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absTracT

the early Jurassic turnagain intrusion (24 km2) in northern British columbia, canada, is one of a number of alaskan-type 
intrusions that occur within the Mesozoic Quesnel accreted arc terrane. It is distinguished by the presence of magmatic Ni 
sulfide mineralization hosted by ultramafic cumulate rocks. Chromian spinel is a common accessory mineral (<0.5–4 vol.%) 
in the ultramafic rocks of the intrusion and is locally found as massive chromitite schlieren, pods, and rare layers in dunite. 
Although the composition of spinel from the Turnagain intrusion is highly variable, systematic compositional trends may be 
distinguished within individual samples and between samples from the different lithological units. Primary spinel compositions 
[Fe3+/(Fe3+ + Cr + Al) < 0.1, Cr/(Cr + Al) > 0.85, Fe2+/(Fe2+ + Mg) < 0.4] are preserved in magnesiochromite grains from the 
chromitites, which were isolated from nearby olivine and interstitial melt and thus did not significantly re-equilibrate during 
cooling. Extensive re-equilibration with evolved interstitial melt, defined by broadly linear trends of increasing Al, Fe3+, ti, 
V and Fe2+/(Fe2+ + Mg) with decreasing Cr content, is recorded in chromian spinel grains from dunite, wehrlite, and olivine 
clinopyroxenite. These trends converge toward the compositional field of grains from the chromitites. Rims of Fe3+-rich chromite 
and cr-bearing magnetite, up to 30 mm thick, formed around chromian spinel grains during subsolidus infiltration of oxygenated 
fluids and serpentinization. Relative to the global database of spinel compositions from Alaskan-type intrusions, the majority of 
the chromian spinel compositions from the turnagain intrusion are characterized by lower Fe3+/(Fe3+ + cr + al) and higher cr/
(Cr + Al), which is consistent with a relatively low oxygen fugacity for the parental magmas to the ultramafic cumulates. The 
turnagain parental magmas were likely reduced by assimilation of graphite- and pyrite-bearing phyllite host-rocks, which led 
to local saturation in a sulfide liquid.

Keywords: Turnagain intrusion, Alaskan-type intrusion, chromian spinel, chromitite, ultramafic rocks, electron-microprobe 
analyses, re-equilibration, oxygen fugacity, British Columbia.

sommairE

le complexe intrusif de turnagain (24 km2), dans le nord de la Colombie-Britannique, Canada, d’âge jurassique précoce, est 
membre d’une association de massifs intrusifs de type Alaska dans le socle mésozoïque d’arcs accrétés de Quesnel. Il se distingue 
par la présence d’une minéralisation en sulfures magmatiques de Ni encaissée dans les cumulats ultramafiques. Le spinelle 
chromifère est un accessoire répandu dans les roches ultramafiques du complexe (<0.5–4% du volume), localement accumulé 
pour former des inclusions, lentilles et couches de chromitite dans la dunite. Quoique la composition du spinelle de l’intrusion 
Turnagain est très variable, on distingue des variations systématiques de la composition au sein d’échantillons individuels ou 
parmi les échantillons de différentes unités du complexe. Les compositions primaires [Fe3+/(Fe3+ + Cr + Al) < 0.1, Cr/(Cr + 
Al) > 0.85, Fe2+/(Fe2+ + Mg) < 0.4] sont préservées dans la magnésiochromite des chromitites, qui étaient isolées par rapport 
à l’olivine et le liquide silicaté adjacent, et donc qui n’ont pas ré-équilibré de façon importante au cours du refroidissement. 
On reconnait les effets d’un ré-équilibrage plus répandu avec le bain fondu interstitiel, tel que défini par des variations plus ou 
moins linéaires montrant une augmentation en Al, Fe3+, ti, V et Fe2+/(Fe2+ + Mg) à mesure que diminue la teneur en Cr, dans le 
spinelle chromifère de la dunite, wehrlite, et clinopyroxénite à olivine. Ces tendances convergent vers le champ de compositions 
typiques des échantillons de chromitite. Des liserés de chromite enrichie en Fe3+ et de magnétite chromifère, atteignant 30 mm 
en épaisseur, se sont formés autour des grains de spinelle chromifère au cours de l’infiltration de fluide oxygéné et de la serpen-
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tinisation. Par rapport aux données disponibles sur la composition des spinelles des intrusions de type Alaska, la majorité des 
compositions provenant du complexe intrusif de Turnagain ont des valeurs de Fe3+/(Fe3+ + Cr + Al) plus faibles et des valeurs 
de Cr/(Cr + Al) plus élevées, ce qui concorde avec une fugacité plus faible d’oxygène des venues de magma qui ont produit les 
cumulats ultramafiques. Ces venues seraient devenues réduites par assimilation de l’encaissant, des phyllites contenant graphite 
et pyrite, ce qui a mené à une saturation locale en liquide sulfuré.

(Traduit par la Rédaction)

Mots-clés: massif intrusif de Turnagain, complexe de type Alaska, spinelle chromifère, chromitite, roches ultramafiques, analyses 
avec microsonde électronique, ré-équilibrage, fugacité d’oxygène, Colombie-Britannique.

rEGional GEoloGy

Numerous alaskan-type intrusions in British 
columbia (B.c.) occur within the Mesozoic Quesnel 
accreted arc terrane, including the tulameen (Findlay 
1969), Polaris (Foster 1974), Lunar Creek, Wrede 
creek, Johansson lake (Nixon et al. 1997), and turn-
again (Clark 1975, 1978, 1980, Nixon 1998) intrusions. 
the turnagain intrusion is located in northwestern 
B.c., approximately 70 km east of Dease lake. It lies 
east of the Kutcho Fault, a regional strike–slip fault 
that delineates the terrane boundary between ancestral 
North america to the north and Quesnellia to the south 
(Gabrielse 1998). the 24 km2 turnagain intrusion is 
fault-bounded; during the early Jurassic, it was thrust 
onto graphitic and pyritic phyllites currently assigned 
to the undivided Ordovician–Devonian Road River 
Formation of the earn Group, a deep marine facies of 
paleo-passive-margin sedimentary units of Ancestral 
North America (Gabrielse 1998). Conformably over-
lying the phyllite is a Devonian–Mississippian volcanic 
and sedimentary unit (erdmer et al. 2005) that may be 
correlative with the Lay Range Assemblage (Scheel 
2007). the age of crystallization of the turnagain 
intrusion is constrained to be ~190 Ma on the basis of 
combined U–Pb and 40ar/39ar geochronological results 
(Scheel 2007).

