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ABSTrAcT

Patterns of compositional zoning are documented in nine grains of magnesiochromite–chromite (Mgc–Chr), 0.3–0.4 mm in 
size, subhedral or subrounded, recovered from six placer deposits in British Columbia. Their core zones correspond to Mgc or 
magnesian Chr, mantled by zones of Chr. A rim of Zn-rich chromite (9.1% ZnO) occurs in one grain. In most of these grains, Fe2+ 
increases and Mg decreases toward the margin. In contrast, an “anomalous” rim, slightly richer in Mg than the core, is developed 
in one grain, in which an increase in Mg (≤2% MgO) is accompanied by a corresponding increase in Fe3+, Al, minor Ti, and 
by a decrease in Fe2+ and Cr. In the other zoned grains, contrasting trends are documented for Fe3+ and Cr, which decrease or 
increase during crystallization toward the margin. Aluminum covaries with Fe3+ and Cr, as a reflection of different mechanisms of 
coupled substitution. In general, various factors may have exerted a control over the observed zoning, such as 1) loss of Mg during 
subsolidus re-equilibration between the Mgc–Chr and coexisting olivine, 2) the regime and variations in levels of oxygen fugacity, 
f(O2), 3) a re-equilibration between the Mgc–Chr and a late melt enriched in Cr, and (4) accumulation of Al in a remaining melt or 
loss of Al during a re-equilibration at a lower temperature. The Zn was probably introduced into the rim by a reaction involving 
a late-stage fluid phase. The rim richer in Mg may reflect a diffusion-controlled mechanism of growth resulted from a late-stage 
reaction with an isolated portion of the more oxygenated melt rich in Fe3+, Al and Ti and relatively depleted in Cr. Two types of 
potential source-rocks, ophiolitic and Alaskan-type, are evaluated for these placer grains of zoned Mgc–Chr.

Keywords: zoning, magnesiochromite, chromite, placer deposits, ultramafic–mafic rocks, ophiolites, Alaskan-type complexes, 
British Columbia, Canada.

SOmmAire

Nous documentons la zonation compositionnelle développée dans six grains de magnesiochromite–chromite (Mgc–Chr), 
entre 0.3 et 0.4 mm de diamètre, sub-idiomorphes et légèrement arrondis, trouvés dans six gisements de type placer en Colombie-
Britannique. Leurs noyaux correspondent à Mgc ou bien à Chr magnésienne, et ils sont recouverts de Chr. Une bordure enrichie 
en chromite zincifère (9.1% ZnO) est présente dans une des granules. Dans la plupart des cas, la teneur en Fe2+ augmente aux 
dépens de Mg vers la bordure. Par contre, une bordure “anomale” légèrement enrichie en Mg par rapport au noyau est développée 
dans une des granules. L’augmentation en Mg (≤2% MgO) est accompagnée d’une augmentation correspondante en Fe3+, Al 
et Ti mineur, et d’une diminution en Fe2+ et Cr. Dans les autres granules zonées, le comportement de Fe3+ et Cr est variable, 
et peut soit diminuer, soit augmenter vers la bordure. L’aluminium covarie avec Fe3+ et Cr selon le mécanisme de substitution 
couplée approprié. Plusieurs facteurs pourraient avoir exercé un contrôle sur la zonation observée, par exemple 1) une perte de 
Mg pendant un ré-équilibrage subsolidus entre Mgc–Chr et l’olivine coexistante, 2) le régime et les fluctuations en niveau de la 
fugacité de l’oxygène, f(O2), 3) un ré-équilibrage entre Mgc–Chr et un liquide silicaté tardif enrichi en Cr, et (4) une accumulation 
de Al dans le liquide résiduel ou bien perte de Al au cours d’un ré-équilibrage à faible température. Le Zn aurait été introduit 
dans la bordure par réaction impliquant une phase fluide tardive. La bordure enrichie en Mg pourrait témoigner d’un mécanisme 
de croissance due à la diffusion résultant d’une réaction tardive avec une portion isolée du magma plus oxygénée et enrichie en 
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Fe3+, Al et Ti, et relativement dépourvue de Cr. Nous évaluons deux sortes de sources, ophiolitiques et de type Alaska, pour ces 
grains zonés de Mgc–Chr prélevés de placers.

 (Traduit par la Rédaction)

Mots-clés: zonation, magnésiochromite, chromite, gisements de type placer, roches ultramafiques–mafiques, ophiolites, com-
plexes de type Alaska, Colombie-Britannique.

British Columbia. Samples VLE–2001–56b and 52 were 
collected in the Manson Creek area, north-central British 
Columbia. Sample VLE–2001–12c was collected near 
Atlin, northwestern British Columbia.

