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25A suite of minor and trace elements (Ga, Ti, Ni Zn, Co, Mn, V, Sc) in chromite grains from ophiolitic chromitites
26subjected to high-pressure metamorphism defines a metamorphic signature. A two-stage process associated
27with the infiltration offluids during retrogrademetamorphism fromeclogite- to amphibolite-facies has produced
28four types of chromites: (1) porous chromite strongly enriched in Cr and Fe2+ but depleted in Al and Mg, with
29abundant chlorite filling the pores; (2) non-porous chromite strongly enriched in Fe3+ (i.e., ferrian chromite);
30(3) partly altered chromite with primary cores surrounded by chlorite-bearing porous chromite; and
31(4) zoned chromite made up of primary cores surrounded by non-porous rims of ferrian chromite.
32Compared to spinels from unmetamorphosed chromitites the cores of partly altered chromites after primary
33high-Cr chromite are enriched in Zn, Co and Mn but strongly depleted in Ga, Ni and Sc. This distribution of
34minor- and trace-elements is related to a decrease in Mg# [Mg/(Mg + Fe2+)] and Al, produced by the crystalli-
35zation of chlorite in the pores of porous chromite. Non-porous chromite is enriched in Ti, Ni, Zn, Co,Mnand Sc but
36depleted in Ga, suggesting that fluid-assisted processes have obliterated the primarymagmatic signature. Zoned
37chromites have cores depleted in Ga, Ni and Sc but are progressively enriched in Zn, Co and Mn as Mg# and Al
38decrease toward the rims; they have overall lower concentrations in Ga, Ni and Sc and higher Zn and Co than
39the non-porous rims of ferrian chromite. The complex variation of the minor- and trace-elements vs Fe3+/
40(Fe3+ + Fe2+) in the different types of chromite suggests a complex interplay of substitutions, linked with the
41ability of fluids to infiltrate the chromite and the extent of the re-equilibration between pre-existing cores and
42newly-formed rims.
43The results demonstrate that metamorphism can seriously disturb the original magmatic distribution of minor
44and trace elements in chromite. The abundances of these elements, and by inference the major elements, can
45be strongly modified even in the cores of grains that appear “unaltered” in terms of major elements. The use of
46the major elements as indicators of magmatic processes therefore must be linked to careful evaluation of meta-
47morphic effects, using LA-ICP-MS analysis of minor and trace elements.

48 © 2014 Published by Elsevier B.V.

4950

51

52

53 1. Introduction

54 Chromite is an oxide with a spinel-type structure that might be
55 expressed using the general formula AB2O4. The A site is occupied by
56 Mg and Fe2+ in tetrahedral coordination and the B site is usually

57occupied by Cr and Al in octahedral coordination; Cr and Al may be
58substituted by Fe3+ giving rise to ferrian chromite. Elements like
59Zn2+, Co2+, Mn2+ and Ni2+ can substitute Mg and Fe2+ in A and
60V3+, Sc3+, Ga3+ and Ti4+ can substitute Al and Cr in B (Table 1).
61These variations in the composition of chromite are commonly used to
62interpret the petrogenesis and the geodynamic setting of the host ultra-
63mafic rocks (Irvine, 1967; Dick and Bullen, 1984; Arai, 1992; Stowe,
641994; Zhou and Robinson, 1994; Barnes and Roeder, 2001;
65Kamenetsky et al., 2001; Ahmed et al., 2005; Rollinson, 2008; Pagé
66and Barnes, 2009). The high resistance of chromite to alteration (com-
67pared to the primary silicates) has made this oxide particularly useful
68as a petrogenetic indicator in ultramafic rocks in which metamorphic
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69 alteration has obliterated other primary fingerprints (e.g. Proenza et al.,
70 2004; Ahmed et al., 2005; González Jiménez et al., 2009). However, a
71 growing body of work, based on the study of chromite-rich rocks from
72 ophiolites, layered complexes and komatiites, has shown that the chem-
73 istry and structure of chromite can be also significantly modified during
74 both prograde (Bliss and MacLean, 1975; Evans and Frost, 1975; Wylie
75 et al., 1987; Frost, 1991; Burkhard, 1993; Abzalov, 1998; Barnes, 2000;
76 González Jiménez et al., 2009; Merlini et al., 2009; Olobaniyi and
77 Mücke, 2011) and retrograde metamorphismsQ2 (Loferski, 1986;
78 Proenza et al., 2004, 2008; Mellini et al., 2005; Mukherjee et al., 2010;
79 Gervilla et al., 2012; Grieco and Merlini, 2012).
80 Metamorphism typically imposes an optical and chemical zoning
81 on the primary chromite. In general, a zone enriched in FeO and
82 Cr2O3 and depleted inMgOandAl2O3 surrounds the apparently pristine
83 (or primary) core, which grades outwards to chromite strongly
84 enriched in Fe3+ (ferrian chromite) (Bliss and MacLean, 1975; Evans
85 and Frost, 1975; Wylie et al., 1987; Kimball, 1990; Barnes, 2000;
86 Mellini et al., 2005; González Jiménez et al., 2009; Merlini et al., 2009;
87 Mukherjee et al., 2010; Gervilla et al., 2012; Grieco and Merlini, 2012).
88 Occasionallymagnetite rims surround the cores and/or the ferrian chro-
89 mite rims.
90 Evans and Frost (1975), Bliss and MacLean (1975) and Barnes
91 (2000) have suggested that the ferrian chromite is produced by the re-
92 action of pristine cores with magnetite rims during prograde metamor-
93 phism of serpentinised ultramafic rocks. In contrast, Gervilla et al.
94 (2012) proposed that the formation of ferrian chromite is a two-stage
95 process occurring during the retrograde evolution of chromitites from
96 eclogite-facies conditions. During the first stage, magmatic chromite re-
97 acts with olivine in the presence of reducing fluids to produce a porous
98 chromite enriched in FeO and Cr2O3 (hereafter Fe2+-rich chromite),
99 which is in equilibrium with chlorite. In the second stage, oxidizing so-
100 lutions circulate through the network of pores in the porous chromite,
101 dissolving chlorite and adding Fe3+, which diffuses into the chromite
102 lattice and converts it to ferrian chromite (i.e., Fe3+-rich chromite).
103 Both models implicitly assume that the cores of chromite grains
104 represent relict primary chromite that remained unaffected by the alter-
105 ation. However, the selective enrichment of a suite of minor elements
106 including Mn, Ni, Co, Zn and Ti in such “pristine cores”, in metamor-
107 phosed chromites from the Tidding Suture Zone in the easternHimalaya
108 (Singh and Singh, 2013) and the Nuggihalli schist belt in India
109 (Mukherjee et al., 2010) led us to investigate whether their composi-
110 tions are perturbed and do not represent original pristine compositions.
111 If so, important information about the metamorphic evolution of
112 chromitemight be lost by analyzing onlymicrostructures and the abun-
113 dances ofmajor elements, anddeductions about the originalmagmatic–
114 tectonic situation of the chromitites and their host peridotites might be
115 incorrect.
116 The technique of laser-ablation inductively-coupled plasma-mass
117 spectrometry (LA-ICP-MS) has lower limits of detection than the elec-
118 tronmicroprobe and thus can analyze amore comprehensive suite of el-
119 ements present in a chromite (Ga, Ti, Ni, Zn, Co,Mn, V and Sc), providing
120 useful information about its petrogenesis (Dare et al., 2009; Pagé and
121 Barnes, 2009; González-Jiménez et al., 2011, 2013, 2014; Aldanmaz,
122 2012). In this work LA-ICP-MS was used to measure the minor- and
123 trace elements in highly metamorphosed chromites, in order to define
124 thefingerprints ofmetamorphism that are not revealed by conventional

