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Retrograde hydrous metamorphism has produced three types of microstructures in chromite grains from
chromitites and enclosing rocks of the Tapo Ultramafic Massif (Central Peruvian Andes). In semi-massive
chromitites (60-80 vol% chromite), (i) partly altered chromite with homogeneous cores surrounded by
lower Al,03 and MgO but higher Cr,03 and FeO porous chromite with chlorite filling the pores. In serpen-
tinites (ii) zoned chromite with homogeneous cores surrounded by extremely higher Fe,O; non-porous
chromite and magnetite rims, and (iii) non-porous chromite grains. The different patterns of zoning in

Iéﬁ{ :’)Vr?lrif:: chromite grains are the consequences of the infiltration of reducing and SiO,-rich fluids and the subse-
Metamorphism quent heterogeneous interaction with more oxidizing and Fe-bearing fluids. During the first stage of

alteration under reduced conditions magmatic chromite is dissolved meanwhile new metamorphogenic
porous chromite crystallizes in equilibrium with chlorite. This reaction that involves dissolution and pre-
cipitation of minerals is here modeled thermodynamically for the first time. uSiO,-pMgO pseudosection
calculated for unaltered semi-massive chromitites at 2 kbar and 300 °C, the lowest P-T conditions
inferred from the Tapo Ultramafic Massif and Marafiéon Complex, predicts that chromite + chlorite (i.e.,
partly altered chromite) is stable instead of chromite + chlorite + brucite at progressive higher pSiO,
but lower pMgO. Our observation is twofold as it reveals that the important role of SiO, and MgO and
the open-nature of this process. P-T-X diagrams computed using the different P-T pathways estimated
for the enclosing Tapo Ultramafic Massif reproduce well the partial equilibrium sequence of mineral
assemblages preserved in the chromitites. Nevertheless, it is restricted only to the P-T conditions of
the metamorphic peak and that of the latest overprint. Our estimations reveal that a high fluid/rock ratio
(1:40 ratio) is required to produce the microstructures and compositional changes observed in the
chromitites from the Tapo Ultramafic Massif. The circulation of SiO,-rich fluids and the mobilization of
MgO from the chromitite bodies are linked with the formation of garnet amphibolites and carbonate-
silica hydrothermalites (i.e., listwaenites and birbirites) in the ultramafic massif. The origin of these fluids
is interpreted as a result of the dissolution of orthopyroxene and/or olivine from the metaharzburgites
and metagabbros enclosed in the Tapo Ultramafic Massif.

SiO,-rich fluids
Open system model
Tapo Ultramafic Massif

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Chromite grains often exhibit complex patterns of zoning
related with hydrous or thermal metamorphism (Loferski, 1986;
Evans and Frost, 1975; Kimball, 1990; Fleet et al., 1993; Abzalov,

* Corresponding author at: Instituto de Geologia, Universidad Nacional Aut6éno-
ma de México, Ciudad Universitaria, 04510 Ciudad de México, Mexico.

E-mail address: vcolas86@gmail.com (V. Colas).

http://dx.doi.org/10.1016/j.oregeorev.2017.02.025
0169-1368/© 2017 Elsevier B.V. All rights reserved.

1998; Barnes, 2000; Proenza et al., 2004; Gonzalez-Jiménez et al.,
2009; Gonzalez-Jiménez et al., 2015, 2016; Merlini et al., 2009;
Mukherjee et al., 2010; Mukherjee et al., 2015; Gervilla et al,,
2012; Saumur and Hattori, 2013; Colas et al., 2014; Evans, 2015).
The development of the zoning depends on many factors, including
the composition and size of chromite grains, the texture of chromi-
tite bodies, the pressure and temperature conditions of the meta-
morphism, the deformation and fluid/rock ratios, as well as
intrinsic thermodynamic parameters of the metamorphic fluid
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such as oxygen fugacity (fO,), content of CO, (XCO,) and silica
activity (aSiO,) (Bliss and MacLean, 1975; Evans and Frost, 1975;
Loferski, 1986; Candia and Gaspar, 1997; Barnes, 2000; Proenza
et al., 2004; Merlini et al., 2009; Barra et al., 2014; Evans, 2015;
Satsukawa et al., 2015).

Previous estimations of the temperatures for the alteration of
ophiolitic chromitites during hydrous metamorphism using ther-
modynamic models indicate that the alteration of chromite takes
place under water-saturated conditions below 700 °C and variable
pressure (up to ca. 10 kbar) (Gervilla et al., 2012; Barra et al., 2014;
Gonzalez-Jiménez et al., 2015, 2016). Under these P-T conditions
that are typical of the amphibolite-facies and greenschist-facies
metamorphism, isochemical phase diagrams (or pseudosections)
predict that the stable assemblage is chlorite + chromite + bru-
cite + (diaspore) (Gervilla et al, 2012; Barra et al, 2014;
Gonzalez-Jiménez et al., 2015, 2016). However, brucite is com-
monly absent in many chromite-bearing serpentinized rocks
(Ulmer, 1974; Evans and Frost, 1975; Oze et al., 2004; Polat
et al,, 2006; Gargiulo et al., 2013; Gahlan et al., 2015; Evans,
2015; Kotschoubey et al., 2016) or metamorphosed chromitites
elsewhere (Zaccarini et al., 2008; Akmaz et al., 2014; Colas et al.,
2014; Mukherjee et al., 2015). Frost and Beard (2007), Jons et al.
(2010) and Frost et al. (2013) showed that the stability of brucite
during serpentinization might not only depend on pressure and
temperature, but also strongly on the infiltration of silica-rich flu-
ids. This implies that the hydrous metamorphism of chromitites
should take place under open system condition relative to SiO,
(i.e., SiO, dissolved in fluids), which would cause significant
changes in the mineral assemblage of altered chromitite bodies.