GEoloGy and spinEl conTEnT  
of ThE TurnaGain inTrusion

the turnagain intrusion contains predominantly 
coarse-grained ultramafic cumulate rocks (dunite, 
wehrlite, olivine clinopyroxenite and hornblende 
clinopyroxenite) with associated late hornblende-
bearing dioritic phases and intrusions (clark 1980, 
Nixon 1998). the intrusion forms a northwest-trending 
elongate body (3.5 3 8.5 km) with an apparent thick-
ness of approximately 450 m, as estimated from inverse 
modeling of gravity data (C. Baldys, pers. commun. 
2005) (Fig. 1). Outcrop exposures are limited to the 
northern and northeastern parts of the intrusion, which 
are above the treeline, and near Ni-sulfide mineralized 
zones to the southeast near the Turnagain River (Fig. 1). 
although fault-bounded, the intrusion is crudely zoned, 
with dunite in the north-central region, clinopyroxene-
bearing lithologies to the southeast and northwest that 

inTroducTion

chromian spinel, found as an accessory mineral in 
a wide variety of mafic and ultramafic rocks, is typi-
cally one of the earliest phases to crystallize in basic–
ultrabasic magmas (e.g., Roeder 1994, Barnes 1998, 
Barnes & Roeder 2001). The abundance of chromian 
spinel in many mafic–ultramafic rocks is generally low 
(~1 vol.%), although accumulations form chromitite 
layers and pods in layered intrusions and ophiolites. 
chromian spinel is also found associated with the 
least-evolved rock types of Alaskan-type intrusions. 
Alaskan-type intrusions are mafic–ultramafic complexes 
dominated by dunite, wehrlite, olivine clinopyroxenite, 
and clinopyroxenite, with chromian spinel present in 
the most Mg-rich rocks; the absence of orthopyroxene 
is a defining characteristic of Alaskan-type intrusions 
(Taylor 1967, Irvine 1974). Hornblende-bearing lith-
ologies (hornblende clinopyroxenite, clinopyroxene 
hornblendite, hornblendite) and plagioclase-bearing 
rocks (gabbro, diorite) containing magnetite (± ilmenite) 
represent the more evolved portions of these intrusions. 
alaskan-type intrusions also typically show a crude 
internal zonation of ultramafic and mafic lithologies, 
and, with the notable exception of Duke Island (Irvine 
1974, 1987), igneous layering on the outcrop scale is 
rare.

The Barnes & Roeder (2001) compilation of spinel 
compositions from mafic–ultramafic rocks worldwide 
includes only seven referenced sources of data for 
Alaskan-type intrusions for a total of 386 individual 
spinel datasets. although Garuti et al. (2003) and 
Krause et al. (2007) provided additional spinel composi-
tion from Uralian–Alaskan-type intrusions in the Ural 
Mountains, alaskan-type intrusions form the most 
under-represented major category of igneous rocks with 
respect to spinel compositions in the global database. 
In this study, we present new analytical data on spinel-
group phases from the turnagain alaskan-type intrusion 
in northwestern British columbia, with the aim of 1) 
increasing the compositional database for spinel in 
Alaskan-type intrusions, 2) determining the sequence of 
crystallization in the intrusion and subsequent chemical 
modifications during cooling and serpentinization using 
the compositional variability of chromian spinel, and 3) 
assessing the relative redox conditions of the parental 
magmas for the turnagain intrusion.
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envelop the dunite, and a heterogeneous assemblage 
of hornblende-bearing rocks in the western part of the 
intrusion.

Primarily on the basis of rock types present and 
the absence of orthopyroxene, the turnagain meets the 
requirements of an “Alaskan-type” intrusion (Nixon 
1998). However, the Turnagain is an unusual Alaskan-
type intrusion in that it contains significant Ni-sulfide 
mineralization, with measured and indicated resources 
of 428 Mt grading 0.17% sulfide Ni (Simpson 2007). 
Massive to semimassive Fe–Ni–Cu sulfide mineraliza-
tion and broad zones of disseminated primary sulfide 

minerals are hosted by dunite and clinopyroxene-
bearing intrusive phases (wehrlite, olivine clinopy-
roxenite) along the southern and eastern margins of 
the intrusion (horsetrail, hatzl and Northwest zones); 
dunite in the north-central part of the intrusion is essen-
tially devoid of sulfide minerals. In order of decreasing 
abundance, primary sulfide minerals consist of pyrrho-
tite, pentlandite, minor chalcopyrite, and trace bornite. 
textures in the mineralized zones range from interstitial 
to blebby sulfide minerals in the disseminated zones to 
net-textured, globular, and banded sulfide concentra-
tions in the massive to semimassive mineralized zones 

fiG. 1. Simplified geological map of the Turnagain Alaskan-type intrusion, modified from Clark (1975) and including new 
mapping results from this study. The location of the Turnagain intrusion (filled square) in British Columbia is shown as an 
inset in the upper right corner (also indicated are the locations of other major Alaskan-type intrusions in B.C. and Alaska, 
shown as open square symbols). The Ni sulfide mineralized zones (Horsetrail, Hatzl and Northwest zones) are outlined in 
white ovals in the southeastern part of the intrusions. Sample locations with spinel compositions discussed in this paper are 
indicated as white stars; the adjacent numbers refer to complete sample number and location (UTM coordinates) information 
provided in Appendix 1.
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(Nixon 1998, Scheel 2007, Simpson 2007). Evidence 
for local remobilization of primary sulfide minerals 
includes the presence of pyrrhotite (+ chalcopyrite) 
along fractures and veins adjacent to serpentinized 
areas, dikes, and altered xenoliths, as well as the local 
presence of secondary sulfide minerals such as violarite 
and valleriite.

