K50.
However, such a situation may change at other lithological contacts,
which need to be considered.

5.6.4. Sr/NaO

Whole rock Sr/NajO ratio broadly follows that of white micas,
except for significant differences in the hanging wall (Fig. 18). In core
AGI-888, footwall rocks present constant to slightly increasing Sr/NayO
values towards the massive sulphides, which is similar to white micas
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data. In contrast, whereas hanging wall white micas also present nearly
constant to only slightly decreasing Sr/NapO away from the massive
sulphides, whole rock data show a clear decrease. We suggest that this
difference in the trends depicted by white micas and whole rock may be
related to the increasing abundance of albite towards the albitic alter-
ation zone and a slightly different behaviour of Sr and Na in white micas
and albite. In core AE-69, whole rock Sr/NayO approximates the trend
observed in white micas, with nearly constant values outside the
stockwork system, followed by an increase towards its centre. However,
there seems to be a minor mismatch between the whole rock
geochemistry trend and the location of the stockwork, as maximum Sr/
NayO values occur near the lower sections of the stockwork and within
the most proximal disseminated pyrite zone. In AE-68 no variations are
evident in whole rock Sr/NapO, which are nearly constant across the
entire studied zone. Considering the close behaviour of Sr/NajO in
white micas and whole rock in most parts of the system, white micas
may be expected to present nearly constant Sr/Na,O values in rocks
from core AE-68.

5.6.5. Zn/MgO

Whole rock Zn/MgO is strongly influenced by the presence of Zn-
bearing sulphides in mineralized areas. In the footwall this results in
higher values in internal parts of the stockwork system (e.g. in core AE-
69), and lower more constant values in more distal positions (e.g. in core
AE-69 outside the stockwork zone, and along the whole AE-68, where
whole rock Zn contents are indistinguishable from regional protoliths
(Gisbert et al., 2021)). In the sulphide-free hanging wall, comparatively
high Zn/MgO values occur in proximal locations, with a decreasing
trend away from the massive sulphides. These observations could be
explained by 1) increased transport and fixation of Zn in the precursors
of white micas and chlorite; and/or 2) formation of sphalerite and
subsequent remobilization of Zn into phyllosilicates during the oxidizing
alteration event as suggested for Pb and galena in the previous section. A
slight increase in Zn/MgO is seen at the transition from the URD to the
overlying more mafic rocks, stressing the possible lithological control on
this ratio.

In this work, the investigation of mineral chemistry data has
contributed to improve the characterization of whole rock geochemistry
vectors to ore by identifying a new pathfinder and stressing the likely
higher usefulness of trends of element ratios compared to those of in-
dividual elements.

5.7. Distance at which the influence of the hydrothermal system can be
detected using whole rock geochemistry and mineral chemistry vectors to
ore

5.7.1. Major elements

In white micas, Na/(Na -+ K) is an ideal vector that can detect the
hydrothermal system at the greatest distances from the stockwork. In the
studied footwall rocks, the transition from background to
hydrothermally-controlled muscovite has been observed between sam-
ples AE-68/337.3 and AE-68/367.6. This transition can also be detected
using whole rock Nap,O/(NayO + K30), which further constrains its
occurrence between samples AE-68/347.0 and AE-68/367.6. On the
other hand, if the interpretation of the higher Al in chlorite in sample
AE-68/337.3 as related to the thermal influence of the hydrothermal
system is correct, chlorite in this sample already records the presence of
the hydrothermal system. This implies that Al in chlorite can potentially
detect its presence at greater distances than vectors related to muscovite
or whole rock geochemistry. Unfortunately, available samples (no
samples farther than AE-68/337.3 other than those collected in the
much more distal MU-2 and MU-5) preclude establishing at what dis-
tance the transition to background chlorite compositions occurs. As a
reference, sample AE-68/337.3 is located 120 m away along the core
from the distal stockwork, and at 316 m from the closest massive sul-
phides. In the hanging wall, available samples are also insufficient to
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establish the location of the transition to background characteristics in
both mineral and whole rock chemistry, although it likely occurs close
above sample AGI-888/238.7, which currently is 66 m along core away
from the top of the massive sulphides.