In this work we apply a new thermodynamic approach able to
explain the absence of brucite in metamorphosed chromitites.
The refined thermodynamic model takes into account that alter-
ation of chromite during metamorphism is dominated by
dissolution-precipitation in an open system saturated in fluids.
The case study of the Tapo Ultramafic Massif (Eastern Cordillera,
Pert) is taken to evaluate our model because it contains chromitite
bodies metamorphosed from eclogite- or amphibolite-facies to
greenschist-facies, which allows us to assess the compositional
variations of metamorphic chromite as a possible fingerprint of
P-T pathways. We calculate pSiO,-uMgO and P-T-X pseudosections
in order to reproduce the phase relation changes that hydrous
metamorphism has produced on the chromitite bodies and their
forming chromite grains. This approach is carried out by contrast-
ing different P-T pathways estimated for metamorphic rocks
enclosing the chromite-bearing ultramafic massif. Our results help
to better decode the processes of metamorphism of ophiolitic
chromitites unravelling the true nature of the fluids involved in
such processes.

2. Geological background

The Tapo Ultramafic Massif is a metamorphosed ophiolitic
ultramafic massif exposed in the Eastern Cordillera of the Central
Peruvian Andes (Castroviejo et al., 2009; Tassinari et al., 2011;
Willner et al., 2014). It is part of the metamorphic basement of
the Eastern Cordillera, known as Marafién Complex (Wilson and
Reyes, 1964; Dalmayrac et al., 1980) or Huacar Group (Megard
et al., 1996) (Fig. 1), and mainly consists of strongly tectonized
and highly serpentinized metaharzburgites and minor metadu-
nites (Tassinari et al., 2011) that enclose chromitite bodies, banded
metagabbros, lenses of garnet amphibolites and rodingites
(Tassinari et al., 2011; Willner et al., 2014). Silica and carbonate-
silica hydrothermalites, birbirites and listwaenites, are present
along thrusts and faults crosscutting the ultramafic massif. The
Tapo Ultramafic Massif is unconformably overlain by fossiliferous

Lower Carboniferous and Upper Permian sedimentary rocks (Ambo
and Mitd Groups; Dalmayrac et al., 1980), which are overlain by an
Upper Triassic-Lower Jurassic carbonate sequence (Pucara Group)
(Fig. 1). Further details on the geology of the Tapo Ultramafic Mas-
sif can be found in the works of Castroviejo et al. (2009), Tassinari
et al. (2011) and Willner et al. (2014).

Willner et al. (2014) performed P-T pseudosections based on
mineral assemblages from garnet-bearing amphibolites of the Tapo
Ultramafic Massif and from a suite of enclosing metamorphic rocks
(metabasites and metapelites of the Marafiéon Complex), estimat-
ing a high-pressure metamorphism (11-13 kbar and 500-540 °C)
with a temperature peak of 600 °C in the Tapo Ultramafic Massif,
and a greenschist-facies overprint at 2.4-2.6 kbar and 300-330 °C
in the enclosing Marafién Complex (Fig. 2). Metamorphic peak con-
ditions were also reported on orthogneiss (12 kbar and 700 °C) and
migmatitic paragneiss and garnet-biotite schist (10 kbar and
600 °C) from the Northern and Central parts of the Marafién Com-
plex, respectively (Chew et al., 2005, 2007) (Fig. 2). Cardona et al.
(2007, 2009) estimated a similar retrograde metamorphic pathway
in mica schists of the Marafién Complex: amphibolite-facies meta-
morphism (7-10 kbar and 540-660 °C) with greenschist-facies
metamorphism overprint at 3-5 kbar and 350-450 °C (Fig. 2).

The investigated chromite-bearing samples come from five
chromitite bodies and three serpentinites from the Tapo Ultramafic
Massif. The size and dimensions of old quarries left after extraction
of the chromitite bodies indicate that these were podiform-like
bodies of small size (rarely more than 100 m long and less than
1 m thick), which were enclosed in metaharzburgites, usually in
contact with metagabbros (Fig. 1) (Castroviejo et al., 2009;
Tassinari et al., 2011).

3. Analytical procedures

The microstructure and zoning of metamorphic chromite grains
were imaged using a scanning electron microscope (JEOL SM 6400
SEM) belonging to University of Zaragoza (Spain).

Major and minor elements in chromite and associated silicates
were determined using a CAMECA SX-50 at the Serveis Cientifics i
Técnics de la Universitat de Barcelona (Spain), under the following
conditions: 15 kV acceleration voltage, 20 nA beam current and
3 um beam size. Peak counting times were 20 s for Mg, Al, Si, Ti
and Cr and 30s for V, Mn, Fe, Ni and Zn. The calibration for chro-
mite and silicate analysis was performed using natural and syn-
thetic standards: periclase for MgO, corundum for Al,0s, diopside
for SiO,, rutile for TiO,, metallic V, chromite for Cr,03, rhodonite
for MnO, Fe,0; for FeO, NiO for NiO, sphalerite for ZnO; the X-
ray lines used were the Ko for all the elements. Structural formulae
of chromite were calculated assuming stoichiometry following the
procedure of Droop (1987).

Thermodynamic modelling was performed using Perple_X soft-
ware (Connolly, 2009) and the internally consistent thermody-
namic database extended to include Cr-bearing phases
(cr_hp02ver.dat; Holland and Powell, 1998, revised in 2002). The
components considered in the closed system were Cr,O3-MgO-
FeO-Al,05-Si0,-H,0 (CrMFASH) and the solid solutions used dur-
ing calculations were Cr-spinel (Klemme et al., 2009), eskolaite
(Chatterjee et al., 1982), olivine, chlorite, orthopyroxene and talc
(Holland and Powell, 1998). All other minerals involved in the cal-
culations are pure phases. The Cr-spinel solid solution includes the
mixing properties between Cr and Al in the octahedral site based
on the subregular solution model of Oka et al. (1984), and between
Mg and Fe?" in the tetrahedral site according to the ideal solution
model proposed by Engi (1983). Cr-bearing chlorite was not con-
sidered because of the lack of experimental data on the mixing
parameters for Al and Cr in this mineral.
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Fig. 1. Simplified geological map of the Tapo Ultramafic Massif hosting the chromitite bodies investigated in this work (modified from Tassinari et al., 2011).
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Fig. 2. Pressure-temperature metamorphic pathways calculated at Tapo Ultramafic
Massif (Willner et al., 2014) compared with other rocks of Marafién Complex
(Cardona et al., 2007, 2009; Chew et al., 2007, 2005). Legend provided as inset in the
figure.