125approaches based on electron microprobe data. We have studied chro-
126mite from metamorphosed chromitites because they preserve zoning
127patterns better than accessory chromites in peridotite at a given degree
128of alteration (e.g. Proenza et al., 2004). The chromitites are enclosed in
129four ultramafic massifs (Golyamo Kamenyane, Chernichevo, Yakovitsa
130and Avren) representing portions of the dismembered ophiolites of
131the Rhodope Metamorphic Core Complex in southern Bulgaria. The
132chromitites and their host ultramafic rocks underwent metamorphism
133in eclogite facies with a later amphibolite-facies overprint (Mposkos
134and Krohe, 2000, 2006; Mposkos, 2002; Mposkos et al., 2011). In
135order to test the validity of our approach we have additionally com-
136pared our chromites with those from unaltered chromitites in
137unmetamorphosed ophiolites (Eastern Cuba and New Caledonia) with
138well-documented post-magmatic histories.

1392. Sample background

140The samples selected for this study are from Type I ophiolitic
141chromitites (i.e., enriched in IPGE relative to PPGE; González-Jiménez
142et al., 2014) in the metamorphosed ultramafic massifs of Golyamo
143Kamenyane, Chernichevo, Yakovitsa and Avren in the eastern part of
144the Rhodope Metamorphic Core Complex, of southern Bulgaria and
145northern Greece (Table 2 and Fig. 1).
146The Rhodope Metamorphic Core Complex is a large domal structure
147formed mainly during the Alpine orogeny; it lies between the Balkan
148belt to the north and the Dinarides–Hellenides to the south-southwest
149(Fig. 1). The complex consists of (1) a lower unit corresponding to the
150autochthonous core and known as the Gneiss–Migmatite Complex
151(Kozhoukharov et al., 1988; Haydoutov et al., 2001), the lower High-
152Grade Unit (Bonev, 2006) or the Lower Allochthon (Janák et al., 2011),
153and (2) an upper unit with meta-ophiolites (Kolcheva and Eskenazy,
1541988; Bazylev et al, 1999; Kolcheva et al., 2000; Haydoutov et al.,
1552001, 2004; Bonev et al., 2006; Daieva et al, 2007) which represents
156the allochthonous rim and is known as the variegated complex
157(Kozhoukharov et al., 1988; Haydoutov et al., 2001), the upper High-
158Grade Unit (Bonev, 2006) or the Upper Allochthon (Janák et al., 2011).
159In the eastern part of the Rhodope Metamorphic Core Complex, both
160the autochthonous core and the allochthonous rim crop out in two
161large-scale domal structures: the Kesebir–Kardamos Dome to the west
162and the Byala Reka–Kechros Dome to the east (Fig. 1; Georgiev, 2006).
163The ultramafic massifs of Golyamo Kamenyane, Avren, and
164Chernichevo crop out in the western limb of the Byala Reka–Kechros
165Dome along the Avren synform (Fig. 1). The ultramafic massif of
166Yakovitsa crops out in the western limb of the Kesebir–Kardamos
167Dome (Fig. 1). These ultramafic massifs consist of partly serpentinised
168harzburgite and dunite, which are overlain by layers of amphibolites
169(i.e. formerly layered gabbros; Bazylev et al, 1999; Kolcheva et al.,
1702000; Haydoutov et al., 2004; Gervilla et al, 2012) in the massifs of
171Golyamo Kamenyane and Chernichevo. These lithologies, including
172chromitites, are cut by sub-vertical veins of asbestos,mainly anthophyl-
173lite and chrysotile, and talc in the massifs of Golyamo Kamenyane
174(Gervilla et al, 2012) and Avren (Kolkovski et al., 2003).
175Mposkos and Krohe (2000, 2006) and Mposkos (2002) investigated
176spinel-garnet metaperidotites and garnet pyroxenites of the Kimi
177Complex (the Greek equivalent of the Avren synform in Bulgaria) and
178concluded that the mantle rocks of the allochthonous rim of the

t1:1 Table 1
t1:2 Major-, minor- and trace element distribution in the different mineral structures.

t1:3 Chromite Olivine Chlorite

t1:4 Formula AB2O4 A2SiO4 (A5Al)(Si3Al)O10(OH)8
t1:5 Position A(IV) B(VI) A(VI) A(VI) Al(VI)

t1:6 Major elements Mg2+, Fe2+ Cr3+, Al3+, Fe3+ Mg2+, Fe2+ Mg2+, Fe2+ Cr3+

t1:7 Minor- and trace elements Zn2+, Co2+, Mn2+, Ni2+ V3+, Sc3+, Ga3+, Ti4+ Zn2+, Co2+, Mn2+, Ni2+ Ni2+ Ga3+

2 V. Colás et al. / Chemical Geology xxx (2014) xxx–xxx

Please cite this article as: Colás, V., et al., Fingerprints of metamorphism in chromite: New insights from minor and trace elements, Chem. Geol.
(2014), http://dx.doi.org/10.1016/j.chemgeo.2014.10.001

http://dx.doi.org/10.1016/j.chemgeo.2014.10.001
Original text:
Inserted Text
"metamorphism "

Original text:
Inserted Text
"oxidising"

Original text:
Inserted Text
"analysing"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"analyse"

Original text:
Inserted Text
"pretrogenesis"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Query text:
Inserted Text
"The word “metamorphism” has been changed to “metamorphisms”. Please check and amend if necessary."



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

179 Complex have undergone ultra-high pressure (UHP)/high temperature
180 (HT) metamorphism (N25 kbar and N200 °C), and a later overprinting
181 in eclogite- or granulite-facies (13.5–16 kbar and 750–775 °C). An
182 amphibolite-facies (~10 kbar and 600–650 °C) overprint is also recorded
183 in metasediments spatially associated with the mantle rocks (Mposkos
184 and Krohe, 2000, 2006; Mposkos, 2002). Mposkos et al. (2011) have es-
185 timated a somewhat similar retrograde metamorphic pathway in the
186 rocks of the Gneiss–Migmatite Complex: from ultra-high pressures
187 (22.8–20.6 kbar) but lower temperatures (617–553 °C), to eclogite-
188 facies (15.2–18.6 kbar and 672–566 °C), with amphibolite-facies over-
189 print (6.6–8.8 kbar and 570–498 °C).
190 The investigated chromitite samples were collected from small
191 chromitite pods and layers, with lengths of a few tens of meters and
192 thicknesses between b0.5 m and 2 m, except in Golyamo Kamenyane
193 where chromitite bodies are a few hundredmeters long and tens ofme-
194 ters thick. Samples of massive, semi-massive and disseminated
195 chromitites were collected from chromitite bodies of variable size
196 (Table 2).
197 Gervilla et al. (2012) showed that in the Golyamo Kamenyane
198 chromitites, the metamorphism has produced four microstructural
199 types of chromites (Table 2; Fig. 2a–f): (1) partly altered chromite
200 with primary cores surrounded by porous chromite rims; (2) porous
201 chromite inwhich abundant pores are filled by chlorite; (3) zoned chro-
202 mite in which coarse grains have primary cores, sharply separated from
203 a non-porous chromite rim; (4) non-porous chromite, which hosts
204 some inclusions of chlorite andminor antigorite, and shows a polygonal
205 mosaic microstructure.
206 We re-examined the Golyamo Kamenyane chromitites and ob-
207 served that the partly altered chromites dominate the central parts of
208 the chromitite pods, whereas porous chromite is mainly found at the
209 edges or highly fractured areas. Zoned chromite and non-porous chro-
210 mite were only found along shears and fault zones cutting the
211 chromitite bodies. Partly altered chromite is also preserved in the