Placer samples VLE–2001–33 (containing zoned 
grains 1 and 7) and VLE–2001–93 (containing grains 
4 and 9) are associated with low terrace placers on 
Government Creek and the lower Quesnel River, 
respectively. Samples VLE–2001–85b (containing 
grains 2 and 3) and VLE–2001–56b (containing grain 
5) are associated with high terrace placers along the 
Cottonwood River and McConnell Creek, respectively. 
Samples VLE–2001–52 (containing grain 6) and VLE–
2001–12c (containing grain 8) are associated with 
buried paleochannels in the Lost Creek and O’Donnel 
River areas, respectively.

The observed tectonostratigraphic affiliations of 
samples VLE–2001–33, 85b, and 93 are serpentinite 
and ultramafic rocks of the Quesnellia terrane, samples 
VLE–2001–52 and 56b are close to serpentinite and 
ultramafic complexes of the Slide Mountain terrane, and 
sample VLE–2001–12c is in the Atlin ophiolite complex 
in the Cache Creek terrane. However, the exact source-
rocks for some of these placers are difficult to ascertain 
owing to a complex drainage-history.

AnALYTicAL PrOcedure

The samples of placer concentrate were processed 
by Overburden Drilling Management Limited, Ontario. 
The zoned grains of Mgc–Chr, mounted in epoxy, were 
analyzed in wavelength-dispersion spectrometry mode 
(WDS) using a JEOL JXA–8900 electron microprobe at 
20 kV and 30 nA and a narrow beam (<2 to 5 mm). A set 
of well-characterized standards was used: a magnesian 
aluminous chromite (MgKa, FeKa, AlKa and CrKa), 
vanadinite (VKa), a Mn-rich willemite (ZnLa, MnKa), 
pure TiO2 and NiO (TiKa, NiKa), diopside (CaKa), a 
Co-bearing pentlandite (CoKa) supplied by CANMET, 
and kyanite (SiKa). The raw data were corrected 
on-line. An additional correction was made for the peak 
overlap existing between the emission lines of Ti and 
V. The results of electron-microprobe analyses (EMP) 
were recalculated using the latest version of a calcula-
tion procedure for spinels by S.J. Barnes; the contents 
of ferric and ferrous iron were calculated assuming 
stoichiometry.

inTrOducTiOn

The Fe–Cr–(Ti)-rich oxide minerals, including 
chromite, magnesiochromite and other members of 
the spinel group, are important constituents of placer 
deposits in British Columbia. These placers are the host 
for various minerals of the platinum-group elements 
(PGE) and gold (e.g., Nixon et al. 1990, Levson & 
Morison 1995, Levson et al. 2002, Barkov et al. 2005, 
2008). In this paper, we document patterns of zoning 
observed in nine grains of the magnesiochromite–
chromite (MgCr2O4–Fe2+Cr2O4) solid-solution series 
(hereafter: Mgc–Chr). These zoned grains, recovered 
from six placers of British Columbia, are interesting 
in several respects. (1) They are representative of 
zoned grains encountered among about 800 grains of 
members of the chromite–magnesiochromite–(spinel) 
series collected from various placers across British 
Columbia and analyzed. (2) These zoned grains contain 
magnesiochromite in the core; this type of zoning differs 
from that developed in composite grains of chromite 
– ferrian chromite – magnetite, which are common 
in other localities (e.g., Bliss & MacLean 1975). (3) 
These zoned grains of Mgc–Chr are indicators of 
factors during the magmatic and postmagmatic stages of 
crystallization and re-equilibration in their lode source-
rocks. (4) The observed compositional variations allow 
us to recognize mechanisms of element substitution. (5) 
We document the occurrences of rimward buildup in 
Zn, Cr, and Mg. The analyzed Zn-rich chromite (9.1% 
ZnO) corresponds to a rarely encountered variant of 
chromite; it is associated with an unusually zoned grain 
of Pt–Fe alloy (Barkov et al. 2008). (6) The documented 
rimward enrichment in Mg is anomalous and especially 
interesting; we discuss factors that may have controlled 
the appearance of this zoning. (7) These compositional 
characteristics may be useful in the interpretation of 
provenance of the placer grains of Mgc–Chr in British 
Columbia.