4. Petrography and chemistry of the metamorphic chromite

The samples used in this study show variable chromite/silicate
ratios, corresponding to semi-massive (60-80vol% chromite)

chromitites and accessory chromite grains (<10 vol% chromite)
hosted in serpentinites. Chromite grains may show the three differ-
ent microstructures of alteration defined by Gervilla et al. (2012).
In semi-massive chromitites i) partly altered chromite grains are
found with relatively homogeneous cores surrounded by porous
rims (Fig.3a) containing chlorite inclusions. However, serpen-
tinites host both ii) zoned chromite grains with homogeneous cores
irregularly surrounded by non-porous chromite and an outermost
rim of magnetite, with antigorite and chlorite inclusions (Fig. 3b);
and iii) non-porous chromite with mosaic-like texture hosting some
inclusions of antigorite (Fig. 3c).

Chlorite is the main silicate between chromite grains in the
chromitite samples, while antigorite and irregular patches of mag-
netite are exclusively found in serpentinites (Fig. 3). No primary
olivine was observed in chromitites or in serpentinite samples.
Small masses of Ni-rich sulphides and arsenides (heazlewoodite,
godlevskite, pentlandite and maucherite) are scattered in the sili-
cate matrix and included in the magnetite patches, pores of partly
altered chromite and non-porous rims of zoned chromite grains
(Fig.3a and d).

The microstructural zoning observed in chromite grains corre-
lates directly with variations in their composition. Partly altered
chromite grains exhibit an overall trend of decreasing in Al,O3
and MgO, coeval with an increase of Cr,0s, FeO and to a lesser
extent, Fe,03 from core to porous rim (Cr# [Cr/(Cr + Al) in atomic
ratio] = 0.41-0.52, Mg# [Mg/(Mg + Fe?*) in atomic ratio] = 0.60-
0.79 and Fe*"/(Fe3*+Fe®")<0.33 in core; Cr#=0.57-0.95,
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Fig. 3. Back Scattered Electron (BSE) images of the different microstructures of alteration in chromite grains from the Tapo Ultramafic Massif. Partly altered chromite (a) in
semi-massive chromitites; zoned (b) and non-porous chromite (¢ and d) hosted in serpentinites. Abbreviations: Atg: antigorite, Chr: chromite, Hzl: heazlewoodite, Mag:
magnetite, Non-P: non-porous chromite, P Chr: porous chromite, Pn: pentlandite. Mineral abbreviations after Whitney and Evans (2010).

Mg# =0.19-0.69 and Fe*"/(Fe>* +Fe®")<0.62 in porous rim)
(Fig. 4a-c and Table 1). This trend is more evident, especially for
Fe,0;, from core (Cr# =0.50-0.55, Mg# =0.43-0.66 and Fe*'/
(Fe3* + Fe?*)=0.16-0.25) to non-porous and magnetite rims of
zoned chromite grains (Cr# =0.67-0.99, Mg# =0.05-0.33 and
Fe3*/(Fe3* + Fe**) = 0.37-0.60 in non-porous rim; Cr# = 0.95-1.00,
Mg# = 0.01-0.11 and Fe®*/(Fe®* + Fe?*)=0.63-0.67 in magnetite
rim) (Fig. 4d-f and Table 1). The composition of non-porous chro-
mite overlaps that of magnetite rims of zoned chromite grains
(Cr#=0.98-1.00, Mg# <0.09 and Fe3*/(Fe** + Fe*)=0.51-0.67)
(Fig. 4d-f and Table 1).

The average composition of chlorite associated with partly
altered chromite in semi-massive chromitites is (Mg 41Al; 31Crg 14~
Feo.12Nig,03)=-6.00(Si2.63Al1.37)4010(OH)s, and that related with
zoned chromite in serpentinites is (Mg4.92Alg73F€025Cr0.05Nig02)-
==5.97(Si325Al0.75)4010(OH)g (Table 2). Both contain significant
amounts of Cr,O3 (1.22-9.53 wt% in semi-massive chromitites
and 0.29-1.48 wt% in serpentinites). Composition of antigorite
associated with zoned and non-porous chromite in serpentinites
is (Mg2.73Feq.11Alo,07Ni0.01Cr0.01)-2.93512.0105(0OH)4 (Table 2).

4.1. Estimations on the chromitite bulk composition

In order to know the compositional differences between unal-
tered and altered chromitite bodies their bulk composition was
calculated from unaltered semi-massive chromitite and consider-
ing a 72:28 molar mix of primary chromite and olivine (Table 3).
These molar proportions were estimated from the areal proportion
of chromite and silicate matrix on a thin section image of a semi-
massive chromitite sample from the Tapo Ultramafic Massif, using
the Image-] software (Rasband, 2007) and assuming that olivine
was the only primary silicate mineral in the matrix. The composi-
tion of primary chromite is that of the average values of the cores
of partly altered chromite grains from the studied thin section
[(Mgo 74Fe0.26)Cro.98Al1.0204] and that of olivine is Fogy [(Mg1.84-
Feg.16)Si04], the typical olivine composition in mantle-hosted ophi-
olitic chromitites (Dick and Bullen, 1984; Leblanc and Nicolas,
1992; Kamenetsky and Gurenko, 2007; Tian et al., 2011) (Table 3).

The estimated bulk composition of unaltered semi-massive
chromitites is 15.48 mol% Cr,03, 45.96 mol% MgO, 10.18 mol%
FeO, 16.10 mol% Al,03 and 12.28 mol% SiO, (Table 3).