212small chromitite bodies in the massifs of Yakovitsa and Chernichevo,
213whereas zoned chromite is found in sheared disseminated chromitites
214from Yakovitsa and Avren massifs (Table 2; Fig. 2a–f). The chromite
215grains are predominantly subhedral and less frequently anhedral with
216a characteristic rounded shape. Individual grains may have a fracture
217network of variable density; in the massive chromitites of Golyamo
218Kamenyane this networkwas produced by shearing along faults cutting
219the chromitite bodies. In the chromitite bodies of Chernichevo these
220fractures are often filled with magnetite.

2213. Analytical techniques

222Selected chromite grains preserving the metamorphic patterns
223described above were imaged using a scanning electron micro-
224scope (SEM) model JEOL SM 6400 SEM at University of Zaragoza,
225Spain.
226Major (Mg, Al, Cr, Fe, Si) and minor (Ti, V, Mn, Zn and Ni) ele-
227ments in chromite were analyzed using a CAMECA SX-50 electron
228microprobe at Serveis Científico Técnics of University of Barcelona,
229Spain. The analytical conditions were 20 kV accelerating voltage,
23020 nA beam current, and beam diameter of 3 μm. Counting times
231were 20 s on TAP/PET and 30 s on LiF crystals. ZAF corrections were
232applied online. The following spectral lines were monitored: Mg
233Kα, Al Kα, Si Kα with the TAP diffracting crystal, Ti Kα and Cr Kα
234with the PET diffracting crystal, and V Kα, Mn Kα, Fe Kα, Ni Kα and
235Zn Kα with the LiF diffracting crystal. Calibration standards were
236natural and synthetic materials: periclase (Mg), Al2O3 (Al), Cr2O3

237(Cr), Fe2O3 (Fe), diopside (Si), rutile (Ti), pure V, rhodonite (Mn),
238NiO (Ni), and sphalerite (Zn). Structural formulae of Cr-spinel were
239calculated assuming stoichiometry, following the procedure of
240Droop (1987). Compositions of major elements in the analyzed chro-
241mites are listed in Supplementary Appendix A.

t2:1 Table 2
t2:2 Characterization of the chromitite samples investigated in this study.

t2:3 Locality Sample Size of the
body (wide)

Location in the
chromitite body

Texture Chromite
microstructure

Chromite
grain zone

Chemical Variations

t2:4 Cr# Mg# Fe3+/(Fe3+ + Fe2+)

t2:5 High-Al Chromitites
t2:6 Golyamo Kamenyane GK1A-5 N10 m Core Semimassive Partly altered chromite Core 0.52–0.60 0.59–0.71 b0.30
t2:7 GK1A-6
t2:8 GK1A-7
t2:9 GK3C-1 Porous rim 0.57–0.91 0.44–0.68 b0.28
t2:10 GK3-100
t2:11 GK3-101
t2:12 GK4-100
t2:13 GK1A-4 N10 m Core Semimassive Porous chromite Core to rim profile 0.91–0.96 0.35–0.48 0.21–0.53
t2:14 GK3A-1
t2:15 GK1C-3 N10 m Shear zone Massive Zoned chromite Core 0.62–0.69 0.49–0.57 0.10–0.34
t2:16 Non-porous rim 0.83–0.99 0.20–0.36 0.49–0.63
t2:17 GK1C-1 N10 m Shear zone Massive Non-porous chromite Core to rim profile 0.96–0.99 0.16–0.32 0.55–0.66
t2:18 GK1C-2
t2:19 Chernichevo CH1-4 N1 m Core Semimassive Partly altered chromite Core 0.55 0.59 0.31
t2:20 Porous rim 0.58–0.65 0.51–0.57 0.27–0.32
t2:21 High-Cr Chromitites
t2:22 Yakovitsa J1-H1 30–40 cm Core Massive Partly altered chromite Core 0.71–0.78 0.59–0.69 0.07–0.26
t2:23 J1-E2
t2:24 J1-B7 Core Porous rim 0.78–0.97 0.45–0.66 0.18–0.43
t2:25 J1-B6 Rim Semimassive
t2:26 J1-B2
t2:27 J1-D1 20–30 cm Core Disseminated Partly altered chromite Core 0.60–0.83 0.40–0.65 0.05–0.29
t2:28 J1-F1 Porous rim 0.78–0.98 0.29–0.46 0.31–0.50
t2:29 J1-G2
t2:30 J1-A3 b20 cm Core Disseminated Zoned chromite Core 0.68–0.73 0.38–0.42 0.08–0.17
t2:31 Non-porous rim 0.91–0.98 0.16–0.27 0.43–0.61
t2:32 Avren AV3-117 1–2 m Core Massive Zoned chromite Core 0.84–0.93 0.35–0.46 0.19–0.31
t2:33 AV3-110 Core & Rim Semimassive
t2:34 AV3 Non-porous rim 0.93–0.98 0.08–0.35 0.50–0.67
t2:35 AV3-121 Rim Disseminated
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242 Theminor- (detected by EMPA) and trace- (detected only by LA-ICP-
243 MS) element compositions of chromite were determined using a New
244 Wave UP 266 laser system connected to an Agilent 7500cs ICP-MS in
245 the Geochemical Analysis Unit, CCFS/GEMOC, Macquarie University,
246 Sydney. For this study, the chromite analysis focused on the following
247 masses: 45Sc,47Ti, 51V, 55Mn, 59Co, 60Ni, 66Zn, and 71Ga. The isotopes
248

29Si and 42Ca were monitored to check for the presence of silicate
249 inclusions.
250 The analyses were conducted using a ~30–55 μm beam diameter,
251 5 Hz frequency, and 0.032–0.105 mJ/pulse power, during 180 s analysis
252 (60 s for the gas blank and 120 s on the chromite). A setup with small
253 beam diameter (~30 μm) and high power density (3.41–7.65 J/cm2)
254 was used during the measurement of the small zones free of silicates
255 in porous chromite and thin rims of zoned and partly altered chromite.
256 The data obtained during ablation runs were processed using the
257 GLITTER software (Griffin et al., 2009). The instrument was calibrated
258 against the NIST 610 silicate glass (National Institute Standards and
259 Technology, Gaithersburg, USA) (Norman et al., 1996). Aluminum
260 values obtained by electron microprobe were used as the internal stan-
261 dard. The basaltic glass BCR-2g (Norman et al., 1996; Gao et al., 2002)
262 and the in-house secondary standard chromite LCR-1 (Lace mine,
263 South Africa; Locmelis et al., 2011) were analyzed as unknowns during
264 each analytical run to check the accuracy and precision of the analyses.
265 The results obtained during the analyses of these two standards dis-
266 play very good reproducibility (3%–8%) for most trace elements
267 (Supplementary Appendix B). All laser ablation data including element
268 concentration, 1-sigma errors and detection limits are presented in
269 Supplementary Appendix C.