PLAcer SAmPLeS  
OF ZOned mAGneSiOchrOmiTe–chrOmiTe

The analyzed grains of zoned Mgc–Chr (grains 
1 to 9) were found in samples of placer concentrate 
collected in six placer deposits of British Columbia. 
Three of these samples, VLE–2001–33, 85b, and 93, 
were collected in the Caribou region, south-central 
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cOmPOSiTiOnAL VAriATiOnS And ZOninG 

The nine zoned grains analyzed in this study are 
small (0.3–0.4 mm) and partly subhedral or roundish, 
possibly as a reflection of different distances of transport 
from their lode sources. However, rounding of these 
grains could also result from greater length of time or 
more vigorous turbulence in the river bed without an 
essential lateral movement. The boundary between core 
and rim is diffuse (Figs. 1A–C) or rather sharp (grain 8: 
Fig. 1D). The EMP rim-to-core traverses done across 
grains 1–8 using a step interval of 20–30 mm reveal 
the existence of various patterns of zoning (Tables 1–4, 
Figs. 2A–D, 3A–F). In all of these grains, levels of 
total Fe and Fe2+ increase rimward (Figs. 2A, 3A), and 
those of Mg decrease (Fig. 3B), with a corresponding 
decrease in values of their mg# index, Mg/(Mg + Fe2+) 
(Fig. 2B). Such variations, which are consistent with a 
normal process of fractional crystallization, commonly 

are ascribed to subsolidus equilibration with olivine. 
Note that the core phase has a Mg-dominant composi-
tion in grains 1, 2, 4, 6–8, which corresponds to magne-
siochromite. The maximum levels of Mg, observed in 
the core phase of these grains, are comparable with 
each other (Fig. 3B), implying a uniformly Mg-rich 
composition of the relevant magmas from which they 
crystallized. In contrast, the core phase in grains 3 and 
5 corresponds to magnesian chromite. The anomalous 
pattern observed in grain 9 will be described separately 
below.

The behavior of Fe3+ differs from that shown by 
Fe2+. The levels of Fe3+ and values of the index fe3+# 
[= Fe3+/(Cr + Al + Fe3+)] (Fig. 2D) display contrasting 
trends, with a decrease (grains 1, 2, 4, 6, 7) or increase 
in Fe3+ (grains 3, 5: Fig. 3E) from core to rim. No trend 
is obvious for grain 8, however (Fig. 3E).

Interestingly, a contrasting behavior is documented 
also for Cr. The levels of Cr decrease or, in contrast, 

FiG. 1. (A–D). Back-scattered electron images of placer grains of zoned magnesiochromite–chromite from British Columbia. 
(A) Grain 1 (labeled Chr), containing an inclusion of kaersutitic amphibole (Amp): (Na0.65K0.05)S0.70 (Ca1.80Na0.10Fe0.09 
Mn0.01)S2.00 (Mg2.91Fe1.09)S4.00 (Ti0.50

VIAl0.42Cr0.04Fe0.04)S1.00 (Si5.96
IVAl2.04)S8.00O22 (OH1.99Cl<0.01) (WDS data), from sample 

VLE–2001–33. (B) Grain 4 (Chr) from sample VLE–2001–93. (C) Grain 7 (Chr) from sample VLE–2001–33. (D) Grain 8 
(Chr) from sample VLE–2001–12c.
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increase toward the edge (Fig. 3D). This behavior can 
also be seen in variations of values of the index cr# [Cr/
(Cr + Al): Fig. 2C]. In general, all of the zones analyzed 
in grains 1–9 have high values of cr#; they display a 
broader range in terms of their atomic ratio Fe2+/(Mg 
+ Fe2+) (Fig. 4). Manganese typically, but not invari-
ably (e.g., grains 1, 6), displays a relative enrichment 
at the margin of the grains; grain 5 consists of chromite 
enriched in Mn, developed at the rim (Fig. 3C). Varia-
tions involving Al, Fe3+, Cr and divalent cations (Figs. 
3A–F) reflect various mechanisms of coupled substitu-
tions formulated below.

“Anomalous” Mg-rich rim

The rim developed in grain 9 is narrow and enriched 
in Mg relative to the core (Fig. 5A). The difference 
observed in content of Mg is minor: <2% MgO (i.e., 
0.05 Mg apfu) (Figs. 6A, 7A, Tables 3, 4). However, the 
existence of this difference and of a gradual increase in 
levels of Mg toward the margin is very well established 
along two traverses oriented from rim to center, which 
include 5 and 25 point-analyses, respectively (WDS: 

Figs. 6A–F, 7A–F). The enrichment in Mg at the rim 
also is recognized in the X-ray map (Fig. 5B). The 
increase in Mg is accompanied by an increase in Al, 
Fe3+, minor Ti, values of the indices mg# and fe3+#, and 
also by a corresponding decrease in Fe2+, Cr, and values 
of the index cr# (Figs. 6A–F, 7A–F). In compositions 
obtained via these traverses, Mg correlates strongly 
positively with Al (R = 0.97), Fe3+ (R = 0.97), and Ti 
(R = 0.96), and negatively with Fe2+ and Cr (R = –0.98 
and –0.97, respectively), where R is the correlation 
coefficient calculated for n = 30 (in apfu). This rimward 
increase in the mg# contrasts with the “normal” trends 
observed for grains 1–8 (Fig. 2B), and also with the 
expected trend of normal magmatic crystallization.

