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ABSTRACT

Chlorite is a common alteration product of fluid-rock interaction in hydrothermal deposits, and it's composi-
tional variations provides useful information about the physicochemical conditions of formation, but element
behavior during the chloritization process is still not well understood. Chlorite from two large porphyry Cu
deposits, Atlas (Philippines) and Xiaokelehe (NE China) have been chosen to evaluate the geochemical variations
with a focus on mass transfer during alteration of precursor minerals.

Conversion of two biotite to one chlorite is the main mechanism for the chloritization of biotite. Iron, Mg, Al, and
Ni are mostly retained in chlorite, whereas Co, Ga, Mn, and Zn are commonly transferred to chlorite from the hy-
drothermal fluid, and Sc, Sr, Si, V, Li, K, Nb, Ba, Rb, Ti, Cl, Na, Sn, and Cu from the biotite mostly do not enter chlorite
during chloritization. Chlorite alteration of hornblende formed probably through the processes of dissolution-pre-
cipitation. Iron are mostly retained in the chlorite, whereas Li, Cu, Ni, Zn, Co, Al, and Ga in the chlorite are at least in
part derived from hydrothermal fluid, and Mg, Mn, V, Si, Ca, Zr, Nb, Sn, Cl, REE, Y, Na, Ti, Sr, K, Sc and Ba originally
in the hornblende mostly enter hydrothermal fluid, titanite or epidote, rather than chlorite during chloritization. The
MgO, FeOr, MnO, Zn, Li, Sc, V, Co and Ni concentrations, and FeO1/MgO ratio of chlorite are strongly influenced by
those of the precursor minerals. Moreover, although formed in the same porphyry system, the MnO, Zn, Li and Cu
concentrations and FeOr/MgO ratios of chlorite formed from biotite and hornblende are markedly different.

Given that Fe/Mg ratios of chlorite are controlled by the precursor minerals in wall rock, the Fe/(Fe + Mg)
correction on the well-established chlorite thermometers during hydrothermal alteration may need to be re-
considered. Aluminum, Ga, and Ti in chlorite are not controlled by precursor minerals, but by formation tem-
perature of chlorite, so we can use these elements of chlorite to map out the thermal structure of porphyry
system which is related to individual mineralized porphyry intrusion, which can help to identify the centers of
hydrothermal systems.

1. Introduction

geochemical vectoring tool in the exploration for porphyry deposits in a
given district (Hart et al., 2016; Brzozowski et al., 2018; Xiao et al.,

Chlorite is one of the most widely developed alteration minerals in
hydrothermal systems forming in diverse geological settings associated
with a variety of ore deposits including Cu, Au and U deposits (Sillitoe,
2010; Zhong et al., 2012; Dora and Randive, 2015; Brzozowski et al.,
2018). The variable chemical compositions of chlorite record in-
formation about the physicochemical conditions of their formation, and
are therefore highly useful in characterizing the hydrothermal altera-
tion process and estimating the temperature of ore formation
(Cathelineau, 1988; Yavuz et al., 2015). A recent study at Batu Hijau
(Indonesia) has shown that major- and trace-elements of chlorite in
porphyry systems can provide lateral and vertical elemental variation
trends (Wilkinson et al., 2015), and can be used as a mineral
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2018). Nevertheless, our understanding of element behavior and
especially the mass transfer during chloritization is still inadequate,
which limits its application both as a geothermometer and for geo-
chemical vectoring towards hydrothermal deposits.

Chlorite group minerals are hydrous phyllosilicates in which ad-
jacent 2:1 talc layers are linked by an octahedral brucite sheet
(Krivovichev et al., 2004), and mainly from through replacement of
ferromagnesian minerals (e.g., biotite and hornblende) during flui-
d-rock interaction (Walker, 1993). Chlorite has a wide range of stoi-
chiometric compositions, which may be related to the compositions of
the minerals they have replaced, the composition of the hydrothermal
fluids from which they precipitated, and their formation temperatures
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(from 40 °C to 600 °C; Beaufort et al., 2015). Although previous re-
search has shown that Fe/Mg ratios of chlorite are positively correlated
with those of wall rock (Kranidiotis and MacLean, 1987; Shikazono and
Kawahata, 1987), the genetic mechanism is not yet well understood. In
this study, we present combined electron probe microanalysis (EPMA)
and laser ablation inductively-coupled plasma mass spectrometry (LA-
ICP-MS) data for chlorite, biotite, and hornblende from the two re-
presentative porphyry-type deposits. We firstly provided a detailed in-
vestigation of element mass transferring during biotite and hornblende
chloritization, which is one of the most important hydrothermal al-
teration processes. Furthermore, we evaluated the effect of precursor
minerals on chlorite, which is critical for the current application of
chlorite on both ore genesis and mineral exploration targeting.

2. Geological setting and sampling
2.1. Deposit geology

The newly discovered Mesozoic Xiaokelehe porphyry Cu—Mo deposit
(250 Mt ore @ 0.2 wt% Cu and @ 0.03-0.8 wt% Mo; Shang, 2017) is
situated in the northeastern part of the Great Hingan Range metallogenic
belt, NE China (Fig. 1), in the eastern sector of the Central Asia Oregenic
Belt. Copper-Mo mineralization dominantly occurs in the granodiorite
porphyry and sodic-calcic, potassic, chlorite, and phyllic alteration have
been identified, with chlorite as the most abundant alteration mineral
(Shang, 2017; Feng et al., 2019). The Xiaokelehe granodiorite porphyry
is light gray in color, and displays porphyritic-like textures and is mainly
composed of plagioclase (~30 vol%), quartz (~20 vol%), biotite (~10
vol%), and K-feldspar (~10 vol%), with minor hornblende as pheno-
crysts (Fig. 2a). Plagioclase and K—feldspar phenocrysts in the Xiaokelehe
granodiorite porphyry occur as subhedral to euhedral crystals, that have
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been partially replaced by illite. Biotite has been partially or wholly al-
tered to chlorite + titanite ( * rutile; Fig. 2b).