2704. Results

2714.1. Major elements

272Our new electron microprobe data (Table 2 and Supplementary Ap-
273pendix A) for the chromites of Golyamo Kamenyane are consistentwith
274the results of Gervilla et al. (2012), showing that the partly altered
275chromite of semi-massive chromitites contains apparently unaltered
276high-Al cores with Cr# [Cr/(Cr + Al) atomic ratio] = 0.52–0.60, Mg#
277[Mg/(Mg + Fe2+) atomic ratio] = 0.59–0.71 and Fe3+/
278(Fe3+ + Fe2+) = 0–0.30 (Figs. 3a–b and 4a). These cores are
279surrounded by irregular rims of porous chromite with higher values
280of Cr# (0.57–0.91), lower Mg# (0.44–0.68) and almost identical
281Fe3+/(Fe3+ + Fe2+) (0–0.28) (Figs. 3a–b and 4a). Grains of porous
282chromite have lower Mg# (0.35–0.48) but higher Cr2O3 (Cr# = 0.91–
2830.96) and Fe3+/(Fe3+ + Fe2+) (0.21–0.53) (Figs. 3a–b and 4a). Non-
284porous chromite shows Cr# = 0.96–0.99, Mg# = 0.16–0.32 and
285Fe3+/(Fe3+ + Fe2+)= 0.55–0.66 (Figs. 3a–b and 4a). Zoned chromites
286have cores with Cr# = 0.62–0.69, Mg# = 0.49–0.57 and Fe3+/
287(Fe3+ + Fe2+) = 0.10–0.34, surrounded by non-porous rims with
288lower Al2O3 (Cr# = 0.83–0.99) and Mg# (0.20–0.36) and higher
289Fe3+/(Fe3+ + Fe2+) (0.49–0.63) (Figs. 3a–b and 4a).
290Like the chromitites of Golyamo Kamenyane, the other metamor-
291phosed chromitites of the Rhodope show an overall trend of decreasing
292Al2O3 and MgO and increasing Fe3+/(Fe3+ + Fe2+) from partly altered
293chromite to porous and non-porous chromite (Figs. 3a–h and 4a–d). In
294the semi-massive samples from the small body of Chernichevo, in
295which only partly altered chromite is preserved (Table 2), the high-Al

Fig. 1. Simplified geological map of the Eastern Rhodope (modified from Bonev, 2006) showing the localization of the ultramafic massifs hosting the chromitite bodies investigated in this
work. Equivalence keys: 1 (Kozhoukharov et al., 1988), 2 (Haydoutov et al., 2001), 3 (Bonev, 2006), and 4 (Janák et al., 2011). Legends are in all cases inset in the figures.

4 V. Colás et al. / Chemical Geology xxx (2014) xxx–xxx

Please cite this article as: Colás, V., et al., Fingerprints of metamorphism in chromite: New insights from minor and trace elements, Chem. Geol.
(2014), http://dx.doi.org/10.1016/j.chemgeo.2014.10.001

http://dx.doi.org/10.1016/j.chemgeo.2014.10.001
Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
" "

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"analysed"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"analysed"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

296 cores (Cr# = 0.55, Mg# = 0.59) show rims of porous chromite with
297 higher Cr# (0.58–0.65) and lower Mg# (0.51–0.57), while Fe3+/
298 (Fe3+ + Fe2+) (0.27–0.32) remains almost constant (Table 2, Figs. 3c–d
299 and 4b).
300 In Yakovitsa the high-Cr cores of partly altered chromites from
301 massive and semi-massive chromitites show higher Cr# (0.71–
302 0.78) and Mg# (0.59–0.69) than those of disseminated chromitites
303 (Cr# = 0.60–0.83, Mg# = 0.40–0.65) in smaller bodies (Table 2,
304 Figs. 3e–f and 4c). Cores of grains in samples from massive and
305 semi-massive chromitites are surrounded by rims of porous chro-
306 mite with similar Cr# (0.78–0.97), but higher Mg# (0.45–0.66) and
307 lower Fe3+/(Fe3+ + Fe2+) (0.18–0.43) than rims of porous chro-
308 mite in disseminated chromitites (Cr# = 0.78–0.98, Mg# = 0.29–
309 0.46, Fe3+/(Fe3+ + Fe2+) = 0.31–0.50) from smaller bodies
310 (Table 2, Figs. 3e–f and 4c). Zoned chromites preserved in dissemi-
311 nated samples from the smallest chromitite body (b20 cm thickness)
312 have cores with similar Cr# (0.68–0.73) but lower Mg# (0.38–0.42)

313and Fe3+/(Fe3+ + Fe2+) (0.08–0.17) than the cores of partly altered
314chromite. These cores are surrounded by rims of non-porous chromite
315with the highest observed Cr# (0.91–0.98) and Fe3+/(Fe3+ + Fe2+)
316(0.46–0.61), and the lowest Mg# (0.16–0.27) (Table 2, Figs. 3e–f and
3174c).
318Zoned chromites in the chromitites from Avren have high-Cr cores
319with variable Cr# (0.84–0.93) and Mg# (0.35–0.46), but weakly vari-
320able Fe3+/(Fe3+ + Fe2+) (0.19–0.31); these are surrounded by rims
321of non-porous chromite with higher Cr# (0.93–0.98) and Fe3+/
322(Fe3+ + Fe2+) (0.50–0.67), and lower Mg# (0.08–0.35) (Table 2,
323Figs. 3g–h and 4d).

3244.1.1. Minor and trace elements
325Minor- and trace-element compositions of the chromitites are
326presented in Supplementary Appendix C. Fig. 5 shows spidergrams
327with the compositions of analyzed chromites normalized to the compo-
328sition of chromite from MORB plotted following the order of elements

Fig. 2. Back scattered electron images of the different microstructural types of chromite that metamorphism has produced in the studied Rhodopean chromitites. Partly altered chromite
with (a) thin porous rims from Golyamo Kamenyane and with (b) thick porous rims from Yakovitsa, (c) porous chromite from Golyamo Kamenyane, zoned chromite from Yakovitsa
(d) and from Avren (e), and (f) non-porous chromite from Golyamo Kamenyane.
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329 suggested by Pagé and Barnes (2009). We use the composition of this
330 chromite as a basis for normalization because repeated laser ablation
331 analyses show that it has a homogenous and uniform distribution of
332 minor and trace elements.
333 Partly altered chromites in the semi-massive chromitites from
334 Golyamo Kamenyane have cores and porous rims characterized by
335 “flat” patterns with strong negative anomalies in Ti and Sc relative to

336MORB (Fig. 5a–b). In contrast, grains of porous chromite with lower
337Al2O3 and MgO are more depleted in Ga, Ni, V and Sc, but slightly
338enriched in Ti, Zn, Co and Mn relative to the cores and porous
339rims of partly altered chromite (Fig. 5c). In some grains of porous
340chromite there is a strong M-shaped positive anomaly in the seg-
341ment Zn–Co–Mn (hereafter ZCM-anomaly; Fig. 5c). Grains of porous
342chromite have cores with lower contents of Ti, Zn, Co and Mn than