diScuSSiOn

Mechanisms of element substitutions

The compositional variations and observed trends 
(Figs. 2A–D, 3A–F, Tables 1–4) are consistent with the 
following mechanisms of coupled substitutions in the 
zoned grains of Mgc–Chr: grain 1 [(Fe + Zn)2+ + Al $ 
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(Mg + Mn) + (Cr + Fe3+)]; grain 2 [(Fe + Zn + Mn)2+ 
+ Al $ Mg + Fe3+]; grain 3 [(Fe + Mn + Zn)2+ + (Cr + 
Fe3+) $ Mg + Al]; grain 4 [(Fe + Mn + Zn)2+ + Cr $ 
Mg + (Al + Fe3+)]; grain 5 [(Fe + Mn + Zn)2+ + Fe3+ 
$ Mg + (Cr + Al)]; grain 6 [(Fe + Zn)2+ + Al $ (Mg 
+ Mn) + Fe3+]; grain 7 [(Fe + Mn + Zn)2+ + Cr $ Mg 
+ (Fe3+ + Al)]; and grain 8 [(Fe + Mn)2+ + Cr $ Mg 
+ Al]. In grain 9, the mechanism of substitution is Mg 
+ (Al + Fe3+) $ Fe2+ + Cr; minor amounts of Ti4+ (up 
to 0.02 Ti apfu) are preferentially incorporated into the 
Mg-rich rim (Figs. 6A–F, 7A–F).

Zn-rich chromite: new occurrence  
and comparison with other localities

Zinc in excess of 0.5% ZnO is uncommon in chro-
mite. The observed Zn content attains its maximum, 9.1% 
ZnO (Table 1), in a narrow rim having the composition 
(Fe0.77Zn0.24Mg0.02)S1.03(Cr1.15Al0.59Fe3+

0.19Ti0.04)S1.97 
O4 (Table 2), which is developed on grain 1 (Fig. 1A). 
Grains 2–5 are similar, although considerably poorer in 
Zn (1.3–2% ZnO), in zones developed at their margin. 
The cores of all of these grains of Mgc–Chr are poor 
in Zn (Tables 1–4).

Zinc-bearing chromite was reported from various 
deposits, e.g., metamorphosed volcanogenic Fe–Ni 
sulfide ores, Australia (Groves et al. 1977). Zoned 
Zn- and Mn-bearing chromite (4.3% ZnO) occurs in 
nephrite masses derived from xenoliths of serpentinized 
dunites, in the Mashaba chromite mine, Zimbabwe 
(Bevan & Mallinson 1980). Complexly zoned “spinel” 
grains having a chromite core (up to 19% ZnO), occur 
in association with quartz–magnetite and ultramafic 
rocks, Maryland Piedmont, USA (Wylie et al. 1987). 
Grains with a core of Zn-rich chromite (4.0% ZnO), a 
rim of ferrian chromite (1.3% ZnO), and an outer rim 
of Cr-rich magnetite, were reported from serpentinized 
ultramafic bodies in the Cordillera Frontal Range, 
Argentina (Bjerg et al. 1993). Zinc-rich chromite (up to 
13.7% ZnO) also occurs in association with carbonated 
ultramafic rocks, New Zealand (Challis et al. 1995). In 
addition, zoned chromite containing Zn (up to 4.4% 
ZnO) was reported from the Näätäniemi serpentinite 
(ophiolite) complex, Kuhmo greenstone belt, Finland 
(Liipo et al. 1995). Weiser & Hirdes (1997) documented 
a compositional range for zinc-rich chromite, with a 
mean of 13.3% ZnO, from gold-bearing metaconglom-
erates in Ghana. The estimated content of Fe3+ is ca. 
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0.2 apfu in all these samples from Finland, Ghana, and 
in the presently analyzed Zn-rich phase from British 
Columbia. The latter sample is comparatively richer 
in Al, however (anal. 1–1, Tables 1, 2). Interestingly, 
results of Mössbauer spectroscopy show that all Fe is 
oxidized fully to Fe3+ in a zoned grain of Zn-rich chro-
mite from Portugal (Figueiras & Waerenborgh 1997).