Altered semi-massive chromitite bulk composition was calcu-
lated by assuming a 40:60 molar mix of altered chromite and clin-
ochlore (Table 3). Proportions of altered chromite and chlorite
were calculated after the following equation:

Vair = (Vunaie — 48.001)/0.5886 (1)

where Vi (vol%) is the modal volume of chromite in altered
chromitites and Vynare (vol%) is that in unaltered chromitites. Eq.
(1) is deduced from the calibration line obtained by plotting the vol-
ume of altered chromite calculated from pseudosections computed
for 90:10, 80:20, 70:30, and 60:40 molar mixes of primary chromite
and olivine (Fig. 5). V,y, is the minimum volume selected at the low-
est temperature conditions (c.a. 250 °C) or prior to the stability of
diaspore (Appendix 1), and represents the complete re-
equilibration between chromite and olivine under hydrous condi-
tions (i.e., complete alteration of unaltered chromitite). The compo-
sition of altered chromite is the average of the porous rim in partly
altered chromite from the studied thin section [(Mgg sFeq.35)Cry2-
Algg04] (Table 3), and that of chlorite is clinochlore [MgsAlSizAl
(OH)g] because the content of FeO in chlorite in equilibrium with
partly altered chromite is very low (ca. 1.47 wt%; Table 2). Com-
pared to the unaltered semi-masive chromitite, the altered semi-
massive chromitite has lower MgO (35.97 mol%), higher SiO,
(16.86 mol%) but similar contents of Cr O3 (18.44 mol%), FeO
(12.21 mol%) and Al,03 (16.52 mol%) (Table 3).

5. Discussion

5.1. Chromite-matrix silicate reactions form metamorphic zoning in
chromite

The different microstructures and zoning patterns exhibited by
chromite grains from the Tapo Ultramafic Massif are similar to
those described in other chromite grains affected by retrograde
hydrous metamorphism (Gervilla et al., 2012; Prabhakar and
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Bhattacharya, 2013; Barra et al, 2014; Colas et al, 2014;
Satsukawa et al., 2015; Ahmed and Surour, 2016). These
microstructures and zoning can be explained as a consequence of
the two stage process suggested by Gervilla et al. (2012). The first
stage involved the reaction between primary chromite and olivine
in presence of SiO,-rich fluids to produce a core-to-rim trend of
Al;03 and MgO loss and Cr,03 and FeO gain (Figs. 3a and 4a-c)
in chromite grains. These compositional trends reflect the prefer-
ential partitioning of Al and Mg towards chlorite that crystallized
coeval with Fe?*-rich porous chromite (e.g., Gervilla et al., 2012;
Colas et al., 2014) (Fig. 6). The balanced equation of this reaction
can be written as follows (Fig. 6):

2(Mgg 74Feq26)CrAlO4 + 2(Mg; g4Feq 16)Si04 + Si024q. + 8H,0 —
(Mg4_51 FeO49)AlSI3Al(OH)8 + (MgOIGSFeo,gs)CI‘204
Chromite + Olivine — Clinochlore + Fe*-rich chromite

(2)

The second stage of alteration is the result of the exhaustion of
olivine and the subsequent increase of fO, in the fluid, which pro-
moted the oxidation of Fe?* and the increase of Fe*" in the system
(Colas et al., 2014 and references therein). The interaction of previ-
ous FeZ*-rich porous chromite with these more oxidizing and Fe-
bearing fluids, resulted in a more pronounced loss of Al,0; and
MgO coeval with an extreme increase of Fe,03 and to lesser extent
for Cr,05 and FeO (Figs. 3b-d and 4d-e). These trends, that can be
observed from core to non-porous rims in zoned and non-porous
chromite grains, indicate the diffusion of Fe?* and Fe>* through the
pore network while eliminating the porous textures and producing
Fe3*-rich non-porous chromite (i.e., ferrian chromite) (Mukherjee
et al., 2010; Gervilla et al., 2012; Colas et al., 2014; Satsukawa
et al., 2015) (Fig. 6). A balanced equation of this second reaction is:

(Mg g5F€0.35)Cry04 4 Fe304a9 — 2(FegesMgg3,)CrFeOy
Fe**-rich chromite + Magnetite — Ferrian chromite

(3)
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Table 1

Average composition of altered chromite grains from the Tapo Ultramafic Massif (Peru) analyzed by EMPA.

Texture Semi-massive chromitite Accessory chromite in sepentinite
Chromite microstructure Partly altered chromite Zoned chromite Non-porous
chromite
Chromite grain zone Core Porous rim Core Non-porous Magnetite rim Core to rim
rim
n=107 n=134 n=72 n=137 n=41 n=27
TiO, (wt%)* 0.15+0.03 0.20+0.07 0.14 +0.02 0.33+0.54 0.10£0.11 0.11+0.18
Al,05 28.16 £1.86 16.73 £5.08 24.79 £0.36 347294 0.00 £ 0.04 0+0.10
Cry03 40.51+1.84 45.74 £4.77 42.45+1.83 34.82 +4.07 1.68 +4.47 5.83+6.84
Fe,05" 3.19+1.09 7.68 £6.37 3.85+1.27 29.78 £5.93 67.53 £4.78 62.25+7.84
FeO 10.40 £1.22 17.39 £3.04 14.12 £ 2.65 25.28 £1.50 30.03+0.91 30.91+0.52
V5,03 0.15+0.04 0.17 £0.04 0.16 £ 0.04 0.11+0.04 0.04 +0.03 0.05+0.03
MnO 0.22+0.10 0.76 £0.73 0.25+0.09 2.06 + 0.45 0.13+0.32 0.08 £0.16
MgO 16.88 £0.90 10.66 +2.84 1411+ 1.77 2.895+1.42 0.51+0.33 0.06 +0.49
Zno 0.06 = 0.06 0.14+0.54 0.15+0.13 0.545+0.17 0.02 £ 0.06 0.06 +£0.20
NiO 0.22 +0.05 0.08 £0.12 0.14+0.04 0.28+0.10 0.51+0.06 0.27 £ 0.06
Total 100.2 £0.8 100.3 £0.9 100.4 £ 0.6 99.8+0.8 100.5+0.9 99.7+0.7
Atoms per formula unit calculated on the basis of 4 oxygens
Al 0.97 0.63 0.88 0.15 0.00 0.00
Cr 0.94 1.16 1.01 1.00 0.05 0.18
Fe* 0.07 0.19 0.09 0.82 1.94 1.81
\ 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.74 0.51 0.64 0.16 0.03 0.00
Fe?* 0.26 047 0.36 0.77 0.96 1.00
Ti 0.00 0.00 0.00 0.01 0.00 0.00
Mn 0.01 0.02 0.01 0.06 0.00 0.00
Ni 0.01 0.00 0.00 0.01 0.02 0.01
Cr#¢ 0.41-0.52 0.57-0.95 0.50-0.55 0.67-0.99 0.95-1.00 0.98-1.00
Mg#d 0.60-0.79 0.19-0.69 0.43-0.66 0.05-0.33 0.01-0.11 <0.09
Fe3*|(Fe3*+Fe?*) 0.00-0.33 0.00-0.62 0.16-0.25 0.37-0.60 0.63-0.67 0.51-0.67

2 Uncertainties are given as 1¢ standard deviation.

b Fe,05 contents of chromite were computed assuming R;0,4 stoichiometry and charge balance.