Within the Turnagain intrusion, chromian spinel 
is common in the cumulate rocks richest in magne-
sian olivine (dunite and wehrlite), whereas magnetite 
is typical of the more evolved, clinopyroxene- and 
hornblende-bearing lithologies that comprise the west-
ernmost portion of the intrusion. the distribution of 
oxide minerals in the turnagain intrusion was originally 
described by clark (1978), who also analyzed chromian 
spinel by electron microprobe (nine core and six rim 
compositions). In the following section, the typical 
abundances and textures of spinel in rocks examined 
in this study are described prior to an evaluation of 
their compositional variations. The compositions of 
coexisting olivine (Fool) and clinopyroxene (Mg#cpx) 
indicated below are reported in Scheel (2007), where 
they are used in a broader petrological and geochemical 
study of the crystallization history of the turnagain 
intrusion.

Dunite and chromitite

Dunite, the most abundant rock-type in the turn-
again intrusion, contains cumulus olivine (Fo89–92.5) 
and chromian spinel with minor interstitial clinopy-
roxene (<10 vol.%) and rare phlogopite (0–1 vol.%). 
Equigranular olivine (2 mm across) is typical of most 
samples of dunite. Incipient serpentinization of olivine 
is common, with the average extent of serpentinization 
being ~10 vol.%. Secondary fine-grained magnetite is 
common between olivine grains.

chromian spinel in dunite occurs primarily as 
disseminated grains (~2 vol.%) and as sparsely distrib-
uted schlieren of chromitite (up to 30 cm long and 
several cm wide), pods, lamellae, and rare layers (<5 cm 
thick) (Fig. 2). the chromitite samples examined in this 
study were sampled from the northernmost exposures of 
dunite, in the alpine area near the margin of the exposed 
intrusion (Fig. 1). Grain sizes of spinel are typically 
largest in chromitite (up to 3 mm) and slightly smaller 
in dunite (up to 2 mm): grain shapes are predominantly 
equant in chromitite (Figs. 3A,B). The disseminated 
grains of spinel are typically euhedral (Fig. 3c) and 
occur as inclusions and along grain boundaries.

Secondary alteration of chromian spinel in dunite 
has resulted in the formation of overgrowths of magne-
tite (~30 mm thick) or ferrian chromite – magnetite 
solid solution (Fe3+-rich chromite) (Fig. 3D). chromian 
spinel grains within or partially encased by clinopy-
roxene typically do not show a secondary overgrowth 
or rim.

Wehrlite

Cumulus olivine (Fo85–90) and interstitial (inter-
cumulus) clinopyroxene are the dominant phases 
in wehrlite, although rare cumulus diopside does 
occur locally (0.87 < Mg#cpx < 0.96). The grain size 
of olivine is comparable to that in dunite (~2 mm); 
equigranular textures are less common and restricted to 
clinopyroxene-poor rocks; however, olivine contained, 
either partially or entirely, within large clinopyroxene 
oikocrysts is typically roundish. Where present, 
cumulus clinopyroxene is commonly finer-grained than 
neighboring olivine, with grain sizes ranging from 75 
mm to 2 mm in diameter. Serpentine-group minerals 
replace only olivine in wehrlite, and secondary magne-
tite is common along grain boundaries.

Disseminated chromian spinel in wehrlite, typically 
~150 mm in diameter, is less abundant than in dunite 
(Figs. 4a, B) and concentrated in clusters of euhedral 
grains. The majority of chromian spinel grains are 
included in olivine or lie along silicate grain-boundaries, 
or rarely enclosed by interstitial clinopyroxene. Both 
rims of magnetite and Fe3+-rich chromite around chro-
mian spinel are as common in wehrlite as in dunite.

Olivine clinopyroxenite

Olivine clinopyroxenite is typically composed of 
variable amounts of cumulus olivine (Fo83–87) and 
clinopyroxene (0.90 < Mg# < 0.97). Several samples 
contain abundant oikocrystic clinopyroxene; this 
textural type commonly contains more chromian spinel 
than olivine clinopyroxenite with cumulus textures. 
The grain size of olivine (~1 mm) is relatively small, 
whereas clinopyroxene grains may reach 15 mm across. 
Olivine-poor clinopyroxenite typically contains strongly 
serpentinized olivine.

chromian spinel is mostly found as inclusions within 
cumulus clinopyroxene or olivine and rarely exhibits a 
rim of secondary magnetite (Figs. 4c, D). the grain size 
is typically small (~150 mm), and grains are commonly 
euhedral (Fig. 4D). the abundance of chromian spinel 
is low (<0.5 vol.%) compared to wehrlite and dunite; 
however, grain textures and size are similar.