Zn-rich zoned chromite: its origin and relationship 
with zoning in associated Pt–Fe alloy

A metasomatic alteration is commonly recognized 
as a leading mechanism in producing a Zn-rich chro-
mite phase (Bevan & Mallinson 1980, Wylie et al. 
1987, Bjerg et al. 1993, Challis et al. 1995). Similarly, 

FiG. 2. (A–D). Compositional variations observed in zoned grains of magnesiochromite–chromite, plotted in the order from 
grain 1 to 8, from placer deposits of British Columbia. Results of five point-analyses (WDS), done for each of these grains 
along EMP traverses oriented from the rim to the core, with a step interval of 20–30 mm, are plotted versus the number of 
EMP analysis. These diagrams show variations in values of total Fe as FeO, expressed in weight % (Fig. 2A), of the index 
mg# (B), which is Mg/(Mg + Fe2+), of the index cr# (C), which is Cr/(Cr + Al), and of the index fe3+# (D), which is Fe3+/
(Cr + Al + Fe3+). The symbols are filled circles for zoned grain 1, open diamonds for grain 2, filled squares for grain 3, open 
triangles for grain 4, filled diamonds for grain 5, filled triangles for grain 6, open circles for grain 7, and open squares for 
grain 8. The observed trends of crystallization, from the center to the rim of zoned grains 1–8, are shown by dashed arrows 
(Figs. 2A–D and 3A–F).
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FiG. 3. (A–F). Compositional variations observed in the zoned grains of magnesiochromite–chromite (grains 1 to 8) from placer 
deposits of British Columbia, in terms of values of Fe2+ (Fig. 3A), Mg (B), Mn (C), Cr (D), Fe3+ (E), and Al (F), expressed 
in apfu. The symbols used are the same as those shown in Figures 2 (A–D).
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zincochromite (ZnCr2O4), a very rare member of the 
spinel group, was reported only from metasomatic U–V 
deposits of Karelia, Russia (Nesterov & Rumyantseva 
1987, Pekov et al. 2000). Recently, a submicrometric 
particle of zincochromite was identified in a clayey soil 
(Manceau et al. 2004). On the other hand, substantial 
levels of Zn in chromite have been proposed to be of 
primary-magmatic origin (e.g., Groves et al. 1977). In 
the presently analyzed grain, the enrichment in Zn is 
attained in a narrow rim (9.1% ZnO; Fig. 1A), mantling 
the core of magnesiochromite, which is poor in Zn 
(≤0.04% ZnO: Tables 1, 2). Thus, the Zn was likely 
introduced into the rim area as a result of reaction with 
a fluid phase, which may have remobilized the Zn at 
a subsolidus stage. The presence of an inclusion of a 
kaersutitic amphibole near the Zn-rich rim (Fig. 1A) is 
consistent with the deposition from a hydrous fluid.

Interestingly, the same sample, VLE–2001–33, 
in which the grain of Mgc–Chr has the Zn-rich rim 

contains an unusually zoned grain of Pt–Fe alloy 
(Barkov et al. 2008). The Pt–Fe alloy consists of 
a core of Pt74.0Fe20.4Cu1.9Ir1.5Rh1.1Pd1.0Os0.08Ru0.01 
Ni0.01 (atom %) with a SPGE:(Fe+Cu+Ni) ratio of 
3.5 and a rim of Pt78.5Fe15.5Cu1.7Ir1.5Rh1.4Pd1.2Ni0.15 
Os0.06Ru<0.01 with a SPGE:(Fe+Cu+Ni) ratio of 4.8. The 
rim and adjacent veinlets are richer in Pt and poorer 
in Fe, and were formed by interaction of the original 
Pt–Fe alloy with a low-temperature fluid, resulting in 
a selective removal of Fe and simultaneous addition 
of Pt (Barkov et al. 2008). A textural similarity exists 
between these two zoned grains, Mgc–Chr and Pt–Fe 
alloy, which both have as a rim the Zn-rich chromite 
and the Pt-rich Pt–Fe alloy, respectively. The existence 
of a paragenetic relationship between a Mgc–Chr and 
Pt–Fe alloy is not unusual. These zoned grains could 
have been derived from essentially the same or a related 
zone of mineralized source-rocks, in which a fluid phase 
was present at a late stage of crystallization, or the fluid 

FiG. 4. Plot of Fe2+/(Mg + Fe2+) versus Cr/(Cr + Al) for placer grains of the zoned mag-
nesiochromite–chromite from placer deposits of British Columbia. The series-1 dataset 
pertains to zoned grain 1, the series-2 dataset pertains to zoned grain 2, etc., correspond-
ingly, so that the series-9 dataset pertains to zoned grain 9. The 90th percentile contours 
of compositional field characteristic of the Alaskan- and ophiolite-type complexes are 
shown schematically (after Barnes & Roeder 2001).
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could be unrelated. In addition, the high content of Zn 
in the Mgc–Chr may point to the presence of base-metal 
sulfide mineralization (e.g., Groves et al. 1977).