The giant Atlas porphyry Cu—Au deposit (1420 Mt ore @ 0.45 wt%
Cu and 0.24 g/t Au), situated approximately 30 km west of Cebu City
on Cebu Island, Philippines (Fig. 1), is the oldest porphyry deposit in
the Philippines with a whole-rock Rb—Sr age of 108 + 1 Ma (Singer
et al., 2008; Zhang et al., 2019). Hydrothermal alteration and miner-
alization at the Atlas Cu—Au deposit have been divided into potassic,
propylitic, and phyllic zones (Sillitoe and Gappe, 1984; Zhang et al.,
2019). The Atlas quartz diorite porphyry is coarse-grained, gray in
color, and contains ~75 vol% phenocrysts (~50 vol% plagioclase, ~25
vol% amphibole and minor biotite) in a microcrystalline quartz,
K-feldspar and plagioclase groundmass (Fig. 2c). Plagioclase pheno-
crysts occur as subhedral to euhedral crystals, which are partially re-
placed by illite. Biotite phenocrysts occur as euhedral crystals that have
been partially or wholly altered to chlorite + titanite (Fig. 2d). Horn-
blende phenocrysts also occur as euhedral crystals that have been
partially altered to chlorite + titanite *+ epidote (Fig. 2e).

2.2. Sampling

In this study, 35 samples from 7 drill cores at Xiaokelehe and 30
samples from 4 drill cores at Atlas were collected for petrographic
study. Forty-five polished thin sections were prepared and studied using
transmitted and reflected light microscopy, and representative samples
were then analyzed with EMPA to aid mineral identification and de-
termine compositions. Samples containing chlorite were all selected
from major alteration zones of the porphyry deposits. They include
chlorite alteration of: 1) biotite in the Xiaokelehe granodiorite (Fig. 2b);
2) biotite in the Atlas quartz diorite (Fig. 2d); 3) hornblende in the Altas
quartz diorite (Fig. 2e).
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Fig. 1. Location of the Atlas and Xiaokelehe porphyry Cu deposits in this study.
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Fig. 2. Hand specimen photographs and microphotographs showing representative mineral assemblages, textural features and chloritization of the Xiaokelehe
granodiorite porphyry and Atlas quartz diorite porphyry. (a) The Xiaokelehe granodiorite porphyry contains plagioclase, quartz, biotite, and K-feldspar phenocrysts
generally < 0.5 cm (51°40'53”N, 124°32’5.3”E, Elevation = —50 m); (b) K-feldspar, biotite and quartz phenocrysts of the Xiaokelehe granodiorite porphyry in a
fine-grained groundmass of K—feldspar and quartz. Biotite is partially replaced by chlorite. (c) The Atlas quartz diorite porphyry contains plagioclase, biotite, and
amphibole phenocrysts generally < 0.4 cm (10°20°0.25”N, 123°43’46.58”E, Elevation = 91 m); (d) and (e) Hornblende and biotite phenocrysts of the Atlas quartz
diorite porphyry in a fine-grained groundmass of K-feldspar, quartz, and plagioclase. Biotite and amphibole is replaced by chlorite. Mineral abbreviations: Bt, biotite;

Chl, chlorite; Hbl, hornblende; Kfs, K-feldspar; Pl, plagioclase; Qz, quartz.

3. Analytical procedures

Back-scattered electron (BSE) and major element analyses of
chlorite, biotite, and hornblende were conducted using a Cameca
SX100 electron microprobe at the Guangzhou Institute of Geochemistry
(GIG), Chinese Academy of Sciences (CAS) with a JEOL JXA-8230
Superprobe. EPMA results are listed in Electronic Appendix I. The fol-
lowing conditions were used for measurements of all standards and
samples: 15 kV accelerating voltage, 20 nA beam current, 1 um beam
diameter, 10 s counting time. To correct for the matrix effects during
EPMA, a matrix correction, the so called ZAF correction, is applied to
transform the relative peak intensities into the elemental weight com-
position (Bernard et al., 1986). Relative precisions are < 2% for major
elements and < 5% for minor elements.

Trace elements of chlorite were determined using a NWR Laser
Ablation system coupled with an iCAP RQ ICP-MS at the Guangzhou
Tuoyan Analytical Technology Co., Ltd., Guangzhou, China. Fifty-one
elements (Li’, B!, Na%3, Mg?°, A1, Si2°, Fe*’, K3°, Ca*®, S¢*°, Ti?’, V°!,
Mn®®, Co®, Ni®°, Cu®S, Zn%, Ga”!, As’®, Rb%, Sr®, Y*°, 7!, Nb%,
M097, Cdlll, Snus’ Sb121’ C5133’ Ba135, La139, Ce140, Pr141, Nd146’