Hornblende clinopyroxenite and hornblendite

Hornblende clinopyroxenite (0.78 < Mg#cpx < 0.86) 
and hornblendite occur in two distinct settings: 1) as 
fine-grained dikes considered to represent evolved 
compositions of magma (Scheel 2007), and 2) litholo-
gies integral to the west-central part of the main intru-
sion, some of which exhibit cumulus textures. the latter 
lithologies typically contain primary magnetite, which 
is locally coarse-grained (up to 1 cm diameter), whereas 
hornblendite dikes, which intrude both ultramafic rocks 
and hornfelsed wallrocks, commonly contain subhedral 
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ilmenite. Magnetite commonly contains lamellae of 
ilmenite formed through oxy-exsolution.

analyTical TEchniquEs

Samples selected for analysis from the main ultra-
mafic rock units of the Turnagain intrusion (see Fig. 1 
for sample locations, and appendix 1 for UtM coor-
dinates) represent the range of spinel morphologies 
and spinel–silicate associations described above. The 
spinel content of each sample, textural relationships to 
other phases, and degree of alteration were carefully 
scrutinized using both transmitted and reflected light 
microscopy. Local accumulations or “clusters” of spinel 
grains were observed in most samples. Spinel grains 
from three distinct clusters were analyzed in each thin 
section, and three spot analyses were done on each grain 
(core, mid-point, and rim).

a total of 16 samples were selected for electron-
microprobe analysis, carbon-coated, and documented 
using a Philips XL–30 scanning electron microscope at 
the University of British Columbia, Vancouver, British 
Columbia. Quantitative analyses were carried out in 
wavelength-dispersion mode using a Cameca SX–50 
electron microprobe with a beam diameter of 10 mm, 
an accelerating voltage of 15 kV, and a beam current of 
20 na, with 20 s peak count-time and 10 s background 
count-time. the Ni contents of chromian spinel grains 
from the chromitite samples were analyzed using a 
fixed matrix, a beam diameter of 10 mm, an accelerating 
voltage of 15 kV, and a beam current of 200 nA with 
peak count-time extended to 100 s and a background 
time to 50 s. For the elements considered, the following 
standards, x-ray lines and crystals were used: synthetic 
rhodonite: MnKa, lIF; diopside: caKa, PET, and SiKa, 
TAP; synthetic spinel: AlKa, TAP; synthetic fayalite, 
FeKa, lIF; synthetic magnesiochromite: MgKa, TAP, 
and crKa, lIF; rutile: tiKa, PET; V metal: VKa, 
PET; synthetic Ni2SiO4: NiKa, lIF. Data reduction of 
all analytical results was undertaken using the “PAP” 
f(rZ) procedure of Pouchou & Pichoir (1985). Using 
the higher beam-current and counting times for Ni as 
described above yields an analytical precision of <5% 
relative. We analyzed spinel at a total of 360 points, 25 
of which correspond to magnetite. all spinel composi-
tions were assumed to be stoichiometric (Kamperman et 
al. 1996); cation abundances and the ratio of ferrous to 
ferric iron were calculated using the method of Barnes 
& Roeder (2001).

rEsulTs

Table 1 contains representative compositions of 
spinel grains from the various ultramafic lithologies 
of the turnagain intrusion. the complete set of data 
obtained in this study is available as an electronic 
supplement (Table A1), available from the Depository 

of Unpublished Data, on the Mac website [document 
Turnagain CM47_63]. The variations in spinel compo-
sitions are described below for each of the major rock 
types and plotted in Figures 5–8.

Chromitite

Spinel grains from the chromitites are predominantly 
magnesiochromite and are characterized by the most cr- 
and Mg-rich compositions of all lithologies (59 < Cr2O3 
< 67 wt.%, 10 < MgO < 14 wt.%) with correspondingly 
low tiO2 (0.24–0.66 wt.%), V2O3 (0.01–0.34 wt.%), 
al2O3 (4.60–7.14 wt.%), and Fe2O3 (3.82–6.88 wt.%) 
contents (Figs. 5–8). Two samples (05ES–01–03–01 
and 05ES–01–04–01) contain relatively Ni-rich 
chromite grains (0.13 < NiO < 0.20 wt.%). All spinel 
compositions in chromitite are distinguished by Fe3+/
(Fe3+ + Cr + Al) < 0.1 (Figs. 5–8). Systematic zoning in 
the magnesiochromite grains is not evident.

Dunite

compositions of the chromian spinel from dunite 
span a relatively large interval (34 < Cr2O3 < 56 wt.%, 
0.01 < TiO2 < 1.01 wt.%, 20 < FeO < 29 wt.%, 3.5 
< Fe2O3 < 18.6 wt.%) compared to those from the 
chromitites (Figs. 5, 6). With the exception of sample 
04ES–19–01–02, the compositions from each sample 
of dunite, and zoning within individual grains, show 
an overall iron-enrichment trend (Fig. 6A), which is 
a common feature of alaskan-type intrusions (Barnes 
& Roeder 2001). All Fe3+-rich spinel compositions 
in dunite with Fe3+/(Fe3+ + Cr + Al) > 0.35 represent 
Fe3+-rich chromite or Cr-bearing magnetite developed 
as a rim on chromian spinel grains. Such rims are 
intimately associated with serpentine-group minerals. 
Compositions from sample 04ES–19–01–02 have Fe3+/
(Fe3+ + Cr + Al) less then 0.1, values similar to those 
from the chromitites.

Wehrlite

compositions of chromian spinel from wehrlite 
show a wide compositional range and are relatively 
enriched in Al (7.5–15.4 wt.% Al2O3), Ti (0.7–1.8 wt.% 
tiO2) and Fe (10–18 wt.% Fe2O3) (Figs. 5–8). The pres-
ence of cr-bearing magnetite and Fe3+-rich chromite 
rims, albeit rare, indicates that similar processes of 
secondary alteration affected both wehrlite and dunite. 
Compositions from one wehrlite sample (04ES–15–01–
05) have markedly lower Fe3+/(Fe3+ + Cr + Al) values 
compared to other samples of wehrlite (Figs. 5–8). The 
spinel grains in this sample are unzoned, with the lowest 
Fe2O3 contents (0.94–3.97 wt.%) of all data gathered 
here, and relatively low Cr/(Cr + Al) (0.68–0.73), high 
Ti (1.1–2.5 wt.% TiO2), and high V (0.06–0.38 wt.% 
V2O3). In terms of their abundances of trivalent cations 
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(Fig. 5A), compositions of chromian spinel from indi-
vidual wehrlite samples and zoning within individual 
grains, with the exception of 04ES–15–01–05, are char-
acterized by intermediate sloping trends (i.e., decreasing 
cr, increasing Fe3+ and al).