¢ Range of Cr# [Cr/(Cr + Al) atomic ratio].
9 Range of Mg# [Mg/(Mg + Fe?*) atomic ratio].
¢ Range of Fe?*/(Fe** + Fe?") in atomic ratio.

Table 2

Average composition of silicates from the Tapo Ultramafic Massif (Peru) analyzed by EMPA.
Rock type Semi-massive chromitite Sepentinite
Mineral Chlorite Chlorite Antigorite

n=36 n=6 n=32

Si0; (wt%)? 28.15 2.3 34.74 +0.52 44.07 +0.95
AlL,03 2432 +5.01 13.61 +0.93 1.38 +0.49
Cry03 1.85 +1.88 0.71 +0.46 0.15 +0.24
FeO 1.47 +0.48 3.16 +0.24 2.84 +4.02
MgO 31.61 +1.25 35.46 +0.37 40.05 +1.80
NiO 0.19 +0.36 0.125 +0.03 0.1 +0.08
Total 87.6 +0.8 87.81 +0.9 88.61 +1.9
Atoms per formula unit”
silV 2.63 3.25 2.01
AlY 1.37 0.75
AV 1.31 0.73 0.07
Cr 0.14 0.05 0.01
Mg 441 4.92 2.73
Fe?* 0.11 0.25 0.1
Ni 0.03 0.02 0.01

2 Uncertainties are given as 1o standard deviation.

> Atoms per formula unit calculated on the basis of 14 oxygens for chlorite and on the basis of 9 oxygens for antigorite.

The formation of magnetite rims in zoned chromite grains and
magnetite patches hosted in the silicate matrix (Figs. 3b and d
and 6) evidences the excess of Fe in the system once the reaction
of formation of ferrian chromite has been completed. This may
reflect a continuous supply of Fe-bearing fluids from country rocks
which were coevally being serpentinized. However, the preserva-

tion of partly altered chromite in semi-massive chromitites sug-
gests an unequal effectiveness of the process, which is highly
affected by the chromite/silicate and fluid/rock ratios, higher and
lower respectively in semi-massive chromitites relative to serpen-
tinites (Loferski, 1986; Candia and Gaspar, 1997; Proenza et al.,
1999; Merlini et al., 2009; Barra et al., 2014; Colas et al., 2014).
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Bulk composition of altered and unaltered semi-massive chromitites obtained from the Tapo Ultramafic Massif (Peru). Average composition of chromite was analyzed by EMPA.

Unaltered chromitite

Altered chromitite

Chromite cores Olivine® Porous chromite Clinochlore”
n=>51 n=22
SiOy (wt%)© 0.04 + 0.04 41.47 0.03+0.12 32.28
TiO, 0.16 £ 0.02 0.20 £ 0.07
Al,03 27.79 £ 0.66 20.23 +1.67 18.11
Cr,03 40.36 £ 0.56 45.47 £1.30
Fe,05¢ 3.51+0.55 5.71+1.93
FeO 10.44 £ 0.56 7.85 14.24 £1.27
V,03 0.14 + 0.05 0.16 £ 0.03
MnO 0.23 +£0.09 0.51+0.25
MgO 16.67 £ 0.35 50.68 13.10+0.94 35.82
Zn0 0.07 £ 0.04 0.11 £ 0.05
NiO 0.22 +0.05 0.08 + 0.05
Total 99.63 +0.62 100.0 99.83+0.83 86.21
Atoms per formula unit
Si0, 0.00 2.01 0.00 3.01
AlY 0.99
AlV! 0.97 0.74 1.01
Cr 0.94 1.12 0.00
Fe’* 0.08 0.13
\Y 0.00 0.00
Mg 0.73 1.83 0.61 4.98
Fe?* 0.26 0.16 0.37 0.00
Ti 0.00 0.00
Mn 0.01 0.01
Ni 0.00 0.00
Cr#© 0.49 0.60
Mg#" 0.74 92.00 0.62
Fe3*/(Fe>* + Fe?*)® 0.23 0.26
72:28 Chromite:Olivine 40:60 Chromite:Chlorite
SiO; (mol%) 12.28 16.86
Al,05 16.10 16.52
Cr,03 15.48 18.44
FeO 10.18 12.21
MgO 45.96 35.97

@ Average composition of stoichiometric Fog,.
Average composition of stoichiometric clinochore.
Uncertainties are given as 1c standard deviation.

b
C
d
¢ Range of Cr* [Cr/(Cr + Al) atomic ratio].

f Range of Mg* [Mg/(Mg + Fe?*) atomic ratio].

& Range of Fe3*/(Fe>* + Fe?") in atomic ratio.

5.2. Thermodynamic basis for accounting the effect of silica and
magnesium during alteration of chromite

Previous thermodynamic approaches applied to model the
alteration of chromite during metamorphism considered it as a
solid-stage diffusion process (Gervilla et al., 2012; Barra et al.,
2014; Gonzalez-Jiménez et al., 2015, 2016). In these models the
effects of metamorphic alteration on the igneous textures, mineral
assemblages and bulk composition of the rocks and minerals were
estimated using binary pressure-temperature (P-T) pseudosec-
tions. The application of this modelling to chromitites from the
Tapo Ultramafic Massif predicts the existence of brucite-bearing
assemblages at low P-T conditions (i.e., greenschist-facies meta-
morphism; Appendix 1). However, we observed chlorite instead
of brucite in our samples (Fig. 3a) as well as lower MgO and higher
SiO, contents in the bulk-rock of altered chromitite relative to
unaltered chromitite (Table 3). These observations suggest the pos-
sible addition of SiO, and the possible leaching of MgO by meta-
morphic fluids in an open system. The irregular contact between
cores and Fe?*-rich porous rims in partly altered chromite and
the presence of chlorite filling these pores led us to suggest a
mechanism of alteration of chromite dominated by dissolution-
precipitation rather than solid-state diffusion driven process, sim-
ilarly to observed in the metamorphosed chromitites of the

Fe,053 contents of chromite were computed assuming R304 stoichiometry and charge balance.

