
[The Journal of Geology, 2003, volume 111, p. 313–327] � 2003 by The University of Chicago. All rights reserved. 0022-1376/2003/11103-0005$15.00

313

Mantle Exhumation in an Early Paleozoic Passive Margin,
Northern Cordillera, Yukon

D. Canil,1 S. T. Johnston, K. Evers, J. G. Shellnutt, and R. A. Creaser2

School of Earth and Ocean Sciences, University of Victoria, P.O. Box 3055, 3800 Finnerty Road,
Victoria, British Columbia V8W 3P6, Canada

(e-mail: dcanil@uvic.ca)

A B S T R A C T

Orogenic peridotite occurs as a megaboudin structurally juxtaposed with smaller boudined masses of corona troctolite,
skarn, and garnet amphibolite in metasedimentary rocks of the Yukon-Tanana Terrane, Yukon. The peridotite shows
well-developed plagioclase coronae on spinel and records cooling from ∼1000� to 600�C and decompression across
the spinel-plagioclase peridotite facies boundary at ∼0.7 GPa. The troctolite boudins record cooling to 850�C through
the same facies reaction at ∼0.8 GPa. In an aureole surrounding the peridotite body, the mainly quartzofeldspathic
country rock contains leucosome with garnet, orthopyroxene, and sillimanite formed from breakdown of biotite,
which records temperatures of ∼900�C at pressures of at least 0.7 GPa. Exhumation of the peridotite body from the
mantle during rifting of continental lithosphere at least 25 km thick subjected continental margin metasediments
to conditions above the fluid-absent metapelite solidus. The contrasting strength of upper mantle and crustal li-
thologies during extension may explain the structural juxtaposition and boudinage of upper mantle peridotite and
troctolite on various scales. The Os isotopic compositions of the peridotite body show that it represents either
relatively young mantle lithosphere with an age only slightly older than the Devonian metasedimentary rocks in
which it is hosted or mantle that is metasomatized in the same events related to rifting. The rocks in the study area
bear striking similarities to those in and surrounding the Zabargad (Red Sea) and Ronda (Spain) peridotite massifs
and are interpreted to have formed in an Early Paleozoic preoceanic rift. Other enigmatic mantle tectonite occurrences
in continental margin metasediments in Yukon and Alaska may have a similar origin.

Introduction

Passive margins mark the site where continents
have rifted, giving rise to new ocean basins (Whit-
marsh and Sawyer 1996). Geological and geophys-
ical observations from both active and ancient
rifted margins (Wernicke 1985; Whitmarsh and
Sawyer 1996) can be evaluated using both theoret-
ical (Latin and White 1990) and laboratory analog
models (Brun and Beslier 1996). The transition from
rifted continental margin to ocean basin is none-
theless still incompletely understood. Questions
remain regarding the mechanism for exhumation
of deep-seated rocks on rifted margins and the pres-
ence or absence of magmatism and crustal under-
plating. These questions bear on the thermal and
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mechanical conditions within both the crust and
mantle during plate separation.

The Yukon-Tanana Terrane in the northern Cor-
dillera contains dominantly quartzo-feldspathic
metasedimentary rocks with a rifted margin affin-
ity. This largely Paleozoic terrane is interpreted as
part of a pericratonic margin (Mortensen 1992) or
a ribbon continent (Johnston 2001) outboard of
western North America. The original rift configu-
rations and relationships have been obscured by
subsequent deformation and amphibolite-grade
metamorphism during construction of a continen-
tal arc (Mortensen 1992).

In this article, a unique exposure of orogenic
mantle peridotite and its associated granulite facies
aureole within the Yukon-Tanana Terrane in cen-
tral west Yukon is described. The tectonic juxta-
position of crustal and mantle rocks and their
pressure-temperature trajectory in a rifted margin
metasedimentary sequence are hitherto unrecog-
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Figure 1. Regional geological map showing terranes in Yukon (Wheeler and McFeeley 1991) and location of study
area north of Buffalo Pitts Mountain.

nized elsewhere in this terrane. The field setting,
petrographic aspects, and geochemical aspects of
the field area are similar to those of the continent-
ocean transition in the Red Sea (Bonatti and Seyler
1987) and are expected from analogue experiments
of passive margin rifting (Brun and Beslier 1996).
These data provide the first clear evidence for thin-
ning of continental lithosphere along Early Paleo-
zoic continental margin in the northern Cordillera
and elucidate the history of this orogen and the
processes occurring during rifting of the continen-
tal lithosphere.