Sm147, Eulsl, Gd157, Tb159’ Dylﬁl, H0165’ Er166’ Tm169’ Yb172, Lu175,
Hf'78, Ta'®!, W82 Au'®” Pb2°®) Th?32 and U%*®) were analyzed in
chlorite, biotite, and hornblende by LA-ICP-MS. The ablation was car-
ried out across the surface of chlorite, biotite, and hornblende grains to
obtain relatively homogeneous composition and avoid visible mineral
inclusions. A “wire” signal smoothing device is included in this laser
ablation system. These minerals were ablated using spot sizes ranging
from 30 pym using a pulse energy density of ca. 8.0 J/cm? and pulse
repetition rate of 8 Hz. Laser ablation was conducted in pure He gas
flowing at a rate of 0.68 L/min. Immediately after the ablation point in
the cell, the He carrier gas was mixed with Ar (0.68 L/min) to improve
the aerosol transport efficiency. Operating conditions included: RF
power of 1250 W, Detector mode of STD, oxide and double-changed ion
production rates of < 0.025% and < 0.02%. Dwell times on each mass
varied from 5 to 50 ms, depending on the count rates. The concentra-
tions of fifty-one elements were determined during each analysis, which
consisted of an initial 50 s to measure the gas blank followed by up to
40 s of sample ablation, for a total analysis time of 90 s. Analyses were
calibrated using three external standards (BHVO-2G, NIST-612 and
NIST-610). The samples were analyzed by LA-ICP-MS, also by EPMA.
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Fig. 3. Comparison of Atlas and Xiaokelehe biotite (a and b), and Xiaokelehe and Atlas B-chlorite, and Atlas H-chlorite (c and d).

Every LA-ICP-MS data has been corrected by EPMA data, using Al,O5 as
internal standardization for chlorite and biotite, and CaO for horn-
blende, respectively. An Excel-based software ilolite was used to per-
form off-line selection and integration of background and analyzed
signals, time-drift correction and quantitative calibration for trace ele-
ment analysis. Detection limits are 0.71 to 26 ppm for Li’, 4.70 to
150 ppm for Na?3, 1000 to 11,000 ppm for Mg®, 1800 to 18,000 ppm
for Si%°, 3.9 to 10,000 ppm for K*°, 340 to 2200 ppm for Ca*3, 0.49 to
11 ppm for Sc*®, 5.20 to 3200 ppm for Ti*’, 5.00 to 110 ppm for V!, 25
to 880 ppm for Mn®®, 1.10 to 12 ppm for Co>°, 2.30 to 42 ppm for Ni®°,
0.01 to 40 ppm for Cu®®, 6.60 to 77 ppm for Zn®®, 1.60 to 16 ppm for
Ga’!, 0.1 to 64 ppm for Rb®, 0.16 to 8.9 ppm for Sr®, 0.03 to 2.2 ppm
for Y®°, 0.01 to 3.1 ppm for Zr°, 0.01 to 7 ppm for Nb®3, 0.22 to
2.5 ppm for Sn''®, 0.18 to 1.7 ppm for Sb'?!, 0.03 to 21 ppm for Cs'*3,
0.21 to 720 ppm for Ba'®%, 0.01 to 1 ppm for Ta'®!, 0.01 to 2.8 ppm for
Pb2%8, 0.01 to 1 ppm for Th?*2, and 0.01 to 1 ppm for U%*%, LA-ICP-MS
results are listed in Electronic Appendix II.

In this study, the contents of FeOr, MgO, K0, Na,0, Al,03, SiO,,
TiO,, and MnO of chlorite, biotite, and hornblende were analyzed by
both EMPA and LA-ICP-MS. EMPA and LA-ICP-MS are more suitable for
analyzing major and trace elements, respectively. Hence, the contents
of SiO,, Al,O3, FeO and MgO of chlorite, K,0, SiO,, Al,O3, FeO and
MgO of biotite, CaO, SiO,, Al,03, FeO and MgO of hornblende, were
from EMPA, and those of other elements were from LA-ICP-MS.

4. Mineral chemistry
4.1. Major element data for hornblende, biotite and chlorite

Hornblende, biotite, and chlorite EMPA results are listed in Appendix 1.
Compared with Xiaokelehe biotite, Atlas biotite contains higher FeOr, TiO,,
Cl, and MnO, and lower MgO, K,0O, Al,O3, and F (Fig. 3a and b). The
crystallochemical formula of Xiaokelehe and Atlas biotite can be written as:
Ko.82-1.80Mg2.70_4.30F€1 53 2. 20Al2 33 2 76515.47-5.70Ti0.36-0.54MN0.01-0.00

OZZ(OH)4 and Kl A74—1A85Mg3A00—4A()7Fe1 .25—1A93Al2.28—2A77SiS. 47—5A77Ti0A33—0448