Behavior of minor Ti, Zn, Mn, V, Ni,  
and Co in spinel-group minerals

In general, minor amounts of Ti, reflecting the 
presence of the ulvöspinel component, Zn and Mn 

tend to increase at the margin of grains (Tables 1–4). 
This zoning implies a late involvement of pockets of 
intercumulus melt. Grain 5 displays the highest content 
of Mn (Tables 1, 2); however, much higher contents of 
Mn are known in chromite from other localities (e.g., 
Michailidis 1990). Most of the analyzed grains exhibit 
sympathetic variations between Mn and Fe2+ (and 
antipathetic ones between Mn and Mg), as expected. 
In contrast, grains 1 and 6 seem to display an opposite 

FiG. 5. Back-scattered electron image (A) and complementary color X-ray maps showing the distribution of Mg (B), Cr (C), 
and Al (D) in grain 9 of zoned magnesiochromite–chromite (Chr) from sample VLE–2001–93. The zones with the highest 
concentration of an element are red, followed by orange, yellow, green, blue, and zones with the lowest concentration are 
violet. Note that the enrichment in Mg, observed in the narrow rim of this grain, is shown by the appearance of orange tint 
near the edge. The scale bar equals 50 mm.
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trend, which is uncommon, because their contents of 
Mn tend to covary positively with Mg (cf., Figs. 3A–C). 
No zoned distribution is observed in levels of V, Ni and 
Co (Tables 1–4).

Factors controlling the formation of zoning  
in magnesiochromite–chromite

The development of complex zoning in the analyzed 
grains 1–8 could result from a combination of factors. 
(1) A normal process of fractional crystallization and 

FiG. 6. (A–F). Variations in levels of MgO (A), Cr2O3 (B), total Fe taken as FeO (C), TiO2 (D), and Al2O3 (F), and of calculated 
values of Fe2O3 (E), expressed in weight %, along two electron- microprobe traverses oriented from the rim to the center 
across zoned grain 9 shown in Figures 5 (A–D). Results of these two traverses are shown by different symbols.
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differentiation of magma with a drop in temperature 
could be reflected in the core-to-rim decrease in the 
mg# and Mg, and in the corresponding increase in 
Fe2+ (Figs. 2B, 3A, B). These compositional trends, 
which are generally uniform, are characteristic of grains 
1–8. However, it is known that commonly, grains of 
chromite do not preserve a high-temperature record 
of magmatic crystallization (Wilson 1982, Barnes & 

Roeder 2001). Thus, the zonal distribution of Mg, Fe2+, 
and of the mg# could rather reflect loss of Mg during a 
subsolidus re-equilibration between the Mgc–Chr and 
a coexisting forsterite-rich olivine or, less commonly, 
a high-magnesium pyroxene. (2) The observed varia-
tions in values of the fe3+# and contents of Fe3+ (Figs. 
2D, 3E) reflect the regime and levels of f(O2) in the 
postmagmatic stages, which may have evolved with 

FiG. 7. (A–F). Variations in the content of Mg (A), Fe2+ (B), and Fe3+ (C), and in values of the indices mg# (D), fe3+# (E), 
and cr# (F) along the two electron-microprobe traverses oriented from the rim to the center across zoned grain 9 (see Figs. 
5 A–D and 6A–F).
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increasing or decreasing f(O2) during crystallization. A 
trend of gradual enrichment in Fe3+ toward the edge, 
which is characteristic of grain 5 or, to a lesser degree, 
grain 3, implies that levels of f(O2) generally increased 
(Fig. 3E). In contrast, for grain 7, a regime of decreasing 
f(O2) may be suggested, whereas values of f(O2) seem 
to have been invariant during crystallization of grain 8 
(Fig. 3E). (3) The core-to-rim increase in Cr and the cr# 
(Figs. 2C, 3D), which vary antipathetically with mg#, 
e.g., in grains nos. 7 and 8, is somewhat uncommon, 
because a “normal” trend of magmatic crystallization 
leads to depletion in Cr in a late-crystallized phase at 
the margin. For example, the rim of chromite grains is 
poorer in Cr than the core in the Turnagain ultramafic 
complex, northwestern British Columbia (Clark 1978). 
An “anomalous” behavior of Cr, similar to that docu-
mented in this study, was described from the Josephine 
ophiolite complex, California, in which altered “spinel” 
grains, associated with hydrous silicate minerals, 
display a core-to-rim increase in Cr:(Cr + Al), prob-
ably accompanying a hydrothermal alteration (Kimball 
1990). Various effects of metasomatic alteration seem to 
be characteristic of ophiolite complexes in California. A 
unique W-rich alloy of Os and Ir and associated Fe-rich 
alloy of Os, Ru, and Ir formed as a result of metasomatic 
alteration in a mineralized ophiolite from California 
(Barkov et al. 2006).