Fig. 3.Compositional variations of chromites from the studied chromitites in terms ofMg# [Mg/(Mg+Fe2+) atomic ratio] versus Cr# [Cr/(Cr+Al) atomic ratio] and Fe3+/(Fe3+ + Fe2+).
Legend is inset in the figure.
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343 their outermost parts, but with higher contents of V and similar contents
344 of Ga, Ni, and Sc. The cores of zoned chromite grains in massive
345 chromitites also show strong depletion in Sc, Ni, Ga and Ti, while the en-
346 richment in the segment Zn–Co–Mn does not define a ZCM-anomaly
347 (Fig. 5d). The latter pattern is distinctly different from that of non-

348porous chromite (also found surrounding these cores) which has lower
349Al2O3 but higher Ga, Ti, Ni and Sc, and the ZCM-anomaly (Fig. 5e–f).
350Partly altered chromites from Chernichevo have cores and rims
351showing almost identical flat trace-element patterns. Relative to
352MORB chromite, the chromitites from Chernichevo show a distinct

Fig. 4. Variations of Al3+, Cr3+ and Fe3+ in chromites from the studied chromitites. Legend is inset in the figure.

Fig. 5. Spidergrams showing the composition (major, minor and trace elements) of the differentmicrostructural types of chromite from the studied Rhodopean chromitites. The analyzed
compositions are normalized to the composition of chromite from MORB (Pagé and Barnes, 2009). Legend is inset in the figure.

7V. Colás et al. / Chemical Geology xxx (2014) xxx–xxx

Please cite this article as: Colás, V., et al., Fingerprints of metamorphism in chromite: New insights from minor and trace elements, Chem. Geol.
(2014), http://dx.doi.org/10.1016/j.chemgeo.2014.10.001

http://dx.doi.org/10.1016/j.chemgeo.2014.10.001
Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

353 enrichment in Ti coupled with a less marked ZCM-anomaly and deple-
354 tion in Sc (Fig. 5g–h).
355 In the Yakovitsa occurrence, the high-Cr cores of partly altered chro-
356 mites show positive slopes in their patterns, produced by depletion in
357 Ga, Ti, Ni and Sc, and enrichment in Zn, Co and Mn relative to MORB
358 chromite (Fig. 5i). The first segment of the pattern is characterized by
359 enrichment in Ti relative to Ga and Ni. The cores of partly altered chro-
360 mite from themassive chromitites have higher contents of Ga, Ti, Ni and
361 Sc and lower Zn and Co than the cores of chromites from smaller bodies
362 of disseminated chromitite (Fig. 5i). The rims of porous chromite sur-
363 rounding these cores show substantially different patterns, with slightly
364 higher contents of Ga, Ni, Mn and Sc but overall lower Al2O3 and V
365 (Fig. 5j). Zoned chromites in the disseminated chromitites have cores
366 with patterns almost identical to the cores of zoned chromites of the
367 Golyamo Kamenyane chromitites (Fig. 5d and k). These cores are de-
368 pleted in Ga, Ti, Ni and Sc, and enriched in Zn, Co and Mn relative to
369 chromite from MORB, but are enriched in Ti relative to Ga and Ni and
370 show a pronounced positive anomaly in Zn (Fig. 5k). However, the
371 rims surrounding these cores havemuch higher contents of Sc (produc-
372 ing a positive anomaly) aswell as Ga, Ti andNi, but lower Zn, Co andMn
373 (Fig. 5l).
374 The zoned chromites of Avren show high-Cr cores with trace-
375 element patterns somewhat similar to that of the cores of zoned chro-
376 mites from Golyamo Kamenyane and Yakovitsa (Fig. 5d, k and m). In
377 contrast, the rims of non-porous chromite show a gentler slope in the

378segment Ga–Ti, coupled with a marked positive anomaly in Ni and a
379negative one in MgO (Fig. 5n). These patterns also show the typical
380ZCM-anomaly and enrichment in Sc relative to MORB chromite, like
381the similar rims from Yakovitsa (Fig. 5l and n).

3825. Discussion

3835.1. Metamorphism of the chromitites of the Eastern Rhodopes

384Gervilla et al. (2012) explained the origin of the different micro-
385structures of chromitites in the Golyamo Kamenyane massif as the con-
386sequence of a two-stage process involving the infiltration of fluids
387during the retrograde metamorphic evolution of the Rhodope Meta-
388morphic Core Complex.
389During the first stage, the hydration of olivine from the host dunite
390released significant amounts of H2, which contributed to a much
391lower fO2 by its reaction with O2 to form water (e.g., Bach et al., 2006).
392In the chromitite bodies, the infiltration of these reducing fluids
393probably promoted the reaction of primary chromite with matrix ol-
394ivine, giving rise to chlorite and to secondary chromite residually
395enriched in Cr and Fe2+ by loss of Al2O3 and MgO to the chlorite
396(Fig. 6). This metamorphic event is well recorded in the partly altered
397chromites of Golyamo Kamenyane, which show a decrease in Mg#
398(0.59–0.71), and an increase in Cr# (0.52–0.60), but nearly unchanged
399Fe3+/(Fe3+ + Fe2+) (0–0.30), from core to rim (Mg# = 0.44–0.68,

Fig. 5 (continued).
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400 Cr# = 0.57–0.91 in the porous rim; Fig. 3a–b). This replacement in-
401 volves mass loss from chromite grains without changes in their size,
402 resulting in the formation of pores (i.e. porous chromite), which may
403 be filled by the chlorite produced during the reaction (Figs. 2a–c and
404 6). Thermodynamic modeling by Gervilla et al. (2012) suggests that
405 this reaction took place during cooling of the rocks through an interval
406 from ~700 to ~450 °C.
407 Once olivine was exhausted in the host dunite and the chromitite,
408 the fO2 shifted progressively to higher values (i.e., more oxidizing condi-
409 tions; Alt and Shanks, 1998; Allen and Seyfried, 2003; Bach et al., 2004;
410 Alt et al., 2007). This variation in fO2 changed the conditions of chromite
411 alteration, producing a different type of metamorphic chromite. These
412 fluids with progressively higher fO2 infiltrated the network of pores in
413 the Cr- and Fe2+-rich porous chromite, depositing magnetite while
414 dissolving chlorite in the pores, thus promoting the diffusion of Fe2+

415 and Fe3+ into chromite and eliminating the porous textures to produce
416 a non-porous chromite significantly enriched in Fe3+ (i.e. ferrian
417 chromite; Fig. 6). Fe2+ and Fe3+ can easily diffuse through the po-
418 rous rims of the chromite grains but diffusion is slower in the unal-
419 tered, non-porous core, which results in the formation of zoned
420 chromite (Fig. 2d–e). This explains why in the zoned chromites of
421 Golyamo Kamenyane there is an increase in Fe3+/(Fe3+ + Fe2+)
422 (0.10–0.34) and Cr# (0.62–0.69), and a decrease in Mg# (0.49–0.57),
423 from core to rim (Fe3+/(Fe3+ + Fe2+) = 0.49–0.63, Cr# = 0.83–
424 0.99, Mg# = 0.20–0.36, in the non-porous rim; Fig. 3a–b). During this
425 second stage, which might also involve the transformation of some
426 chlorite to antigorite, the amount of Fe2+ and Fe3+ supplied by the in-
427 filtrating fluidsmight exceed the volume of pre-existing pores, promot-
428 ing the coarsening of chromite to produce non-porous chromite with
429 mosaic or polygonal textures (Figs. 2f and 6).