Golyamo-Kamenyane serpentinites by Gervilla et al. (2012) and
Colas et al. (2014). This process that is predominantly identified
along the interface chromite grain edge-fluid can be better mod-
eled applying a hybrid chemical potential-bulk composition
approach (i.e., T-p and p-p pseudosections), such as recently sug-
gested Evans et al. (2013) in the case of serpentinites from New
Caledonia.

Figs. 7a and b show T-pSiO, and T-uMgO pseudosections per-
formed for chromitites from the Tapo Ultramafic Massif and calcu-
lated considering a water-saturated CrMFASH system, for an
unaltered semi-massive chromitite bulk composition (72:28 molar
mix of primary chromite and olivine; Section 4.1.) at a constant
pressure of 2 kbar. This pressure was chosen because it is consis-
tent with the formation conditions of chlorite (see Eq. (2); Fig. 6)
and is slightly below the lowest metamorphic pressure conditions
obtained by Willner et al. (2014) in metabasites and metapelites
from the Tapo Ultramafic Massif (2.4 kbar) and by Chew et al.
(2005, 2007) and Cardona et al. (2007, 2009) in migmatites and
metapelites from the Marafién Complex (3 kbar; Fig. 2).

As is shown in Figs. 7a and b, the tetravariant field consisting of
the assemblage olivine + chromite (dark grey field in Fig. 7a and b)
is stable at temperatures above 520 °C and variable uSiO, (e.g.,
below —910 kj/mol) and pMgO (e.g., between —562 and —594 kJ/-
mol). This field represents the stable assemblage of an unaltered
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Fig. 5. Plot of the modal volume variations of chromite from altered chromitites
(Var) versus that of unaltered chromitites (Vynat) computed for 90:10, 80:20, 70:30
and 60:40 molar mixes of primary chromite and olivine.

semi-massive chromitite (Fig. 6). However, at temperatures of
300 °C (i.e., lowest temperature conditions inferred from the host
ultramafic rocks in the Tapo Ultramafic Massif and from the
Marafién Complex; Willner et al., 2014; Chew et al., 2005, 2007;
Cardona et al., 2007, 2009) chlorite is predicted to be stable with
chromite instead of brucite (i.e., assemblage chlorite + chromite;
dark grey field in Fig. 7a and b) at higher pSiO, (e.g., from —915
to —876 kJ/mol) but lower uMgO (e.g., from —598 to —579 kJ/mol)
conditions. This field should represent the stable assemblage for
altered chromitites (i.e., Fe?*-rich chromite and chlorite) showed
in semi-massive chromitites the Tapo Ultramafic Massif. Thus,
these diagrams predict the metamorphic reaction explaining the
formation of partly altered chromite (see Eq. (2)). If so,
Figs.7a and b reproduce the mineral assemblages in semi-
massive chromitites (Fig. 3a) before and after alteration due to

changing n1SiO, and pMgO conditions. This suggests that variation
in SiO, and MgO most likely due to an influx of external fluids car-
rying these components in solution. Therefore, the thermodynamic
calculations used to explain the alteration of chromitite bodies and
their forming chromite grains must be performed in an open sys-
tem relative to SiO, and MgO.

A pSiO,-uMgO diagram (Fig. 7c) was performed in order to
investigate the effects of simultaneous changes in SiO, and MgO
during alteration of chromite. Fig. 7c shows a pseudosection calcu-
lated for a water-saturated unaltered semi-massive chromitite,
with a bulk composition corresponding to a 72:28 molar mix of
primary chromite and olivine (Table 3), at constant P-T conditions
of 2 kbar and 300 °C. This diagram reproduces with fidelity the
phase relations changes observed from unaltered to altered semi-
massive chromitites (see dashed line in Fig. 7c). Primary chromite
is stable at low uSiO, but high uMgO (dark grey field in Fig. 7c),
while the chromite + chlorite and chromite + chlorite + eskolaite
assemblages (i.e., Fe**-porous rims in partly altered chromite) are
stable at progressive higher uSiO, but lower uMgO (grey and white
fields in Fig. 7c). Eskolaite (Cr,03) is stable in this field but it is not
present in the studied samples. However, at the mentioned P-T
conditions the amount of this mineral reaches 7.20 wt%, which is
similar to the content of Cr,03 observed in chlorite from partly
altered chromite (up to 9.53 wt% Cr,03). Due to the lack of a Cr-
rich end-member in the chlorite solution model, the estimated
content of eskolaite could represent the high Cr,03; amounts ana-
lyzed in the chlorite associated with partly altered chromite from
semi-massive chromitites at the Tapo Ultramafic Massif. Therefore,
the divariant field Chl + Chr + Esk modeled in Fig. 7c is closer to the
assemblage described in altered semi-massive chromitites (Fig. 3a)
than the trivariant field Chl+ Chr obtained for unaltered semi-
massive chromitite (grey field in Fig. 7c). The good agreement
between observed and modeled mineral assemblages in altered
semi-massive chromitite from the Tapo Ultramafic Massif supports
the important role of SiO, and MgO in the retrograde metamorphic
evolution of chromitite bodies.

5.3. The role of SiO, and MgO in the alteration of the Tapo Ultramafic
Massif chromitites

Chemical potential diagrams provided in Fig. 7 show the
possible phase relations that might result during the alteration of

Decreasing metamorphic grade (T)

Eclogite-facies

Magmatic chromite

Stage-1 ,

Chlorite “...§

Cr, Fe* (Fe™) Mg, Al

>

Greenschist-facies

Cr, Fe* (Fe™) Mg, Al

Porous rim

® 4
Porous .~
chromite

Chromite + Olivine + H,0 + SiO,aq. = Fe*-rich chromite + Chlorite
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Non-porous rim

Stage-2

Non-porous.