5.7.2. Trace elements

Trace element trends in white micas can be detected in the most
distal URD sample in core AE-69, within the paragonite-bearing rocks (e.
g. Li, Rb/K50). No trace element data are available for muscovite in core
AE-68, where the transition to major elements background compositions
has been observed. Nevertheless, as previously discussed, whole rock
geochemistry data indicate that, at least for the Rb/K20 ratio, the hy-
drothermal influence should be detected in muscovite to a distance
similar to that of the Na/(Na + K) vector. We tentatively suggest that the
transition to background values for other trace elements like Li probably
occurs either at the transition from paragonite-bearing to high-Na
muscovite zones, or at the transition from Na-rich to Na-poor musco-
vite, likely depending on the element. On the other hand, few available
chlorite data from distal locations hamper their proper discussion. Small
spot sizes and counting times were used in this study for the analysis of
trace elements in minerals to avoid contamination effects due to nearby
crystals or inclusions. In other study areas, if textural characteristics
allow for larger spot sizes or counting times, lower detection limits and
higher precisions may allow extending the distance to which highly
mobile trace elements related to the hydrothermal system may be
identified.

When considering single element concentrations, the distance at
which the influence of the hydrothermal system can be detected in trace
elements in white micas is far larger than for whole rock geochemistry.
However, as shown for the Rb/K»0 ratio, using an appropriate vector,
whole rock geochemistry can match mineral chemistry. Regarding the
studied major/trace elements vectors, Rb/K0 is the most useful, with
Sr/Naz0 and Zn/MgO only showing a shift from background composi-
tions at much shorter distances. Despite the lower distance at which
single trace elements in whole rock geochemistry can detect the hy-
drothermal system compared to major elements (this work, Gisbert
et al., 2021), in host sequences constituted by multiple lithologies, in-
dividual major element concentrations or elemental ratios as those
described here can be strongly influenced by whole rock compositions
(e.g. felsic vs. mafic rocks), and thus chemical trends related to the hy-
drothermal system may become obscured. In contrast, some trace ele-
ments such as Tl occur in host rocks of any composition at such low
concentrations that trends induced by hydrothermal fluids can be clearly
distinguished, thus becoming more powerful in lithologically complex
sequences.

6. Summary and conclusions

Vectors to ore related to major and trace element mineral chemistry
of white micas, chlorite and carbonates have been characterized around
the Aguas Tenidas VMS deposit in the IPB. Observed major element
trends in white micas and chlorite have been interpreted as controlled
by the upwards and outwards flow of hot reducing Fe-rich hydrothermal
fluids. Increasing hydrothermal fluid/rock ratios towards the centre of
the feeder system produce a coupled increase in T and fluid Fe/(Fe +
Mg), and a decrease in fO,. Observations are summarized in Fig. 19.

White micas are dominated by muscovite compositions, with coex-
isting paragonite in an aureole beyond the first disseminated pyrite.
Systematic variations have been observed in FeO/(FeO + MgO) and
Nay0/(Naz0 + Ky0). As a general trend, from distal rocks towards the
centre of the hydrothermal system in the footwall, white micas show:

e High FeO/(FeO + MgO) (>0.42) and low NayO/(NayO + K30)
(<0.05) in regional protoliths.
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A transition to higher NayO/(Na0 + K20) <0.2 at high FeO/(FeO +
MgO) as the first (spatially) detectable signature from the hydro-
thermal system.

Coexisting paragonite and high Na,O/(Na0 + K20) muscovite.

A decrease in FeO/(FeO + MgO) in paragonite (still >0.42) upon
destabilization and disappearance of Fe oxides from the mineral
assemblage.

The disappearance of paragonite, and a transition to high NayO/
(Naz0 + K50) (<0.2) low FeO/(FeO + MgO) (<0.42) muscovite
around the first appearance of disseminated pyrite.

A further decrease in FeO/(FeO + MgO) (<0.2) within the sericitic
stockwork, with a decrease in Na,O/(NasO + K50) (<0.05) in its
internal part.

Within the chloritic stockwork, an increase in FeO/(FeO + MgO) (up
to <0.42) towards the centre of the feeder system at low NayO/
(Nag0 + K30) (<0.05).

In the hanging wall, white micas present high FeO/(FeO + MgO)

(>0.42), with coexisting high Nay;0/(NayO + K20) (>0.05) muscovite
and paragonite immediately above the massive sulphides, transitioning

to high NayO/(NaO + K20) (>0.05) muscovite and finally low NayO/
(Naz0 + K20) (<0.05) muscovite in regional protoliths.