Mny 01_0.03022(0H),, respectively. Two samples have obviously lower FeOr,
MnO, and higher MgO than other samples of Atlas biotite, which may be
due to biotite of these samples being hydrothermal, rather than magmatic
biotite (Appendix I). The contents of CaO for the Xiaokelehe and
Atlas biotite are close to, or below, the detection limits of EPMA.
The crystallochemical formula of the Atlas hornblende can be written as:
(Ko.05-0.13Na0,11-0.30Ca1.69-1.90M82.49-2.99F€1.95 2 36Al0,68-1.25516.68-7.20
Tip.06-0.18Mng 03-0.07022(0H),). From chlorite of the Xiaokelehe biotite
chloritization (Xiaokelehe B-chlor ite, Mgz 3&3.87A12_04,2.49F61 11-1.87
Mng 01-0.03512.76-2.06010(OH)g), chlorite of the Atlas biotite chloritization
(Atlas B-chlorite, Mg2.65-3.41Al2.20-2.41F€1.331.00MNg 01-0.135i2.84-2.97
0,0(OH)g), to chlorite of the Atlas hornblende chloritization (Atlas H-
chlorite, Mg5 25 275Al2.08-2.38F€1.00-2.47MNg,03-0.04512.82-3.09010(0H)g), MgO
contents gradually increase, while FeOr contents gradually decrease
(Fig. 3c). The CaO, Nay0, and K5O contents of Xiaokelehe B-chlorite, Atlas
B-chlorite and H-chlorite, all are close to, or below, the detection limits of
EPMA. In the R*" vs. Si (a.p.f.u) diagram, based on the chemical compo-
sitions and mineral crystal structure, all three types of chlorite are plotted in
the tri-trioctahedral field and close to the end-member of clinochlore and
chamosite (Fig. 4; Wiewiéra and Weiss, 1990). In this study, correlation
coefficients were calculated to determine the relationship between chemical
components of chlorite and precursor minerals, and the important re-
lationships are illustrated in Figs. 5-7 and Appendix III. The FeOr, MgO and
MnO contents of chlorite are strongly positively correlated with that of
biotite in Xiaokelehe and Atlas (Fig. 5), and the FeOr and MgO contents
show weakly positively correlated with that of Atlas hornblende (Fig. 6).

4.2. Trace element data for hornblende, biotite and chlorite

Trace element concentrations of selected elements for hornblende,
biotite, and chlorite are given in Appendix II. Xiaokelehe and Atlas
biotite have similar trace elements pattern: high contents of V and Rb
(~200 to 1000 ppm), moderate contents of Li, Sc, Co, Ni, Ga, Ba
(~10 ppm to 100 ppm), and low contents of Sr, Nb, Sn, Pb (~1 ppm to
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Fig. 4. Chlorite classification of the Atlas and Xiaokelehe porphyry Cu deposits (after Wiewiéra and Weiss, 1990).

10 ppm), and concentrations of other elements, e.g., B, Ca, Cu, As, Rb,
Y, Zr, Mo, Cd, Sn, Sb, Cs, REE, Hf, Ta, W, Au, Th, U are either close to or
below the detection limits of LA-ICP-MS. The Atlas hornblende analyses
yielded high contents of V, Zn, and REE (~100 ppm to 600 ppm),
moderate contents of Sc, Co, Ni, Y, and Zr, (10-200 ppm) and low
contents of Cu, Ga, Sr, Nb, Sn, Hf, Ta, Pb (~1-50 ppm), whereas con-
centrations of other elements, e.g., Li, B, As, Rb, Mo, Cd, Sb, Cs, W, Au,
Th, U, are either close to or below the detection limits of LA-ICP-MS. In
general, Zn and V are the most abundant trace elements (ranging from
100 ppm to 1500 ppm) in Xiaokelehe B-chlorite, Atlas B-chlorite and H-
chlorite. These three types of chlorite all show wide variations in K and
Ti (~10 ppm to 1000 ppm), moderate contents of Sc, Co, Ni and Ga
(most ranging from ~10 ppm to 100 ppm), and low contents of Sr and
Ba (~1 ppm to 10 ppm), whereas concentrations of other elements, e.g.,
B, Ca, Na, As, Rb, Y, Zr, Nb, Mo, Cd, Sn, Sb, Cs, REE, Ta, W, Au, Pb, Th,
U, are either close to or below the detection limits of LA-ICP-MS.
Compared with Atlas H-chlorite, Xiaokelehe and Atlas B-chlorite have
higher Li and Zn contents (Fig. 3d). Moreover, Xiaokelehe and Atlas B-
chlorite both contain no Cu, while the Cu contents of Atlas H-chlorite
range from 36.1 ppm to 708 ppm (Fig. 3d). The Co, Ni, Zn, Sc, V, and Li
contents of chlorite are strongly positively correlated with that of bio-
tite in Xiaokelehe and Atlas (Fig. 5), and the Ni content of chlorite is
weakly correlated with that of biotite in Xiaokelehe and Atlas (Fig. 6).

5. Discussion
5.1. Elemental behaviors in chloritization process

Aluminum, Mn, and Ti are generally considered immobile or least-
mobile elements during fluid-rock interaction processes, and conse-
quently previous studies have investigated element transfer during
biotite chloritization under the assumption that Al, Mn, or Ti should
remain constant during biotite alteration (Parry and Downey, 1982;
Yuguchi et al., 2015; Wang et al., 2018). In this study, we compared the
measured contents of elements in Xiaokelehe and Atlas B-chlorite, and
Atlas H-chlorite with ideal chlorite compositions, in order to investigate

element transfer between chlorite and biotite/hornblende during al-
teration. The biotite chloritization reaction can be shown as: Bio-
tite + hydrothermal fluid — chlorite + titanite. The molecular weight
of chlorite (Mc) and biotite (Mg,) could be obtained based on the
EPMA data and calculations of structural formulas. If an element (such
as Fe) in biotite all enter chlorite during chloritization, we can get the
equation: Mcn X Cre in cht = Mpt X Mge in B, Where Mge in B is the
measured content of Fe in biotite, and Cge i, cni can be calculated based
on the above equation. Then, if the Cge i, cn is lower than Mge i cny (the
measured content of Fe in chlorite), it suggests that part of Fe in chlorite
is from hydrothermal fluid, and if the Cgc i ¢ is higher than Mge i cni,
indicating part of Fe in biotite do not enter chlorite during biotite
chloritization. By comparing the Cge i, cn and Mg in cni, We could also
get the proportions of elements in biotite entering chlorite or hydro-
thermal fluid and coexisting minerals. Analogously, we can get the
calculated values of elements in chlorite from hornblende chloritiza-
tion, and the results are shown in Tables 1 and 2.