Olivine clinopyroxenite

Most samples of olivine clinopyroxenite in the 
turnagain intrusion, and indeed in other alaskan-type 
intrusions (Irvine 1965), are devoid of chromian spinel. 
Rare spinel grains from olivine clinopyroxenite are rela-
tively enriched in FeO (23–27 wt.%), Fe2O3 (9.7–17.2 
wt.%), Ti (0.9–2.1 wt.% TiO2) and V (0.22–0.54 wt.% 
V2O3), and depleted in Al (5.68–9.40 wt.% Al2O3) 
compared to spinel from the other rock types. One 
notable exception is sample 04ES–01–04–01, which 

contains chromian spinel grains with Fe3+/(Fe3+ + cr + 
Al) less than 0.1 (Figs. 5–8) and which overlaps with 
the compositions from dunite sample 04ES–19–01–02. 
Compositions from sample 05ES–05–01–01 are also 
distinctive, with high amounts of Ti (2.5–3.2 wt.% TiO2) 
and Fe3+/(Fe3+ + cr + al) greater than 0.4. all analyzed 
grains (cores and rims) from this sample are Fe3+-rich 
chromite. With respect to trivalent cations, the chromian 
spinel grains from olivine clinopyroxenite do not show 
the strong within-sample variations that are observed in 
the dunites and wehrlites.

Hornblende clinopyroxenite

the spinel from two magnetite-bearing hornblende 
clinopyroxenites, both from drillcore, show contrasting 
compositions. The analyses from sample DDH05–
84–19 indicate nearly pure end-member magnetite (67.1 
< Fe2O3 < 67.8 wt.%, 0.37 < Cr2O3 < 0.60 wt.%, and 
Al in the range 0.06–0.18 wt.% Al2O3), whereas spinel 
from sample DDH04–47–49 shows slight Al-enrich-
ment (al2O3 in the range 0.12–3.77 wt.%) and relative 
enrichment in V (V2O3 in the range 0.22–0.73 wt.%), 
and exhibits high Ti (0.15–4.0 wt.% TiO2) (Fig. 7). 
Magnetite crystals in hornblende clinopyroxenite are 
distinguished from the magnetite rims on chromian 
spinel grains in dunite, wehrlite, and olivine clinopy-
roxenite by the lack of cr and the presence of small 
amounts of Al (Fig. 5A). There is no systematic zoning 
observed in the magnetite grains analyzed.

discussion

the composition of chromian spinel has long been 
recognized as a powerful petrogenetic indicator in 
petrological studies (e.g., Irvine 1965, 1967, Dick & 
Bullen 1984, Roeder & Campbell 1985, Sack & Ghiorso 
1991, Scowen et al. 1991, Power et al. 2000 , Pous-
tovetov & Roeder 2001, Kamenetsky et al. 2001) and 
in investigations of ore-forming processes in komatiites 
(Barnes 1998, Barnes & Brand 1999, Fiorentini et al. 
2008). Compositional variations in chromian spinel may 
record changes in magma composition and the nature of 
coprecipitating phases (Roeder 1994), oxygen fugacity 
(e.g., Poustovetov & Roeder 2001) and pressure (e.g., 
Roeder & Reynolds 1991). The composition of primary 
spinel grains may also be modified by synmagmatic 
and postmagmatic processes (e.g., Roeder & Campbell 
1985, Power et al. 2000). In particular, re-equilibration 
with interstitial melt or silicate mineral hosts and 
serpentinization may change the composition of spinel 
(e.g., Roeder & Campbell 1985, Sack & Ghiorso 1991, 
Scowen et al. 1991, Roeder 1994, Mellini et al. 2005). 
The significance of compositional variability in spinel 
of the turnagain alaskan-type intrusion is addressed 
below.

fiG. 2. Photographs of chromitite in outcrop from the north-
central portion of the turnagain intrusion. a) chromitite 
schlieren grading into dunite toward the lower part of the 
photograph. Cross-cutting veins are filled with serpentine-
group minerals. Pencil is approximately 12 cm long. B) 
Numerous schlieren of chromitite, which may represent 
disrupted layers, within dunite. hammer is approximately 
50 cm long.
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Compositions of primary spinel

chromian spinel grains from chromitite schlieren, 
wisps, pods, and layers have the most Cr-rich, Al- and 
Fe3+-poor, and lowest Fe2+/(Fe2+ + Mg) compositions in 
the Turnagain intrusion (Figs. 5–8), especially samples 
05ES–01–04–01 and 05ES–01–03–01 (indicated as 
group 1 in Fig. 7a and 8a). they are also character-
ized by relatively low Fe3+/(Fe2+ + Fe3+), in the range 

0.23–0.32 (Fig. 5B). These grains may preserve primary 
(e.g., 05ES–01–04–01) or near-primary spinel composi-
tions, which occurred because the magnesiochromite 
grains in the chromitites were effectively isolated from 
interstitial melt and nearby olivine, thus preventing 
both subliquidus re-equilibration with residual liquid 
and subsolidus re-equilibration with enclosing silicates, 
respectively. These grains record the least evolved 

fiG. 3. Photomicrographs of chromian spinel textures from chromitite and dunite in the Turnagain intrusion. The white scale-bar 
on each photo is 200 mm in length. A) Reflected light, sample 05ES–01–01–01, cluster 5. Polygonal grains of magnesio-
chromite of variable size occur within a thin seam of chromitite enclosed in dunite consisting of olivine (Ol) and secondary 
serpentine (Srp) after olivine. B) BSE (back-scattered electron) image, sample 05ES–01–01–01, cluster 4. Massive chromitite 
showing equigranular grain-shapes and 120° grain-boundary junctions produced during slow cooling and recrystallization. 
a small inclusion of chalcopyrite (cpy) is found in a magnesiochromite grain in the bottom right of the photograph. c) BSe 
image, sample 04ES–10–05–01, cluster 2. This cluster, within a partially serpentinized dunite, shows the primary euhedral 
nature of the chromite grains as well as the initial development of a thin rim of magnetite (bright material on edge of grains). 
D) Reflected light, sample 04ES–08–01–01. Single grain of chromite with a sulfide inclusion. The inclusion originally con-
sisted of an immiscible sulfide liquid that crystallized to pyrrhotite (Po) and pentlandite (Pn); note that the habit of the sulfide 
inclusion was determined by its host chromite grain. the distinctly brighter and irregular rim around the chromite grain is 
Fe3+-rich chromite produced during serpentinization.