The unusual patterns of zoning in grains 7 and 8 
could possibly reflect the consequences of a magmatic 
process. If so, these Cr-rich zones could have formed 
as a result of a re-equilibration between the Mgc–Chr 
and a late-stage melt enriched in Cr, producing the 

observed Cr-enrichment at the margin. Possibly, the 
crystallization of olivine, coexisting with Mgc–Chr, 
may have promoted a relative enrichment in Cr in the 
remaining melt. However, the increase or decrease in 
Cr in chromite may rather reflect a decrease or increase 
in Al, which in turn may be related to silica activity and 
the presence or absence of a high-magnesium pyroxene 
(Hatton & Von Gruenewaldt 1985). (4) There are two 
contrasting trends observed for Al, one with an increase 
and one with a decrease in Al during crystallization 
from the center to the margin (Fig. 3F). These trends 
may be indicative of accumulation of Al in a remaining 
melt during crystallization, e.g., also promoted by the 
crystallization of olivine, or to a loss of Al during a 
re-equilibration (with aluminous high-Mg amphibole?) 
at a lower temperature. (5) A crystallochemical factor 
may also have played a role. A low level of decreasing 
f(O2) in a magmatic system would have led to a lower 
content of Fe3+ in a Mgc–Chr crystallizing in equilib-
rium with a melt. In the case of decreasing availability of 
Fe3+, the behavior of the remaining pair of the Me3+ (Al 
and Cr) is especially important in maintaining charge 
balance. If a deficit in Al also exists in such system, as 
is not unusual in ultramafic complexes, the behavior of 
Cr then becomes crucial in charge balancing, probably 
promoting the incorporation of higher levels of Cr into 
a late-crystallized zone of Mgc–Chr.

Origin of the “anomalous” Mg-rich rim

A relative enrichment in Mg, observed in the outer 
zone of grain 9 (Figs. 5A–D, 6A–F, 7A–F), contrasts 

FiG. 8. Compositional variations in the zoned grains (1 to 9) of chromite–magnesiochromite from placers of British Columbia 
in terms of the Cr–Fe3+–Al diagram. The dashed line shows the miscibility gap (after Barnes & Roeder 2001).
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with the zoning in grains 1–8, all of which display a 
“normal” trend with decreasing values of their mg# 
during crystallization (Fig. 2B). As a possibility, such 
“anomalous” trend documented for grain 9 also could 
reflect a replenishment of magma, having a ratio Mg:Fe 
higher than that of a fractionated magma, from which 
the core zone of this grain crystallized. However, this 
possibility seems to be unlikely, because (1) this Mg-rich 
zone is narrow, having a diffuse boundary with the core 
zone (Fig. 5A), and (2) the documented variations in 
composition are gradual in this grain, which is rather 
consistent with evolutionary changes in a closed system 
(Figs. 6A–F, 7A–F). In addition, the composition of 
the core zone and that of the rim are quite similar; the 
difference is ~2% MgO (Figs. 6A, 7A, Tables 3, 4). 
Thus, these characteristics appear to be rather consis-
tent with a diffusion-controlled mechanism of growth, 
and possibly imply a late-stage reaction between the 
crystallizing Mgc–Chr and remaining Mg-rich melt. 
This suggestion is corroborated by observations from 
the Panton sill, Australia, in which a postcumulus 
re-equilibration of chromite with a surrounding magma 
results in an increase in its content of Al and higher 
values of its mg# (Hamlyn & Keays 1979).

We suggest that the core in grain 9 crystallized from 
a high-magnesium magma rich in Cr and relatively poor 
in Fe, as is evident from high values of the indices mg# 
(ca. 0.6) and cr# (ca. 0.8: Figs. 7D, F). The values of the 
index fe3+# and content of Fe3+ gradually increase, and 
Fe2+ decreases from the core toward the rim (Figs. 7B, 
C, E). The atom ratio Fe3+:(Fe3+ + Fe2+) also increases in 
this direction, from 0.38 (center) to 0.43 (margin). These 
variations indicate a progressive rise in level of f(O2) 
in the system. In addition, levels of Al and Ti increased 
in the melt, parallel to a corresponding decrease in Cr, 
which was preferentially incorporated into the earlier 
zones (Figs. 6B, D, F, 7F). As consequences of the 
rise in f(O2) and of the other evolutionary changes, a 
relative deficit in Fe2+ may have existed in a remaining 
and isolated portion of the more oxygenated magma 
that became more saturated in species of Fe3+, Al and 
Ti, and relatively depleted in Cr. At a lower tempera-
ture, this magma then likely re-equilibrated with the 
crystallizing Mgc–Chr. The inferred deficit in Fe2+ in 
this magma, and possibly also in the other Me2+, all of 
which are minor (Tables 3, 4), may have promoted the 
incorporation of slightly greater amount of Mg into the 
“anomalous” zone. Note that the difference observed 
between the corresponding “core versus rim” levels of 
Mg, Fe2+, and Fe3+ amounts to ca. 0.05 apfu (Figs. 7A, 
B, C). This consistency implies that about 0.05 Fe2+apfu 
became oxidized to Fe3+, and was replaced by Mg. In 
addition, grain 9 was likely isolated and surrounded by 
grains of associated Mgc–Chr in a chromitite, and was 
thus unable to exchange efficiently Mg, Fe2+ and Fe3+ 
with surrounding phases and a remaining melt. Inter-
estingly, mafic minerals become anomalously enriched 