By comparing the calculated and analytical values of elements in
chlorite, it can be seen that the FeOr (avg. 92%), Ni (avg. 92%), Al,O3
(avg. 95%), and MgO (avg. 97%) in Xiaokelehe and Atlas biotite are
mostly retained in the chlorite; part of Co (avg. 18%), Ga (avg. 23%),
MnO (avg. 29%), and Zn (avg. 52%) in Xiaokelehe and Atlas B-chlorite
were derived from hydrothermal fluids; and Sc (avg. 73%), Sr (avg.
58%), SiO, (avg. 47%), V (avg. 37%), and Li (avg. 27%) in Xiaokelehe
and Atlas biotite entered hydrothermal fluids or titanite, rather than
chlorite (Fig. 5). In addition, the K, Nb, Ba, Rb, Ti, Cl, Na, Sn, and Cu
contents of Xiaokelehe and Atlas B-chlorite are orders of magnitude
lower than that of Xiaokelehe and Atlas biotite (Appendixes I and II),
suggesting that the process of biotite chloritization results in K (almost
100%), Nb (almost 100%), Ba (almost 100%), Rb (almost 100%), Ti
(avg. 98%), Cl (avg. 96%), Na (avg. 93%), Sn (avg. 90%), and Cu (avg.
82%) in biotite entering the hydrothermal fluid, titanite, or rutile rather
than chlorite. Elements behavior in the biotite chloritization processes
could be controlled by solubility of elements in biotite and chlorite.
Titanite could accommodate Ti, Nb, and Sn, and rutile could accom-
modate Ti and Nb (Fu et al., 2018; Foley et al., 2000). These results
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from individual crystals.

agree with previous studies, which have also shown that Al and Ti can
be mobile in metamorphic fluids (Tropper and Manning, 2005; Audétat
and Keppler, 2005; Gao et al., 2007; Antignano and Manning, 2008).
Based on transmission and scanning electron microscopy analysis,
biotite is partially altered to chlorite mainly through the mechanism of
layer-by-layer replacement (Jiang and Peacor, 1994), which results in
metasomatic textures similar to those seen in Atlas and Xiaokelehe B-
chlorite (Fig. 2b and d). Two chloritization mechanisms are proposed
for the layer-by-layer replacement. The first involves 1Bt — 1Chl,
meaning that one biotite layer is transformed into one chlorite layer,

forming an octahedral layer (Fe—O, Mg—O, and Al-O octahedrons)
into the interlayer region between two TOT (tetrahedron-octahedron-
tetrahedron) biotite layers, and characterized by a large inflow of me-
tallic ions (AI®*, Fe**, and Mg>*) from the hydrothermal fluid into
octahedral sheet in chlorite. The second is 2Bt — 1Chl, meaning that
two biotite layers becomes one chlorite layer, forming a brucite-like
layer by removal of the tetrahedral sheets (Si—O and Al—O tetrahedron)
of one TOT biotite layer, and involving little or no inflow of metallic ion
(s) from the hydrothermal fluid (Eggleton and Banfield, 1985; Yuguchi
et al., 2015). In both mechanisms none of the K in the potassium sheet
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Fig. 6. FeOr (a), Ni (b), Zn (c), Ga (d), Co (e), Al,O3 (f), MgO (g), V (h), MnO (i), SiO» (j), Sc (k), and Ba (j) for hornblende and chlorite of Atlas analyses from

individual crystals.

of the biotite would not enter chlorite. The FeOr and MgO contents of
Xiaokelehe and Atlas B-chlorite are positively correlated with that of
biotite, and close to or in the range of calculated compositions (Fig. 5a,
b), indicating these elements were mostly retained in chlorite during
chloritization, with no or very little inflow of these elements from the
hydrothermal fluid. Moreover, Al,O3 and SiO, in Xiaokelehe and Atlas
B-chlorite all deviate from the calculated values (Fig. 5k, 1), indicating
that at least some of these elements do not enter chlorite, which is
consistent with the 2Bt — 1Chl mechanism. Therefore, we suggest that

the mechanism 2Bt — 1Chl is the main mechanism for Xiaokelehe and
Atlas biotite chloritization (Fig. 8a).

By comparing the calculated and analytical values of elements in
chlorite with those in hornblende, the FeOt (avg. 100%) of Atlas H-
chlorite were mostly retained in the chlorite; part of Ni (avg. 18%), Zn
(avg. 19%), Co (avg. 19%), Al,O5 (avg. 55%), and Ga (avg. 56%) in the
Atlas H-chlorite were derived from hydrothermal fluids; and part of
MgO (avg. 12%), MnO (avg. 21%), V (avg. 56%), and SiO, (avg. 59%)
in Atlas hornblende entered hydrothermal fluids, epidote or titanite,
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Table 1
The average proportions of elements in biotite entering chlorite.
K Nb Ba Rb Ti Cl Na Sn Cu Sc Sr
0 0 0 0 2% 4% 7% 10% 18% 27% 42%

Si0, V Li Ni FeOr Al,03 MgO Co® Ga® MnO® Zn"

53% 63% 73% 92% 92% 95% 97% 122% 130% 142% 210%

? Indicating part of elements in Xiaokelehe and Atlas B-chlorite is from hy-
drothermal fluid. Co (avg. 18%), Ga (avg. 23%), MnO (avg. 29%), and Zn (avg.
52%) in Xiaokelehe and Atlas B-chlorite are from hydrothermal fluid.