430Phase relations in the system (Fe2+, Mg)Cr2O4–(Fe2+, Mg)
431Fe3+2O4–(Fe2+, Mg)Al2O4 suggest that the studied non-porous chro-
432mite could form at temperatures near 600 °C (Sack and Ghiorso, 1991;
433Gervilla et al., 2012), overlapping the formation of Fe2+-rich chromite.
434According to Gervilla et al. (2012), in the Golyamo Kamenyane Massif
435both stages in the alteration of chromite took place as the rocks cooled
436from ~700 to ~450 °C along the eclogite- to amphibolite-facies retro-
437grade metamorphic pathway (Mposkos and Krohe, 2000, 2006;
438Mposkos, 2002; Haydoutov et al., 2004) associated with the exhuma-
439tion of the allochthonous rim of the eastern Rhodope.
440The microstructures and chemical variations of chromite from the
441other metamorphosed chromitites of the Eastern Rhodope can also be
442interpreted in terms of the two-stage process described for the chro-
443mites of Golyamo Kamenyane (Gervilla et al., 2012) (Fig. 6). Evidence
444for the first stage is preserved as Cr- and Fe2+-rich porous rims sur-
445rounding the cores of partly altered chromite in the Chernichevo
446(high-Al chromites) and Yakovitsa (high-Cr chromites). In the latter
447the reaction of high-Cr chromite with the olivine matrix had produced
448Cr-rich clinochlore, similar to that replacing high-Cr chromites in the
449nearby Dobromirtsi Ultramafic Massif (González Jiménez et al., 2009)
450and metamorphosed chromitites elsewhere (e.g., Jan and Windley,
4511990; Merlini et al., 2009; Mukherjee et al., 2010). In chromitites from
452Chernichevo and Yakovitsa, the oxidizing second stage did not
453completely erase the pores, but only contributed to increase themagne-
454tite component in the Fe2+-rich porous chromite (Table 2; Figs. 3c–f
455and 6). In contrast, in some of the disseminated chromitites in the
456smallest chromitite bodies in Yakovitsa and Avren, the oxidizing fluids
457were able to precipitate enough material in the cavities of porous chro-
458mite to produce zoned and non-porous chromite (Table 2; Figs. 3e–h
459and 6).

Fig. 6. Schematic illustration of microstructural and chemical (major, minor and trace elements) changes in chromites, showed as two-stage processes of alteration during the retrograde
evolution of chromitites from the eastern Rhodopes. The extent of reaction is noted in the figure with number of arrows.
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460 The preservation of porous chromite rims and/or their oblitera-
461 tion by the formation of rims of non-porous chromite is directly asso-
462 ciated with the ability of the infiltrating fluids to penetrate the
463 chromite. The effectiveness of the altering fluids would depend on
464 (1) their ability to penetrate chromite, mainly controlled by the
465 chromite/silicate ratio and the presence of secondary permeability
466 such as fractures; (2) the availability of enough fluid to allow higher
467 rates of interaction between the infiltrating fluids and chromite. The
468 fact that some grains only show porous textures whereas others have
469 compositionally-distinct porous rims of variable thickness (Fig. 2a–c;
470 Table 2) shows that the alteration process did not operate in the same
471 way in different parts of individual chromitite bodies. Zoned and non-
472 porous chromites are mostly found in sheared chromitites collected
473 from faults cutting the bodies. This clearly indicates that a strong frac-
474 ture network and associated deformation facilitated the circulation of
475 fluids, helping the nucleation and/or dynamic recrystallization of ferrian
476 chromite (Satsukawa et al., 2014).
477 Gervilla et al. (2012) noted that in the Golyamo Kamenyane massif
478 chromitites are cut by veins of anthopyllite, whereas veins filled by as-
479 bestos and talc cut chromitites in the Avren massif. In this scenario,
480 shear zones probably acted as channels for focused migration of the
481 oxidizing fluids producing the nearly complete replacement of the
482 pre-existing porous chromite by Fe3+-rich non-porous chromite. This
483 focused infiltration of the oxidizing fluids along the shear zones would
484 prevent the obliteration of the porous textures in the rest of the massif
485 (e.g., areas outside the shear zones). An almost complete replacement
486 of porous chromite by non-porous chromite in these shear zones can
487 explain why we do not observe grains with inner rims of porous chro-
488 mite and outer rims of non-porous chromite in some of the chromitites
489 from Golyamo Kamenyane, Yakovitsa and Avren (Fig. 2). This is consis-
490 tent with the observations that veins of anthophyllite cut some
491 chromitites in Golyamo Kamenyane (Gervilla et al., 2012) and veins of
492 asbestos and talc cut some at Avren (Kolkovski et al., 2003).

493 5.2. Trace-element fingerprints of metamorphism in the cores of partly
494 altered chromites

495 The high-Cr cores of partly altered chromite in massive and semi-
496 massive chromitite bodies (N40 cm thickness) from Yakovitsa have
497 higher Mg# (0.59–0.69) than chromite in thinner bodies (20–30 cm
498 thickness) made up only of disseminated chromitite (Mg# = 0.40–
499 0.65) (Table 2; Fig. 3e–f). This trend of enrichment of Fe2+ (i.e., higher
500 contents in cores of chromite from disseminated samples relative to
501 those from massive chromitites) is somewhat similar to that described
502 in grains of chromite fromunmetamorphosedmassive and disseminated
503 chromitites in ophiolites elsewhere (e.g. Leblanc and Nicolas, 1992). It is
504 usually attributed to the diffusion of Fe2+ and Mg2+ between chromite
505 and olivine at high temperatures (1000–900 °C) during post-magmatic
506 cooling (Table 1; Barnes, 2000; Kamenetsky et al., 2001; Rollinson
507 et al., 2002). However, Candia and Gaspar (1997) have reported similar
508 trends in chromite grains that have re-equilibrated with the host olivine
509 matrix during metamorphism at 750–700 °C and PH2O= Ptot. These con-
510 ditions are similar to those of the eclogite-facies metamorphism that af-
511 fected the chromitites of the Eastern Rhodope (775–750 °C; Mposkos
512 and Krohe, 2000, 2006; Mposkos, 2002; Gervilla et al., 2012). Themicro-
513 structures and the variations of Mg#, Cr# and Fe3+/(Fe3+ + Fe2+) in
514 the cores of partly altered chromites from Yakovitsa do not allow dis-
515 crimination between the two processes.
516 To further assess the effects of metamorphism on the cores of partly
517 altered chromites from Yakovitsa we have compared their minor- and
518 trace-elements patterns with the composition of high-Cr chromites
519 fromanunmetamorphosed chromite body of similar size. The chromitite
520 dike selected is from the locality of Dyne in the New Caledonia Ophiolite
521 and has cross-section dimensions of 8.5 × 0.5 m (Leblanc et al., 1980;
522 Cassard et al., 1981; Fig. 7a–b). The chromite grains from Dyne have ex-
523 perienced extensive sub-solidus Mg2+ ↔ Fe2+ exchange with olivine