in Mg owing to degassing in epizonal granitic plutons 
(Czamanske & Wones 1973).

However, there is an alternative explanation (P. 
Roeder, writ. commun.). The range in zoning in this 
grain 9 is essentially parallel to the isopotential line of 
Fo90 at 1200ºC, calculated using the equations of Pous-
tovetov (2000). Probably, the observed change in Mg is 
mainly a result of the corresponding change in Al, which 
may reflect an original magmatic effect or the proximity 
to an aluminous mineral in the original rock.

Comparison with compositions of members  
of the spinel group from ophiolites and Alaskan-type 
complexes

In view of the observed affinities of the terranes 
in the study area, two principal types of source rocks, 
ophiolitic and Alaskan-type complexes, are the most 
likely sources for the placer grains of zoned Mgc–Chr. 
Other sources, such as stratiform (layered) complexes 
or komatiites, appear to be less probable, although 
members of the spinel group in such rock types may 
have quite comparable compositions.

Typically, Mgc–Chr from Alaskan-type intrusions 
displays higher levels of Fe3+, high values of the ratio 
Fe3+:SMe3+, moderate levels of Al, a principal substitu-
tion Cr3+ ! Fe3+, and a relative enrichment in Ti (e.g., 
Irvine 1967, Nixon et al. 1990, Johan et al. 2000, Garuti 
et al. 2003, Johan 2006). However, using a global data-
base, Barnes & Roeder (2001) indicated that extensive 
overlaps exist between the overall compositional fields 
of chromite-type phases from Alaskan-type complexes 
and from ophiolites (Fig. 4). The majority of composi-
tions of zoned Mgc–Chr from British Columbia plot in 
(or near the boundary of) the field of Mgc–Chr from 
Alaskan-type complexes and also in the Cr-rich area 
of the field of Mgc–Chr from ophiolite-type rocks 
(Fig. 4). 

The Zn-rich phase from sample VLE–2001–33 is 
compositionally similar to a Zn-rich chromite from the 
Näätäniemi ophiolite complex, Finland (Liipo et al. 
1995). This similarity suggests an ophiolite origin for 
grain 1, which is consistent with the occurrence of a 
Ru-dominant alloy in this placer sample (Barkov et al. 
2008). The tectonostratigraphic affiliation observed for 
sample VLE–2001–12c is the Atlin ophiolite complex 
in the Cache Creek terrane. Grain 8, recovered from this 
placer, shows the greatest extent of enrichment in Cr (up 
to 57.6% Cr2O3, Tables 3, 4). In this respect, this grain 
differs from all of the other zoned grains, and rather 
resembles a high-Cr chromite (>55% Cr2O3) from the 
Mitchell Range, central British Columbia (Whittaker & 
Watkinson 1984). In the Cr–Fe3+–Al plot (Fig. 8), the 
trends observed for grains 8 and 9 tend to correspond to 
a generalized trend Cr–Al, which is typical of ophiolitic 
chromitites (cf., Barnes & Roeder 2001). Thus, the Atlin 
ophiolite complex is the inferred lode-source for grain 
8; an ophiolite-type provenance is implied also for grain 
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9. The low values and small range of Fe2+:(Mg + Fe2+) 
suggest that grain 9, and perhaps grain 8 as well, were 
derived from a body of chromitite. In contrast, grain 3 is 
rich in Fe2+ (Fig. 3A) and differs in a high value of the 
latter ratio, so that this grain was likely derived from a 
dunite or peridotite, rather than from a chromitite. The 
trend observed for grain 5 shows a notable increase in 
Fe3+ during crystallization (Fig. 3E), which corresponds 
to a generalized trend Cr–Fe3+ (Fig. 8). This trend is 
consistent rather with the derivation of grain 5 from an 
Alaskan-type source.
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