Table 2

The average proportions of elements in hornblende entering chlorite.
Ca Zr Nb Sn Cl REE Y Na Ti Sr K Sc
0 0 0 0 0 0 1% 3% 4% 5% 5% 7%

Ba SiO, V MnO MgO FeOp Ni* Zn® Co* Al,05" Ga®

8% 41% 44% 79% 88% 100% 122% 124% 124% 224%  226%

2 Indicating part of elements in Atlas H-chlorite is from hydrothermal fluid.
Ni (avg. 18%), Zn (avg. 19%), Co (avg. 19%), Al,O3 (avg. 55%), and Ga (avg.
56%) in Atlas H-chlorite are from hydrothermal fluid.

rather than chlorite, during Atlas hornblende chloritization (Fig. 6).
Atlas H-chlorite contain ~20 ppm Li and ~ 200 ppm Cu, whereas Atlas
hornblende contains no Li and minor Cu. Therefore, Cu and Li of Atlas
H-chlorite could be from hydrothermal fluid, which may be derived
from magma differentiation of the Atlas quartz diorite porphyry. In
addition, the Ca, Zr, Nb, Sn, Cl, REE, Y, Na, Ti, Sr, K, Sc and Ba contents
of Atlas H-chlorite are orders of magnitude lower than in the Atlas

hornblende (Appendixes I and II), suggesting that hornblende chlor-
itization results in Ca (almost 100%), Zr (almost 100%), Nb (almost
100%), Sn (almost 100%), Cl (almost 100%), REE (almost 100%), Y
(avg. 99%), Na (avg. 97%), Ti (avg. 96%), Sr (avg. 95%), K (avg. 95%),
Sc (avg. 93%) and Ba (avg. 92%) in hornblende enter hydrothermal
fluid, titanite or epidote, rather than chlorite. Epidote could accom-
modate Ca, Sr, Y, Sn, and REE (Xiao et al., 2018). Similar to biotite,
elements behavior in the hornblende chloritization processes could be
also controlled by solubility of elements in biotite and chlorite.

Hornblende is a double chain silicate, while chlorite is a phyllosi-
licate mineral. Such difference means that chlorite is unlikely to inherit
hornblende structure during hornblende chloritization. Textual re-
lationship of chlorite with hornblende (Fig. 2e) indicates that hydro-
thermal fluid may have replaced and dissolved hornblende, and then
forming chlorite through precipitation processes in situ. Iron in horn-
blende is mostly retained in chlorite, indicating chlorite inherited Fe—O
octahedrons of hornblende during chloritization. Therefore, chlorite
formed during hornblende chloritization probably through processes of
dissolution and precipitation (Fig. 8b).

5.2. Influence of precursor minerals on chlorite compositions

Previous studies have investigated the influence of wall rock on the
chemical compositions of chlorite, and found that wall rocks mainly
affect Fe/Mg ratio of chlorite (Kranidiotis and MacLean, 1987;
Shikazono and Kawahata, 1987; De Caritat et al., 1993). Deng et al.
(2019) and Zhang et al. (2019) have presented whole rock major and
trace element analyses for the Atlas quartz diorite porphyry and Xiao-
kelehe granodiorite porphyry, which both show limited ranges. Hence,
geochemical variations of chlorite in this study may have little relation
with host rock compositions. According to studies on the relationship
between trace elements of chlorite and its formation temperature (T),
Xiao et al. (2018) has found that Li, Sr, Mn, and Zn contents show
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negative correlations with T, while Sc, V, Ti, Ga, K, Ca, Co, Ni, Rb, Cs
and Ba contents are positively associated with T, indicating that these
elements of chlorite are controlled by its formation temperature.

Based on their geochemical behavior during chloritization, elements
of chlorite can be divided into two groups. Group I including Fe, Ga, and
SiO, has similar behavior in both biotite and hornblende chloritization.
Iron in biotite and hornblende are mostly (> 90%) retained in chlorite
during chloritization. The similar behavior of Fe in biotite and horn-
blende chloritization may be related to similar Fe contents in biotite and
hornblende. The low contents of Ga in biotite and hornblende and the
high ability for chlorite to enrich Ga (Négrel et al., 2018) together result
the contribution of Ga from hydrothermal fluid during chloritization
(> 23%). At least some SiO, (> 47%) in hornblende and biotite does not
enter chlorite during alteration, which should be related to lower solu-
bility of SiO, in chlorite than that of biotite and hornblende. Group II
includes MgO, Co, Ni, Mn, Zn, V, Sc and Al which show different be-
havior during biotite and hornblende chloritization: MgO, Co and Ni in
Xiaokelehe and Atlas B-chlorite comes almost entirely (> 90%) from
biotite, while part of MgO (12%) in hornblende enter hydrothermal fluid
and part of the Co and Ni in Atlas H-chlorite (> 18%) is from the hy-
drothermal fluid; part of Mn (29%) in Xiaokelehe and Atlas B-chlorite
comes from hydrothermal fluid, whereas part of Mn (21%) in hornblende
does not enter chlorite during chloritization; the Zn, V and Sc contents of
Xiaokelehe and Atlas B-chlorite show positive correlation with those of
biotite, while there are no correlation between Atlas H-chlorite and
hornblende; part of Al in Atlas H-chlorite comes from the hydrothermal
fluid, which may be related to feldspar sericitization (Fig. 2e), during
which Al could be released (Parneix et al., 1985; Morad et al., 2009),
while Al in biotite mostly (> 90%) enter Xiaokelehe and Atlas B-chlorite.
These different elements behavior in the biotite and hornblende chlor-
itization processes could be mostly related to different contents and
crystal structure of hornblende and biotite.