524during cooling; it is recorded by the decrease of Mg# at constant Cr# in
525the chromites with lower chromite/silicate ratios (Fig. 7b). The patterns
526of minor- and trace elements in the unmetamorphosed chromite grains
527of Dyne are almost identical to those of high-Cr chromite in massive
528chromitites fromunmetamorphosed ophiolites (Fig. 7a) such as Thetford
529Mines (Pagé and Barnes, 2009) and Eastern Cuba (González-Jiménez
530et al., 2013, 2014), which make them very useful to our propose.
531The cores of partly altered chromites from Yakovitsa have patterns
532distinctly different from the “unmetamorphosed” chromites of Dyne,
533being more depleted in Ga and Sc, and enriched in Zn, Co and Mn; the
534concentrations of Ti can be higher or lower (Fig. 5i and 7a). Despite
535these notable differences, both the unmetamorphosed chromites from
536Dyne and the cores of partly altered chromites from Yakovitsa show a
537similar negative correlation between Ga and Zn+ Co+Mn asMg# de-
538creases at lower chromite/silicate ratio (Fig. 7b–c). However, in the
539unmetamorphosed chromites of Dyne the decrease of Mg# occurs at
540constant Cr#, whereas the decrease of Mg# in the cores of partly altered
541chromites from Yakovitsa is associated with an increase of Cr#, driven
542by the formation of porous rims and the sequestering of Al and Mg
543into the metamorphic chlorite. Gallium, like Al, is a trivalent cation
544that does not enter the olivine lattice but can be taken up by chlorite
545(up to 31 ppm in our samples; Table 1). This suggests that the negative
546correlation of Ga vs Zn+ Co+Mn observed in Fig. 7c could be a conse-
547quence of themetamorphism rather than of subsolidus re-equilibration
548between chromite and olivine during cooling.
549Gallium, Ni, Sc and Ti decrease from the inner to the outer part in the
550cores of partly altered chromite at a relatively constantMg# (Fig. 8a–d),
551but these have complex relationship to Fe3+/(Fe3+ + Fe2+) (Fig. 8e–h).
552In the cores of partly altered chromite of massive chromitites there are
553no correlations among Ga, Ni, Sc, Ti and Fe3+/(Fe3+ + Fe2+), whereas
554the latter increase from the inner to the outer part in the cores of partly
555altered chromites of semi-massive and disseminated chromitites
556(Fig. 8e–h). This suggests that the diffusion of minor- and trace ele-
557ments from core to Fe2+-rich porous rims in partly altered chromites
558results from the re-ordering of Fe2+ and Fe3+ into octahedral and tetra-
559hedral sites (Fig. 1 in Sack and Ghiorso, 1991), which promoted the en-
560trance of Ni2+ into octahedral positions and Ga3+, Sc3+ and Ti4+ into
561the tetrahedral sites. The latter effect, combined with the higher degree
562of infiltration of fluids into chromitites with lower chromite/silicate ra-
563tios, produced thicker rims of Fe2+-rich porous chromite, promoting
564higher mobilization and enrichment of Ga, Ni, Sc and Ti, from cores to
565porous rims in partly altered chromites (Figs. 5i–j and 6).
566The highest values of Zn, Co and Mn, and very low Mg#, occur in
567cores of partly altered chromites in disseminated samples (Fig. 8i–k).
568This may indicate a greater degree of substitution in samples with
569higher proportions of olivine (González Jiménez et al., 2009). Zinc, Co
570and Mn, together with Fe2+, can enter the tetrahedral sites vacated by
571Mg2+ sequestered into olivine during cooling and subsolidus re-
572equilibration between chromite and olivine, as is observed in the
573unmetamorphosed chromites of Dyne (Table 1; Fig. 7b). However, the
574coincidence of enrichment in Zn, Co and Mn with stronger depletion
575in Ga, Sc and Ni (Fig. 7c), and the fact that all of these elements show
576very distinct correlations with Fe3+/(Fe3+ + Fe2+) (Fig. 8l–n), suggest
577a complex interplay of substitutions during the metamorphism. Thus
578the contents of Mn increase from the inner to the outer parts of the
579cores in massive samples at constant Fe3+/(Fe3+ + Fe2+), but are con-
580stant as Fe3+/(Fe3+ +Fe2+) increases in semi-massive and disseminat-
581ed ones (Fig. 8n). This suggests that in samples with the lowest
582chromite/silicate ratio, the formation of Fe2+-rich porous chromite pro-
583motes the re-ordering of Fe2+, limiting the substitution of Fe2+ (in oc-
584tahedral sites) by Mn2+, Zn and Co (Fig. 6). This can explain why, in
585these cores of partly altered chromite, Zn and Co decrease with increas-
586ing Fe3+/(Fe3+ + Fe2+) (Fig. 8l–m). Taken together these observations
587suggest that the positive ZCM-anomaly, coupled with depletion in Ga,
588Ni and Sc, is a fingerprint of amphibolite-facies metamorphism in the
589high-Cr cores of partly altered chromites from Yakovitsa. These
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590 chemical variationswere produced, or strengthened, by the exchange of
591 cations between these cores and their surrounding porous rims filled
592 with chlorite (Fig. 6).
593 On theother hand, the cores of partly altered high-Al chromites from
594 Golyamo Kamenyane and Chernichevo show elemental patterns almost
595 identical to their surrounding porous rims (Fig. 5a–b and g–h). Thismay
596 suggest that either (1) the infiltratingfluids did not substantiallymodify
597 the trace- and minor elements or (2) an almost complete re-
598 equilibration was reached between the cores and their surrounding
599 rims. The first alternative is supported by the fact that the patterns of
600 those cores are practically identical to the “flat” patterns of high-Almas-
601 sive chromitites in the unmetamorphosed ophiolites of Eastern Cuba
602 (Fig. 7d). The porous rim of partly altered chromites from Golyamo
603 Kamenyane and Chernichevo is very thin (Fig. 2a), indicating that a lim-
604 ited reaction between cores and infiltrating fluids prevented an exten-
605 sive exchange of elements (Fig. 6). In contrast, higher fluid/rock ratios
606 promoted higher rates of reaction between the small grains of chromite
607 and infiltrating fluids, resulting in complete replacement by porous
608 chromite in Golyamo Kamenyane (Fig. 6). This can explain why these
609 grains exhibit the ZCM-anomaly coupled with strong depletion in Ga,
610 Ni, Sc and V, as preserved in the modified cores of partly altered chro-
611 mites from Yakovitsa (Fig. 5c and i).
612 In the grains of porous chromite from Golyamo Kamenyane there
613 are also complex relationships between the trace elements and Fe3+/
614 (Fe3+ + Fe2+) (Fig. 8o–v). Thus, during the reaction of primary chro-
615 mite with olivine in the presence of reducing fluids, Mg2+ and Ni2+

616 would be lost from the chromite, while Fe2+ was added together with
617 Zn, Co and Mn (Fig. 6). This Fe2+-rich chromite has a normal spinel

618structure but with fewer available octahedral sites than the pristine
619chromite (Sack andGhiorso, 1991), thus explaining their relative deple-
620tion in Ga, V and Sc (Fig. 6). Interestingly, the grains of porous chromite
621exhibit a wider range of Ti and higher Fe3+ contents (in octahedral
622sites) than the porous rims of partly altered chromite grains (Fig. 8v).
623This suggests that the porous chromite grains had re-equilibrated to a
624greater extentwith infiltratingfluids rich in Fe3+, added during the sec-
625ond stage of alteration. Thesefluids did not contribute to eliminating the
626pores in the porous chromite but promoted the re-ordering of octahe-
627dral sites in the chromite lattice and thus, facilitated the incorporation
628of Ti4+ (Fig. 6).