70 ThE canadian minEraloGisT

spinel compositions; they crystallized from the most 
primitive (highest-Mg) magmas.

Fractionation and re-equilibration trends

Grains of chromian spinel in the chromitite samples 
05ES–01–04–01 and 05ES–01–03–01 show a weak 
compositional trend characterized by slightly increasing 
Fe2+/(Fe2+ + Mg) at near-constant Fe3+/(Fe3+ + cr + 
Al) and Cr/(Cr + Al) (Figs. 5, 6, 8). This change in 
composition is consistent with the effect of olivine 
(Mg-rich) + spinel (Fe2+-dominant) fractionation as 

temperature decreased (e.g., Roeder et al. 2001). Such 
subtle compositional changes may have occurred prior 
to emplacement in a melt-dominant environment during 
transport within ascending turnagain magmas.

all other chromian spinel grains, including those 
from the chromitite sample 05ES–01–01–01 that repre-
sents a 2 mm-thick chromitite seam, have undergone 
compositional modification at high temperatures during 
interaction with evolved interstitial melt, enclosing 
silicates, or an oxygenated fluid. The chromian spinel 
compositions from many of the individual samples 
of dunite, wehrlite and olivine clinopyroxenite define 

fiG. 4. Photomicrographs of chromian spinel textures from wehrlite and olivine clinopyroxenite in the Turnagain intrusion. The 
scale bar on each photo is 200 mm in length. A) BSE image, sample 04ES–10–06–01, cluster 5. This strongly serpentinized 
wehrlite contains only a few grains of chromian spinel, and those present show a well-developed magnetite – Fe3+-rich 
chromite rim, as well as a distinct aureole of magnetite (localized, very fine-grained magnetite). B) BSE image, sample 
04ES–15–01–05, cluster 1. Small, euhedral grains of chromian spinel between cumulus olivine grains with little to no magne-
tite rim. Note the presence of fine-grained magnetite along grain boundaries between cumulus minerals and within fractures. 
C) Reflected light, sample 04ES–01–04–01, cluster 5. Euhedral grains of chromian spinel in olivine clinopyroxenite with 
cumulus olivine and abundant interstitial clinopyroxene. D) BSE image, sample 05ES–05–01–01, cluster 7. One of only two 
chromian spinel grains found in the entire thin section; this grain is entirely encased within cumulus clinopyroxene.
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broadly linear trends with intermediate slopes in the 
Fe3+–Cr–Al plot (i.e., higher relative Al and Fe3+ with 
decreasing cr; trend 2 in Fig. 8a), which also correlate 
with increasing Fe2+/(Fe2+ + Mg), ti and V (Figs. 6, 7). 
the grains within these trends span a range of Fe3+/
(Fe2+ + Fe3+) from 0.25 to 0.40 (Fig. 5B). These 
trends converge toward the Cr apex of the Fe3+–Cr–Al 
diagram, toward the compositional field for spinel from 
chromitites. These converging trends could be explained 
by re-equilibration of original primary or near-primary 
chromite with evolved, interstitial melt, which would 
have been relatively enriched in Ca, Al, Ti, and Fe3+, 
during progressive consolidation of these cumulate 
rocks. Fractionated interstitial melt would have been 
in direct contact with those spinel grains along silicate 
grain-boundaries, thus facilitating re-equilibration, or 
diffusive exchange may have occurred through olivine 
for olivine-hosted spinel grains (e.g., Roeder & Camp-
bell 1985).

the unusual compositions of spinel from wehrlite 
sample 04ES–15–01–05 and olivine clinopyroxenite 
sample 04ES–01–04–01, with their relatively low Cr/
(cr + al) and Fe3+/(Fe3+ + Cr + Al) values less than 
0.1 (trend 3 in Fig. 8A), combined with very low Fe3+/
(Fe2+ + Fe3+) values (less than 0.18) (Fig. 5B), may 
have resulted from re-equilibration with clinopyroxene. 
Both samples contain cumulus olivine and chromite 
grains enveloped by clinopyroxene oikocrysts 2 cm in 
diamter, with a volume ratio of clinopyroxene to spinel 
of approximately 50:1. Similar Al-rich compositions 
have been observed in chromian spinel grains from 
the Rum layered intrusion, Scotland (Henderson 1975, 
Henderson & Wood 1981); the Al-enrichment trend was 
proposed to result from a reaction relationship involving 
chromite, olivine and either plagioclase or interstitial 
melt rich in the plagioclase component. the absence 
of plagioclase in ultramafic rocks from the Turnagain 
intrusion and the physical setting of the al-rich chro-
mian spinel grains within large oikocrysts of clinopy-
roxene suggest that the re-equilibration of spinel with 
clinopyroxene is an additional mechanism for producing 
the al-enrichment trend spinel compositional trend in 
mafic–ultramafic rocks.