Magneiite rim chromite

Fe™-rich chromite + Fe,0, aq. = Fe*-rich chromite

Fig. 6. Schematic illustration of microstructural and compositional changes in chromite grains, showed as a two-stage process of alteration during the retrograde
metamorphic evolution of the Tapo Ultramafic Massif. The extent of reaction is noted in the figure with the number of arrows.
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semi-massive chromitites from the Tapo Ultramafic Massif at
2 kbar and 300 °C (i.e., latest overprint inferred from the Tapo
Ultramafic Massif and Marafién Complex) and increasing pSiO,
but decreasing pMgO. However, these diagrams cannot include
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altogether the unaltered and altered chromitite bulk compositions,
uSiO, and uMgO as thermodynamic variables and the different P-T
pathways estimated for the enclosing metamorphic rocks. The
careful application of P-T-X diagrams becomes an appropriate tool
as they take the latter parameters into account and allow the
observed phase relation changes to be monitored during the chro-
mite alteration process.

Fig. 8 shows P-T-X diagrams (fluid saturated CrMFASH system
and contoured for SiO, wt% and MgO wt%) calculated using the dif-
ferent P-T paths estimated for the retrograde metamorphism that
affected the metamorphic basement enclosing the Tapo Ultramafic
Massif (i.e., Marafién Complex) and the rocks of the massif itself.
The diagrams shown in this figure correspond to metamorphic
pathways recorded in the metabasitic and metapelitic rocks of
the Tapo Ultramafic Massif (T = 0.03P + 505 from 16 to 2.4 kbar
and from 685 to 300 °C; Willner et al., 2014) and the enclosing
migmatitic and metapelitic rocks of the Marafiébn Complex
(T=0.04P +506 from 12 to 3 kbar and from 700 to 350 °C;
Cardona et al., 2007, 2009; Chew et al., 2005, 2007), respectively.
The bulk composition variability (X) represents a transition from
unaltered (72:28 molar mix of primary chromite and Fog;) (Xc1)
to altered chromitite bulk compositions (40:60 molar mix of
altered chromite and clinochlore) (Xc,).

P-T-X diagrams (Fig. 8) show that the olivine + chromite assem-
blage (i.e., unaltered chromitite) was stable only at high P-T condi-
tions and for Xc; values close to 1. Lowering pressure and
temperature, following the red arrows in Fig. 8, allowed to produce
the observed progressive stabilization of the following assem-
blages: chlorite + olivine + chromite, chlorite + chromite and chlo-
rite + chromite + eskolaite  (i.e., the altered chromitite
assemblage) upon increasing the SiO, contents (>10.90 wt% SiO,;
Fig.8a and c) and decreasing that of MgO (<21.00 wt% MgO)
(Fig. 8b and d). However, the stabilization of chlorite + chromite
+brucite occurs at lower SiO, and higher MgO contents
(<10.90 wt% SiO, and >21.00 wt% MgO; Fig. 8). This means that
P-T-X diagrams show the partial equilibrium sequence of mineral
assemblages during the retrograde metamorphic evolution of
semi-massive chromitites from the Tapo Ultramafic Massif.

Figs. 9 shows that the composition of metamorphic chromite
predicted by our thermodynamic model (i.e., following the meta-
morphic pathways proposed at Tapo Ultramafic Massif and
Marafién Complex) perfectly matches with that determined for
natural chromite grains from the Tapo Ultramafic Massif. Thus,
the composition of predicted chromite follows the observed trend
of Al,03 and MgO decrease and Cr,05 and FeO increase from core
to porous rim in the partly altered chromite grains from semi-
massive chromitites. These observations suggest that the natural
chromite we have studied only preserved the record of the meta-
morphic peak P-T conditions and of the latest overprint (i.e., chro-
mite + olivine and chlorite + chromite + eskolaite assemblages,
respectively), but not that corresponding to the complete meta-
morphic pathway. This is similar to what is observed in zoned
chromite grains from Tehuitzingo serpentinite (Mexico, Proenza
et al., 2004), Rio de Las Tunas belt (Argentina, Gargiulo et al.,
2013) or La Cabafia (Chile, Gonzalez-Jiménez et al., 2016) where

<

Fig. 7. Temperature (T)-uSiO; (a), T-uMgO (b) and pSiO,-uMgO (c) pseudosections
for unaltered semi-massive chromitite (72:28 molar mix of primary chromite and
olivine) bulk composition in the fluid saturated CrMFASH system, calculated at
constant pressure and temperature. Dashed line reproduces the phase relations
changes observed from unaltered to altered semi-massive chromitites. Mineral
abbreviations after Whitney and Evans (2010), where amesite is Ames, antigorite is
Atg, anthophyllite is Ath, brucite is Brc, chlorite is Chl, chromite is Chr, clinohumite
is Chu, diaspore is Dsp, eskolaite is Esk, olivine is Ol, orthopyroxene is Opx, periclase
is Per and talc is Tlc.
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Fig. 8. P-T-X pseudosections calculated for unaltered semi-massive chromitite composition at X; and altered semi-massive chromitite composition at X, in the water-
saturated CrMFASH system. Metamorphic gradients are (a-b) T = 0.03P + 505, for a P = 16-2.4 kbar and T = 685-300 °C, for the Tapo Ultramafic Massif metamorphism; and (c-
d) T = 0.04P + 506, for P = 12-3 kbar and T = 700-350 °C, for the Marafién Complex metamorphism. Dashed lines correspond to the content of SiO, (a-c¢) and MgO (b-d) (wt%)
in the system. The red arrows show the P-T exhumation paths proposed for semi-massive chromitite bodies of the Tapo Ultramafic Massif. Mineral names as in Fig. 7.

metamorphosed chromitites and their metamorphic host rocks
only recorded the metamorphic peak and the latest overprint.