6295.3. Minor- and trace elements and the precipitation of ferrian chromite

630As noted above, the second stage of alteration during the metamor-
631phism of the Rhodopean chromitites involved the infiltration of oxidiz-
632ing fluids through the pores of the porous chromite, to produce non-
633porous rims or grains of ferrian chromite (Gervilla et al., 2012).
634The non-porous rims of ferrian chromite on the zoned chromites
635from the high-Cr (Yakovitsa and Avren) and high-Al chromitites
636(Golyamo Kamenyane) show very similar patterns of minor- and trace
637elements (Fig. 5e, l and n). These profiles are identical to that observed
638in non-porous ferrian chromite in the Golyamo Kamenyane chromitites
639(Fig. 5f), which suggests their alteration by a common fluid that has
640obliterated the geochemical fingerprint of the pre-existing chromite re-
641gardless of its original composition. Interestingly, the cores of the zoned
642chromites show patternswith very similar shapes, although very differ-
643ent to those of their surrounding rims. Overall, these cores are more

Fig. 7. Spidergrams showing the composition (major, minor and trace elements) of high-Cr chromite in unmetamorphosed massive chromitites from Thetford Mines (Pagé and Barnes,
2009) and Eastern Cuba (González-Jiménez et al., 2013, 2014), and from the chromitite dike of Dyne (New Caledonia Ophiolite) (a). Compositional variation in terms of Zn + Co +Mn
(ppm) vs. Ga (ppm) of unmetamorphosed chromites from the chromitite dike of Dyne (New Caledonia Ophiolite) (b) and chromite cores from the studied Rhodopean chromitites (c).
Spidergrams showing the major, minor and trace elements composition in high-Al chromite from unmetamorphosed massive chromitites of Mercedita (Eastern Cuba) (d). The analyzed
compositions are normalized to the composition of MORB chromite (Pagé and Barnes, 2009). Legend is inset in the figure.
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644 depleted in Ga, Ni and Sc andmore enriched in Zn and Co (Fig. 5d, k and
645 m) than the non-porous ferrian chromite. The profiles of these cores of
646 zoned chromites are distinctly different from those of the cores of partly

647altered chromites within the same chromitite body, indicating how
648their composition was influenced by reaction with a specific type of
649rim (i.e. Fe2+-rich and porous vs Fe3+-rich and non-porous). The

Fig. 8. Compositional variations in the high-Cr cores of partly altered chromite fromYakovitsa in terms of Zn, Co,Mn, Ga, Ni, Sc and Ti (in ppm) versusMg# [Mg/(Mg+ Fe2+) atomic ratio]
and Fe3+/(Fe3+ + Fe2+) (a–n). Variations of Ni, Zn, Co, Mn, Ga, V, Sc and Ti contents (in ppm) versus Fe3+/(Fe3+ + Fe2+) in the porous rims of partly altered chromite and the porous
chromite of high-Al chromitites at Golyamo Kamenyane (o–v). Legend is inset in the figure.
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650 differences can be explained by the re-ordering of Fe2+ and Fe3+ in oc-
651 tahedral sites in the non-porous ferrian chromite rims, which limits the
652 uptake of Ga3+, Ni2+ and Sc3+ but allows the diffusion of Zn, Co (and
653 Mn) toward the cores (Fig. 6). The Ti contents in cores of the zoned
654 chromites of Yakovitsa are lower than those of the partly altered chro-
655 mite, suggesting that in samples from small chromitite bodies
656 (b20 cm thick) and with lower chromite/silicate ratios, Ti4+ also dif-
657 fuses from core to rim (Fig. 6).

658 6. Conclusions

659 (1) Eclogite- to amphibolite-facies retrograde metamorphism has
660 produced four microstructural types of chromite in the
661 Rhodopean chromitites: (1) porous chromite, enriched in Cr
662 and Fe2+ and depleted in Al, with chlorite filling the pores;
663 (2) partly altered chromite, with primary cores surrounded by
664 porous chromite; (3) non-porous chromite, enriched in Fe3+

665 (i.e. ferrian chromite) with polygonal mosaic microstructure,
666 and (4) zoned chromite, with primary cores surrounded by
667 non-porous chromite.

668(2) High-Cr cores and porous rims surrounding them in partly al-
669tered chromites are enriched in Zn, Co and Mn (ZCM-anomaly)
670and depleted in Ga, Ni and Sc. This distribution of minor- and
671trace elements is the result of the exchange (i.e., diffusion) of
672minor- and trace elements between cores and their surrounding
673rims (with higher contents of Ga, Ti, Ni Mn, and Sc, but lower in
674V) concomitant with the crystallization of chlorite in the pores.
675We propose this ZCM-anomaly as a fingerprint of amphibolite-
676facies metamorphism.
677(3) High-Al cores of partly altered chromites and their thin sur-
678rounding porous rims show identical trace-element patterns,
679which suggest a more limited reaction between these cores and
680infiltrating reducing fluids. Such a limited exchange of elements
681does not substantially modify the original composition in chro-
682mite cores.
683(4) Small grains of high-Al porous chromite are significantly more
684enriched in Zn, Co and Mn (ZCM-anomaly) and depleted in Ga,
685Ni, Sc and V than rims on partly altered chromite. This suggests
686greater element mobility as a result of almost complete infiltra-
687tion of altering fluids.

Fig. 8 (continued).
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688 (5) Non-porous chromite grains and rims on cores of zoned chromite
689 in high-Cr and high-Al chromitites exhibit similar patterns of
690 minor- and trace elements, suggesting their equilibration with
691 a common oxidizing fluid. This fluid, rich in the magnetite

692component, has obliterated the geochemical signatures of the
693pre-existing chromite regardless of its original composition.
694(6) Within a single ultramafic massif, the cores of zoned chromite
695grains show a distinctive pattern (depleted in Ga, Ni and Sc but

Fig. 8 (continued).
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696 enriched in Zn and Co, relative to non-porous rims) different
697 from the cores of partly altered chromite grains. This reflects
698 the interaction of chromite cores with rims formed by a distinct
699 type of fluid (i.e. Fe2+-rich in the porous chromite vs Fe3+-rich
700 in the non-porous chromite).
701 (7) This study reveals that the in-situ analysis of minor- and trace el-
702 ements in chromite using LA-ICP-MS may help to recognize fin-
703 gerprints of metamorphism. This is valuable information that
704 may limit incorrect interpretations of the petrogenesis of the
705 chromite host rocks. Additionally, the metamorphic fingerprints
706 identified in this paper can be applied to the study of isolated
707 chromite grains in serpentinites elsewhere. We expect that the
708 disturbance of trace- and minor elements by metamorphism is
709 much more effective in chromites from peridotites than in
710 chromitites, as the former have lower chromite/silicate ratios
711 that allow higher rates of reaction between infiltrating fluid
712 and chromite. Very likely it would result in more complex pat-
713 terns than those observed here. This suggestion can be the
714 basis of future studies.

715 Supplementary data to this article can be found online at http://dx.
716 doi.org/10.1016/j.chemgeo.2014.10.001.
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