Finally, the chromian spinel compositions from two 
samples of dunite (04ES–03–02–01 and 04ES–08–01–
01) extend nearly parallel to the Cr–Fe3+ join, with 
Fe3+/(Fe3+ + Cr + Al) > 0.18 (trend 4 in Fig. 8A) and 
increasing Fe2+/(Fe2+ + Mg) (Fig. 6), and they appear 
to have been modified both by oxygenated fluids and 
subsolidus re-equilibration with olivine. The majority of 
the spinel grains in these two samples of dunite occur 
along olivine grain-boundaries, not inside olivine. The 
increase in Fe3+/(Fe3+ + cr + al) may be attributed to 
oxidation by fluids that locally precipitated magnetite. 
the grains of chromian spinel from these two dunite 
samples show little to no enrichment in al or ti (Figs. 
6B, 7A [group 4]), which suggests that they did not 

re-equilibrate with evolved, interstitial melt. The 
increasing Fe2+/(Fe2+ + Mg) in these spinel grains thus 
appears to be the result of Fe2+–Mg subsolidus exchange 
between olivine and spinel during cooling (Clark 1978), 
perhaps aided by circulating fluids.

Compositional effects of serpentinization

Magnetite and Fe3+-rich chromite forming a rim 
around chromian spinel grains in many rocks from the 
turnagain intrusion are a result of serpentinization. 
Where sufficiently wide to analyze with an electron 
beam 10 mm wide, such rims exhibit compositions 
distinct from primary spinel compositions in the chro-
mitites and high-temperature re-equilibrated composi-
tions documented above. Compositions from the dunite, 
wehrlite, and olivine clinopyroxenite samples that plot 
near the Fe3+ apex in Figure 5A are Cr-bearing magne-
tite (with little to no detectable Al) and likely reflect 
nucleation of magnetite around pre-existing chromite 
during serpentinization. compared to chromian spinel, 
rims of Fe3+-rich chromite are characterized by lower 
cr, slightly lower al, and higher Fe3+ (Fig. 5A) and 
higher Fe3+/(Fe2+ + Fe3+) (Fig. 5B), and appear to reflect 
the Fe-rich and Cr-poor nature of the fluids from which 
these rims formed. Some samples contain individual 
grains with an inner Fe3+-rich chromite rim and an outer 
magnetite rim (e.g., 04ES–03–02–01). This observation 
suggests that Fe3+-rich chromite represents a reaction 
product between fluids and chromite with a core-to-rim 
order of formation of chromite ! Fe3+-rich chromite 
! magnetite.

Comparison with chromian spinel compositions  
from other Alaskan-type intrusions

the compositions of chromian spinel from the 
Turnagain intrusion are distinctive from those deter-
mined for alaskan-type intrusions worldwide. In an 
expanded view of the Fe3+–Cr–Al triangular plot 
(Fig. 8B), all compositions of spinel cores from this 
study are plotted by lithology together with the 90% 
data density contours for spinel compositions for other 
alaskan-type intrusions (number of datasets = 386) as 
compiled by Barnes & Roeder (2001). The majority of 
the chromian spinel compositions from the turnagain 
intrusion lie to lower Fe3+/(Fe3+ + cr + al) than the 
established compositional field, and they are also have 
lower Fe3+/(Fe3+ + cr + al) than the recently published 
chromian spinel dataset (number of datasets = 1326) 
of Krause et al. (2007) from Uralian–Alaskan-type 
complexes in the Ural Mountains (Kytlym, Svetley 
Bor, Nizhnii Tagil). With respect to the Fe3+–Cr–Al 
plot, chromian spinel from the turnagain intrusion is 
similar in composition to spinel from boninites and 
island-arc tholeiites in the compilation of Barnes & 
Roeder (2001) (Fig. 8B).
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fiG. 5. Triangular diagrams showing spinel compositions. A) Plot of trivalent cations 
(Fe3+–Cr–Al) showing all spinel compositions from Turnagain represented by sample 
number. B) Triangular Mg–Fe2+–Fe3+ plot of all spinel compositions from turnagain. 
Symbols: ol: olivine, hbl: hornblende.
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Implications for the redox state  
of the Turnagain intrusion and presence  
of magmatic sulfide mineralization

Most Alaskan-type intrusions appear to have formed 
from relatively oxidized arc-type magmas, with esti-
mated DlogFMQ (log units of oxygen fugacity relative 
to the fayalite – magnetite – quartz synthetic buffer) 
values between +1 to +3.5 (e.g., Ballhaus et al. 1991, 
carmichael 1991, Garuti et al. 2003, Rohrbach et al. 
2005). Under such oxidized conditions, sulfur should 
exist mainly as sulfate (SO4

2–) rather than sulfide 

(S2–) species in the melt (Jugo et al. 2004, 2005). The 
presence of significant amounts of magmatic sulfide 
associated with dunite and wehrlite in the southeastern 
parts of the turnagain intrusion indicates that some of 
the magmas indeed achieved local saturation in sulfide. 
The relative oxygen fugacity for the magmas that crys-
tallized to form these rocks must therefore have been 
low enough for the predominance of dissolved sulfide 
over sulfate (less than DlogFMQ ~1; Jugo et al. 2005) 
and more reduced than that for typical alaskan-type 
intrusions.

fiG. 6. Binary diagrams showing Fe2+/(Fe2+ + Mg) variations in spinel compositions from the Turnagain intrusion, represented 
by sample number. These plots are projections of the spinel prism (Irvine 1965). A) Fe2+/(Fe2+ + Mg) versus Fe3+/(Fe3+ + cr 
+ Al), or divalent versus trivalent cation plot. A distinct Fe-enrichment trend exists for most chromian spinel compositions 
from the turnagain intrusion, a typical feature of alaskan-type intrusions, with the exception of magnesiochromite grains 
from the chromitites and other grains with Fe3+/(Fe3+ + cr + al) less than 0.1. B) Fe2+/(Fe2+ + Mg) versus cr/(cr + al). 
Magnesiochromite grains from the chromitites have significantly lower Fe2+/(Fe2+ + Mg) and higher cr/(cr + al) compared 
to other chromian spinel compositions.
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the oxygen fugacity of the parent magmas to the 
Turnagain intrusion would have largely been controlled 
by the redox conditions of the mantle source during 
partial melting, decompression during ascent through the 
lithosphere, and mineral–melt equilibria during crystal-
lization (e.g., carmichael 1991, lindsley & Frost 1992, 
Ballhaus & Frost 1994). although the composition of 
chromian spinel alone is not sufficient to quantitatively 
constrain oxygen fugacity, the combination of low Fe3+/
(Fe3+ + cr + al), low Fe3+/(Fe2+ + Fe3+), and high cr/
(Cr + Al) values of magnesiochromite grains from the 
chromitites and of the least re-equilibrated chromite 
grains from the dunites and wehrlites are consistent with 
relatively low Fe3+ : Fe2+ values in the parental magmas 
of the turnagain intrusion (e.g., Parkinson & Arculus 