The FeOr and MgO contents, and FeOr/MgO ratios of chlorite are
correlated with that of biotite, with correlation coefficient of 0.76, 0.67,

and 0.77, respectively (Figs. 5a, b, 7a). Moreover, those of Atlas H-
chlorite also show weakly positive correlations with that of hornblende
(Figs. 6a, b, 7b), indicating these elements and ratios are strongly in-
fluenced by associated precursor minerals. FeOr/MgO ratios of Atlas H-
chlorite are higher than those of Atlas B-chlorite (Fig. 7c), consistent
with higher FeOr/MgO ratios in Atlas hornblende than biotite. Fe and
Mg in biotite mostly remain in chlorite during biotite chloritization,
whereas Fe in hornblende remains in chlorite but some Mg (about 20%,
Fig. 6g) does not enter chlorite, which results in FeOr/MgO ratios of
Atlas B-chlorite being close to or below that of Atlas biotite, whereas
FeOr/MgO ratios of Atlas H-chlorite are higher than that of Atlas
hornblende. Hence, it can be speculated that the influence of wall rock
on Fe/Mg ratios of chlorite proposed in previous studies (Kranidiotis
and MacLean, 1987; Shikazono and Kawahata, 1987) is probably due to
the different type and amount of precursor minerals in wall rock, al-
though the Fe/Mg ratio variation of chlorite could also depend on
changes in water/rock ratio, fO., S, and pH as well as composition of
the hydrothermal fluid (Kranidiotis and MacLean, 1987). Under high
fS, conditions, the existence of pyrite results in Fe-poor chlorite, and
Mg-rich chlorite appears to from under slightly oxidizing and low pH
conditions (Inoue, 1995). Moreover, the influence of the FeO/Fe,O3
ratio is very important for understanding Fe** behavior in the biotite
and hornblende chloritization. However, measuring the Fe*>* content at
the microscale is challenging and could be only confirmed using X-ray
absorption near edge-structure (XANES) which is not available in this
study.

The MnO, Zn, Li, Sc, V, Co, and Ni contents of chlorite are strongly
correlated with that of biotite in Xiaokelehe and Atlas (Fig. 5). There-
fore, the MnO, Zn, Li, Sc, V, Co, and Ni contents of chlorite are not only
influenced by its formation temperature according to the study of Xiao
et al. (2018), but also by that of precursor minerals (e.g., biotite). In
addition, the MnO and Zn contents of Atlas B-chlorite are markedly
higher than that of Atlas H-chlorite, although Atlas B-chlorite and H-
chlorite formed in the same porphyry system. The Li contents of Atlas
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Fig. 9. Element concentrations in chlorite of this study vs. chlorite formation temperatures. (a) Ti; (b) Ga; (c) Al,O3, and (d) chloritization temperatures according to

chlorite thermometer of Cathelineau (1988).

H-chlorite (< 20 ppm) are lower than those of Atlas B-chlorite
(most > 100 ppm), which may be related to that Atlas hornblende does
not contain Li, while Atlas biotite have moderate contents of Li (about
100 ppm, Fig. 7d). Atlas and Xiaokelehe biotite contain low contents of
Cu, and Atlas hornblende have moderate contents of Cu, for compar-
ison, the Cu contents of B-chlorite are close or below the detection
limits of LA-ICP-MS, while H-chlorite contains high contents of Cu
(most > 100 ppm, Appendix II). Therefore, the MnO, Zn, Li and Cu
contents of chlorite are also affected by the nature of the precursor
minerals.

The Al,O3 and Ga contents of chlorite are higher than that of biotite
and hornblende, and the Ti contents of chlorite are markedly lower
(Appendixes I and II). The Ti, Ga, and Al,O3, contents of chlorite show
no obviously correlations with that of biotite and hornblende (Figs. 5
and 6, Appendix III), but have positive correlation with formation
temperature of chlorite (Fig. 9), indicating these elements are not
controlled by precursor minerals, but probably by formation tempera-
ture of chlorite (Xiao et al., 2018). The same behavior of Ga and Al may
be related to that Ga shares a strong chemical affinity with Al (De
Argollo and Schilling, 1978). The K, Ba, Sr and Rb contents of chlorite
(close to or below the detection limits of LA-ICP-MS) are much lower
than that of biotite and hornblende, and show no obvious correlations
(Appendix III), also indicating they are not controlled by precursor
minerals.