5.4. Origin of the SiO,-rich fluids and mobilization of MgO from the
chromitites

Bach et al. (2006) and Frost et al. (2013) suggest that the hydra-
tion of orthopyroxene during serpentinization adds SiO, to the cir-
culating fluids, which usually react with brucite in presence of
olivine to form serpentinite and a residual solution with MgO as
an aqueous species (Majumdar et al., 2016). In addition, the hydra-

tion of olivine from the peridotite and/or dunite hosting chromi-
tites usually lowers fO, (e.g., Bach et al., 2006) and produces
reducing fluids that might transform the magmatic chromite to
partly altered chromite (see Eq. (2)). Similarly, the alteration of
chromite grains in semi-massive chromitite bodies from the Tapo
Ultramafic Massif could have taken place due to the circulation
of reducing and SiO,-rich fluids that leached MgO out from the
rock.

Experiments performed by Brenan and Rose (2002) in chromite
and olivine mix suggest that the presence of silicates, mainly oli-
vine, in chromite-rich rocks reduce the permeability of natural
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chromitites. This is in disagreement with our observations taken
from the different microstructures of chromite grains and the
results obtained applying the thermodynamic modelling, which
clearly suggest that the infiltration of SiO,-rich fluids and the
mobilization of MgO (Figs. 7 and 8) enhanced the transformation
of magmatic chromite in chromitites to Fe?*-rich porous chromite
(Fig. 3a). Putnis (2002, 2009, 2015) and Putnis and Austrheim
(2010) suggested that the dissolution-precipitation processes aris-
ing from the hydrous metamorphism generate a transient porosity
in the product phase, but it is only effective during the replacement
process (i.e., in presence of fluids). The analysis of magmatic and
metamorphic chromite grains from ophiolitic chromitites by
Gervilla et al. (2012) and Lenaz et al. (2007) indicate that the cell
size of primary chromite is higher (8.255 A) than that of Fe?*-rich
chromite (cell size of 8.325A). Therefore, the development of
porosity in chromite grains would be a result of the difference in
molar volumes in chromite rather than in solubility effects. If so,
the alteration of chromite grains would only took place where flu-
ids were available. A temporal increase of the chromite porosity
and permeability would happened, allowing the circulation of
reducing and SiO,-rich fluids and mobilizing MgO from the
chromitite. Presence of SiO,-rich fluids and the mobilization of
MgO during retrograde metamorphism of ultramafic rocks (and
enclosed chromitite ores) on the Tapo Ultramafic Massif is also
suggested by the formation of scattered amphibolite lenses and
carbonate-silica hydrothermalites (i.e., listwaenites and birbirites)
filling thrust and faults in the ultramafic massif (Tassinari et al.,
2011).

The volume of water necessary to produce the cited SiO,-rich
fluids can be estimated by comparing the silica content in the sys-
tem before and after the alteration, which according to our compu-
tations varies from 9.60 wt% to 12 wt% (Fig. 8). Considering the
minimum P-T conditions reached during greenschist-facies meta-
morphism (2.4 kbar and 300 °C; Willner et al., 2014) of the Tapo
Ultramafic Massif, the volume of water necessary to dissolve
2.40 wt% SiO; in the forsterite + enstatite + HO system (Newton
and Manning, 2002) is 9.15-10% cm?. The circulation of this volume
of fluids implies a 1:40 fluid/rock ratio, assuming that the density
of unaltered semi-massive chromitite bodies (72:28 molar mix of
cores of partly altered chromite and Foo,) is 3.843 g/cm?. It is very
likely that the high fluid/rock ratio in semi-massive chromitite

bodies might have enhanced the circulation of SiO,-rich fluids
and the mobilization of MgO, thus giving place to the chlorite
+ chromite assemblage predicted by our model and observed in
partly altered chromite in semi-massive chromitites of the Tapo
Ultramafic Massif.

6. Conclusions

(1) Two-stage, retrograde hydrous metamorphism in the Tapo
Ultramafic Massif has produced chromite grains with three
types of microstructures. In the first stage, the reaction
between primary chromite and matrix olivine in presence
of reducing and SiO,-rich fluids resulted in the formation
of Fe?*-rich porous chromite rims (i.e., partly altered chro-
mite), at high chromite/silicate ratio (72 vol% of chromite).
At lower chromite/silicate ratios (<10 vol% of chromite) Fe-
bearing fluids interacted with Fe?*-rich porous chromite in
serpentinites to form zoned and non-porous chromite
grains.

(2) Based on the metamorphic zoning of chromite and the bulk
composition of altered semi-massive chromitite we infer
that the alteration of chromite was a dissolution-
precipitation driven process. We modeled thermodynami-
cally this reaction of alteration using hybrid chemical
potential-bulk composition approach.
uSiO,-uMgO diagram calculated for the P-T conditions of the
greenschist-facies overprint recorded in the studied area
(i.e., 2 kbar and 300 °C) indicate that the transformation of
the magmatic chromite to partly altered chromite (i.e.,
assemblage chromite + chlorite + eskolaite) took place at
higher pSiO, (e.g., from —915 to —876 kJ/mol) but lower
uMgO (e.g., from —598 to —579 kJ/mol) conditions. This
indicates that the fluids that have produced the alteration
were rich in SiO, but mobilized MgO out of the system. This
can explain the presence of chlorite instead brucite in our
samples.

(4) The careful application of P-T-X diagrams calculated accord-
ing the different P-T pathways undergone by the chromitites
and their enclosing metamorphic rocks confirm previous
predictions that the alteration of chromitites took place
under decreasing P and T conditions (i.e., retrograde
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metamorphism), increasing SiO, and decreasing MgO con-
tent in the system. Modeled and natural metamorphic chro-
mite shows identical compositional variations, which
suggest that natural chromite does not preserve the record
of the whole metamorphic pathway. Indeed, natural meta-
morphosed chromite only records the imprint of peak
(either maximum or minimum) metamorphic conditions
reached.

(5) In the chromitites from the Tapo Ultramafic Massif a high
fluid/rock ratio (1:40 ratio), promoted by the circulation of
reducing and SiO,-rich fluids, was required to produce the
observed microstructures and compositional changes in
the chromitites. These fluids were derived from the dissolu-
tion of orthopyroxene and/or olivine from the host ultra-
mafic rocks, whereas their releasing out from the
chromitite produced the formation of garnet amphibolites
and carbonate-silica hydrothermalites in the ultramafic
massif.
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