1999). Reduction and sulfide saturation of the Turnagain 
parental magmas may have been achieved by the local 
assimilation of graphitic and pyritic phyllite wallrocks 
(Nixon 1998), which are found as inclusions in drillcore 
only in the sulfide-mineralized zones hosted by dunite–
wehrlite. this process is supported by sulfur isotopic 
values from sulfide mineral separates in the intrusion, 
in the range from d34S range from –9.7 to +1.4‰; the 
lightest values correspond to samples of mineralized 
dunite and wehrlite, and trend toward the composition 
of sulfide from the phyllite (–17.9‰: Scheel 2007). 
assimilation of the pyrite-bearing phyllite would also 
have added sulfur to the magma, thus aiding saturation 
in a sulfide liquid.
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conclusions

the principal results of this study can be summa-
rized as follows:

(1) primary or near-primary spinel compositions in 
the turnagain intrusion of northern British columbia, 
Canada, are relatively Fe3+-poor and cr-rich compared 
to published results from alaskan-type intrusions 
worldwide, especially magnesiochromite grains from 
chromitite layers and pods in the intrusion;

(2) grains of chromian spinel from dunite, wehrlite 
and olivine clinopyroxenite exhibit systematic within-
sample trends that can be related to a variety of 
processes, including olivine fractionation, re-equilibra-

tion with interstitial melt, re-equilibration with coex-
isting silicate phases, oxidation, and serpentinization;

(3) the low Fe3+/(Fe3+ + cr + al), low Fe3+/(Fe2+ + 
Fe3+), and high Cr/(Cr + Al) values from the magne-
siochromite grains from the chromitites are consistent 
with crystallization from magmas characterized by 
a relatively low oxygen fugacity compared to other 
alaskan-type intrusions (less than DlogFMQ � 1). The 
reduced nature of the parental magmas and addition of 
external sulfur, attributed to the assimilation of graphitic 
and pyritic country-rocks, likely promoted local satura-
tion in a sulfide liquid.
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fiG. 8. Expanded view of the Cr apex region of the Fe3+–Cr–Al diagram showing only core compositions of spinel from the Tur-
nagain intrusion (i.e., no rim compositions are plotted). the inset in center-left part of the diagram shows the entire diagram 
and the region represented by the expanded view (grey field). A) Compositions of chromian spinel represented by sample 
number. The four groups or trends identified in Figure 7A are also noted. Magnesiochromite grains from the two chromitites 
(05ES–01–04–01 and 05ES–01–03–01) have the lowest Fe3+/(Fe3+ + cr + al), Fe2+/(Fe2+ + Mg) and tiO2 values, and the 
highest Cr/Al value of all spinel grains analyzed in this study, and plot closest to the Cr apex of the diagram (group 1). Arrows 
indicate vectors for re-equilibration with evolved interstitial liquid (trend 2), re-equilibration with clinopyroxene (trend 3), and 
combined re-equilibration with olivine and oxidation (trend 4) in dunite samples 04ES–08–01–01 and 04ES–03–02–01. All 
trends converge towards the area of the encircled compositions from the chromitites. B) Compositions of chromian spinel rep-

fiG. 7. Binary diagrams showing titanium variations in spinel compositions from the Turnagain intrusion. Abbreviations as 
indicated in Figure 5. A) Fe3+/(Fe3+ + cr + al) versus tiO2. Spinel compositions from the turnagain intrusion show a wide 
range of Ti contents; four distinct groups or trends are identified on the diagram (excluding Fe3+-rich chromite and magnetite). 
Group 1 consists of grains from the two samples of chromitite (05ES–01–04–01 and 05ES–01–03–01) that have the lowest 
tiO2 and Fe3+/(Fe3+ + Cr + Al) value of all chromian spinel compositions and reflect the least amount of re-equilibration. 
Arrows indicate vectors of increasing Fe3+/(Fe3+ + cr + al) and tiO2 for re-equilibration with evolved interstitial liquid (trend 
2) and increasing tiO2 with decreasing Fe3+/(Fe3+ + Cr + Al) for re-equilibration with clinopyroxene (trend 3). Also identified 
are chromian spinel compositions (group 4) from two dunite samples (04ES–08–01–01 and 04ES–03–02–01) that cluster 
together at low tiO2 contents (~0.5 wt.%). See Discussion for additional details. B) Ti versus V (apfu). Most samples are 
characterized by nearly vertical trends with the exception of magnetite from DDH04–47–7–49. Note the vanadium enrich-
ment of magnetite from sample DDH05–84–19–104.
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resented by rock type. Grey-filled fields show the distribution of spinel compositions from Alaskan-type intrusions worldwide, 
including the 90% density maxima for spinel compositions (n = 386) from Barnes & Roeder (2001) [the 50% maximum plots 
off the diagram to higher Fe3+/(Fe3+ + Cr + Al)] and spinel compositions (n = 1326) from Uralian–Alaskan-type intrusions in 
the Ural Mountains from Krause et al. (2007; Fig. 4F). Also added for reference are the 90% density maxima for boninites 
(long-dashed line) and island-arc tholeiites (short-dashed line) from the Barnes & Roeder (2001) compilation.
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