5.3. Implications for chlorite geothermometers and geochemical vectors for
hydrothermal centers

Since the 1980s, chlorite compositions have been considered as a
good proxy for estimating formation temperatures (Cathelineau and
Nieva, 1985; Kranidiotis and MacLean, 1987). Based on the significant

10

positive correlation between the tetrahedral aluminum (AI"Y) and the
measured temperature of chlorite in the active geothermal system,
Cathelineau  (1988) established an empirical equation: T
(°C) = 321.98 = AI'Y — 61.92. Considering the positive correlation
between Al' and Fe/Fe + Mg, several tentative corrections have been
introduced in the empirical equations (Kranidiotis and MacLean, 1987;
Jowett, 1991; El-Sharkawy, 2000). Furthermore, a linear correlation
has been found between the (001) basal spacing of chlorite and its
formation temperature (Battaglia, 1999). In addition, thermodynamic
and semi-thermodynamic calculation of formation temperatures for
chlorites have also been proposed by previous studies (Vidal et al.,
2001; Inoue et al., 2010; Lanari et al., 2014; Bourdelle and Cathelineau,
2015), which are valid on the premise of the chlorite + quartz equi-
librium.

Thermodynamic and semi-thermodynamic thermometers are not
used for chlorites in this study as they do not all coexist with quartz.
Precursor minerals have obvious influence on the Mn and Li contents of
chlorite, thus the empirical equations proposed by Battaglia (1999)
could also be flawed based on this study. Fe/(Fe + Mg) ratios of
chlorite are controlled by the compositions of precursor minerals in
wall rock during hydrothermal alteration, and Bourdelle et al. (2013)
also found that Fe/(Fe + Mg) ratios of chlorite in Gulf Coast sandstones
have no correlation with its formation temperature. Therefore, the Fe/
(Fe + Mg) correction on the thermometers for chlorite from alteration
process may be inappropriate. Although Bourdelle et al. (2013) found
empirical chlorite thermometers of Cathelineau (1988) could over-
estimate the temperature of chlorite, the A" values of chlorite still
show obviously positive correlation with the temperature of chlorite.
Consequently, we calculated the formation temperatures of Xiaokelehe
B-chlorite, and Atlas B-chlorite and H-chlorite, using the chlorite ther-
mometer of Cathelineau (1988) without the Fe/(Fe + Mg) corrections,
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which yielded temperatures of 272-321 °C (average of 299 °C) for
Xiaokelehe B-chlorite; 270-311 °C (average of 295 °C) for Atlas B-
chlorite; and 232-319 °C (average of 283 °C) for Atlas H-chlorite. The
temperature ranges for all studied chlorites are broadly the same
(Fig. 9d), which is consistent with similar Al contents of Xiaokelehe B-
chlorite, and Atlas B-chlorite and H-chlorite.

Trace element compositions of alteration minerals (e.g., chlorite,
epidote) as mineral geochemical vectoring tools in exploration for
porphyry deposits, have been widely studied in the recent years (Cooke
et al., 2014; Jago et al., 2014; Wilkinson et al., 2015). At Batu Hijau,
Wilkinson et al. (2015) found that K, Li, Mg, Ca, Sr, Ba, Ti, V, Mn, Co,
Ni, Zn and Pb, display systematic spatial variations from the porphyry
hydrothermal center: Ti, V and Mg concentrations decrease ex-
ponentially with increasing distance, whereas K, Li, Ca, Sr, Ba, Mn, Co,
Ni, Zn and Pb concentrations increase. Such chlorite spatial variations
extend to at least 4.5 km from the porphyry orebody, giving a much
larger footprint than whole rock geochemical anomalies (< 1.5 km). In
this study, we found that Fe, Mg, Co, and Ni in biotite, and Fe and Ni in
hornblende are mostly retained in chlorite, which suggests that these
elements are likely derived by progressive leaching from biotite or
hornblende during chloritization, rather than from mineralization fluid
of porphyry system. Hence, using these elements of chlorite from biotite
and hornblende chloritization as geochemical vectors may not be ap-
propriate. The MnO, Zn, Li and Cu contents of chlorite from biotite and
hornblende chloritization are obviously different, though formed in the
same porphyry system. Hence, we should be very cautious when use
these elements as geochemical vectors, although Mn, Zn, and Li display
systematic spatial variations from the porphyry hydrothermal center
(Wilkinson et al., 2015). The Ti, Al, and Ga contents of chlorite are not
controlled by precursor minerals, but by formation temperature of
chlorite, so we can use these elements of chlorite to map out the
thermal structure of porphyry system which is related to individual
mineralized porphyry intrusion, which can help to identify the centers
of hydrothermal systems.

6. Conclusions

This study has placed important constraints on elemental behavior
during chlorite alteration in porphyry copper systems through a com-
bined EMPA-LA-ICPMS study of two large porphyry Cu deposits, Atlas
(Philippines) and Xiaokelehe (NE China). We observed that Fe and Mg
are mostly retained in chlorite, whereas some of the Mn, Zn, and Ga in
chlorite comes from hydrothermal fluid, and Sc, V, Li, Sr, Na, Ti, Cl, Cu,
Rb, Nb, Sn, and Ba in biotite mostly do not enter chlorite during biotite
chloritization; Fe mostly retained in chlorite, part of Li, Cu, Al, Zn, Ga,
Ni, and Co in chlorite come from hydrothermal fluid, and Mn, Mg, Si, V,
Sc, Na, K, Ca, Ti, Sr, Y, Zr, Nb, Sn, Ba, REE, and Cl in hornblende mostly
enter hydrothermal fluid, titanite or epidote, rather than chlorite during
hornblende chloritization. The MgO, FeOr, MnO, Zn, Li, Sc, V, Co and
Ni concentrations, and FeOr/MgO ratio of chlorite from biotite and
hornblende chloritization are markedly different, although formed in
the same porphyry system. These results provide good instructions for
geothermometers and geochemical vectors of chlorite for hydrothermal
deposits.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2020.119604.
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