Chlorite presents predominantly clinochlore compositions, with
chamosite restricted to the centre of the hydrothermal system. System-
atic variations have been observed in Al, Al", and Fe/(Fe + Mg) in
chlorite. From distal rocks towards the centre of the hydrothermal sys-
tem in the footwall, chlorite shows:

o A constantly low Al and Al" at variable Fe/(Fe + Mg) in regional
protoliths, the latter being controlled by original whole rock
composition and the degree of seafloor metasomatism.

e A decrease in Fe/(Fe + Mg) related to increased seafloor alteration,
and a slight increase in Al and AI" likely due to the thermal influence
of hydrothermal fluids. Increased Al and Al' is the first sign of hy-
drothermal activity recorded in chlorite.

o Progressively increasing A", Al and Fe/(Fe + Mg) towards the
centre of the hydrothermal system.

Discrimination between background and hydrothermally controlled
chlorite is important because Fe/(Fe + Mg) in both populations overlap.
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Background carbonates consist of calcite, with additional dolomite
forming in proximal rocks. Dolomite shows an increase in Fe contents
towards the centre of the hydrothermal system, reaching ankeritic
compositions.

Systematic variations have been observed in the contents of Ba, Cs,
Li, Pb, Rb, Sn, Sr, Tl and Zn in white micas. Barium, Cs, Rb, Tl, V and Zn
partition preferentially into muscovite, whereas Li, Pb and Sr partition
into paragonite. Rubidium substitutes K, showing equivalent trends
across the system, although systematic variations in the Rb/K3O ratio
occur which can be used for vectoring purposes. The same applies to Sr
and Na, and Zn and Mg. These ratios present the advantage of not being
influenced by analytical mixtures between muscovite and paragonite.
High Sn contents occur at the centre of the feeder system, whereas other
elements like Cs, Li and TI present low values at the centre, maximum
compositions along a shoulder located at various distances within the
hydrothermal system (dependent on the element), but mostly beyond
the outer limit of the stockwork, and a final decrease towards back-
ground values. This distribution indicates leaching of these elements
from the centre of the system and accumulation at its margin. Thalium
also presents peak contents around the massive sulphides. Finally, Pb
presents high concentrations in the proximal hanging wall. These have
been associated with possible destabilization of minor galena in the
hanging wall during the oxidizing alteration event and fixation of Pb
into white micas.

Trends of trace element contents in chlorite have been less charac-
terized due to analytical limitations. Systematic variations have been
observed in the contents of As, Co, Li and Zn. Arsenic, Li and Zn present
shoulder distributions peaking in the external chloritic alteration zone
within the stockwork for Zn, in medial parts of the stockwork system for
As, and outside it for Li. Cobalt presents values above detection limits at
the centre of the deep stockwork, with concentrations increasing to-
wards its centre. Higher Sn concentrations have also been detected at the
centre of the deep stockwork.

Mineral chemistry vectors to ore have been compared to whole rock
geochemistry composition, which has resulted in the recognition of new
whole rock geochemistry vectors which had not been detected in Gisbert
et al. (2021). These include 1) NapO/(NazO + K»0), which is mainly
controlled by white micas in proximal rocks; 2) FeO/(FeO + MgO),
controlled by both white micas and chlorite, as well as by the presence of
other Fe-bearing phases such as Fe oxides and pyrite; and 3) Rb/K»0.
These vectors allow detection of the influence of the hydrothermal
system to distances equivalent to mineral chemistry, although they can
be strongly influenced by lithological changes.

In footwall rocks, Al content in chlorite is the vector detecting the
influence of the hydrothermal system at the greatest distance, at least
120 m along core from the distal stockwork and 316 m away from the
nearest massive sulphides. In the hanging wall, the hydrothermal system
has been detected at 66 m along core from the massive sulphides in the
most distal sample analysed in the area and, therefore, vectors likely
reach a larger distance.

In this study, the detailed characterization of vectors to ore associ-
ated with mineral chemistry has been facilitated by the originally ho-
mogeneous composition of rocks hosting the hydrothermal system. The
vectors presented in this work, and the proposed model on their con-
trols, have contributed to our understanding of vectors to ore in repla-
cive VMS deposits in the IPB, potentially improving our exploration
capacity in this district. Nevertheless, further characterization of the
studied vectors, especially trace elements in white micas and chlorite, is
needed at the district scale, as this represents a first contribution con-
strained to a single deposit, and in other districts inter-deposit vari-
ability has been described (e.g. Soltani Dehnavi et al., 2018a; Soltani
Dehnavi et al., 2019). Further investigation is also needed on the con-
trols of the composition of precursory phases such as smectite, smectite-
illite mixed-layer clays, and illite, as well as the relationship between
illite and brammallite. Finally, on a broader scale, our data also adds to
the general understanding of vectors to ore in in replacive-type VMS
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deposits in particular and VMS deposits in general.
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