Field Area

The field area (62�43�N, 137�55�E) is 300 km north-
west of Whitehorse within unglaciated terrain of
the Wolverine Creek region south of the Yukon
River in the Dawson Range, west-central Yukon
(fig. 1). The rocks studied are part of a package of
predominantly graphitic quartzite and quartz-
biotite-muscovite schist, with subordinate amphi-

bolite, calc-silicate, and meta-igneous lithologies
dipping regionally to the north (Johnston and
Hachey 1993) and referred to regionally as the Na-
sina Series (Tempelman-Kluit 1973). A minimum
age for this sequence is provided by a U-Pb zircon
age of Ma (Mortensen 1992; Johnston358 � 4
and Hachey 1993) for the Selwyn Gneiss, an east-
trending 100-km-long sill-like body of granodiorite
orthogneiss with K-feldspar megacrysts that in-
trudes the Nasina series rocks along the north mar-
gin of the study area (fig. 2; Johnston and Hachey
1993). South of the study area, orthogneiss inter-
preted as a sheared plutonic body that intruded the
Nasina series rocks has a U-Pb zircon age of

Ma (Johnston and Hachey 1993). Region-358 � 3.5
ally, Nasina series rocks are interleaved with mafic
to felsic volcanic rocks that have U-Pb zircon ages
of between 365 and 347 Ma (Mortensen 1992).
These constraints are consistent with the Nasina
series metasediments being Late Devonian or older.
All rocks in the field area have been affected by at
least two periods of deformation, with original
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Figure 2. Geology of the field area (a) and detail of the peridotite body (b) showing sample locations (filled circles).
Sample locations with analytical data discussed in this article are labeled.

stratigraphic relationships obscured by severe
transposition (Johnston and Hachey 1993). Post-
Mississippian brittle faulting has offset some units
by tens of kilometers (Johnston 1999).

Johnston and Hachey (1993), mapping at
1 : 50,000 scale, identified an outcrop of ultramafic
rock 20 km north of Buffalo Pitts Mountain (fig. 2).
The ultramafic body and its wall rocks were
mapped and sampled in this study at a scale of
1 : 5000. Orogenic peridotite, as defined by Den Tex
(1969), is exposed as an east-trending ovoid mass
500 m long that is structurally mixed with masses

of troctolite, skarn, calc-silicate, and amphibolite
in the graphitic quartzite and quartz-mica schist.

Orogenic Peridotite

The peridotite weathers dun brown and shows
centimeter-scale layering defined by varying modal
abundance of pyroxene and olivine similar to that
described by Dick and Sinton (1979) and common
to many exhumed mantle tectonites. The layering
is conformable to regional foliations in the gra-
phitic quartzite and quartz-mica schist. Millime-
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Figure 3. Scale bars shown in each panel. A, Photo-
micrograph in plane polarized light of plagioclase corona

(Pl) surrounding spinel (Sp) in peridotite body (sample
KE003). B, Polished rock slab showing patches and veins
of leucosome (Leu) in metapelite country rocks (KE004)
of the aureole surrounding the peridotite body. C, Pol-
ished rock slab showing invasion and embayment of sub-
angular blocks of skarn (Skn) by leucosome (Leu). D,
Ptygmatically folded troctolite boudin in a polished slab
of quartz-mica schist.

ter- to centimeter-scale veinlets of serpentine and
magnetite locally crosscut the mineralogical lay-
ering and give the rock a bluish white weathered
surface. Texturally, the rock is coarse lherzolite;
coarse olivine is variably serpentinized (0%–70%),
but coarse orthopyroxene (1–4 mm) and small
grains of clinopyroxene (!1 mm) are almost always
fresh and contain cores with very thin (!2 mm) exso-
lution lamellae. Red brown spinel is surrounded by
coronae of plagioclase that weathers to a conspic-
uous creamy white (3A). Plagioclase (An77) only oc-
curs in these coronae and never as an interstitial
phase. Phlogopite grains in textural equilibrium
with other minerals are found in one sample
(KE003).

In the peridotite body, olivine (Fo90) is homoge-
neous in composition whereas orthopyroxene and
clinopyroxene contain cores that are richer by a
factor of 2 in CaO and Al2O3 than grain rims (table
1, available from The Journal of Geology’s Data
Depository upon request). The exsolution lamellae
in both pyroxenes were too small to analyze by
EMP. Spinel is homogeneous within individual
grains but shows an increase in Mg number
[ ] from 0.55 to 0.85 and a decrease inMg/(Mg � Fe)
Cr number [ ] from 0.48 to 0.13 withCr/(Cr � Al)
increasing grain size (0.1–1.2 mm). Phlogopite has
a Mg number expected in equilibrium with the
other silicate phases.

Crustal Rocks

The orogenic peridotite is intercalated at the map
scale with quartzite and quartz-biotite-muscovite
schist and with laterally discontinuous units of am-
phibolite and calc-silicate that parallel the regional
foliation (fig. 2A). Within a ∼400-m aureole sur-
rounding the contact of the peridotite body, the
quartzite and quartz-biotite-muscovite schist adopt
a distinct blue color due to abundant accessory ap-
atite (up to 5%). In this aureole, conspicuous
centimeter-scale layers and segregations of leuco-
some (3B) give the country rock a heterogeneous
and poorly defined gneissosity. In places, the leu-
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Figure 4. Backscattered electron images of rocks in the
aureole surrounding the peridotite body. A, Patches of
granoblastic orthopyroxene (Opx) and plagioclase (Pl) in
distinct pockets between quartz grains (Qz) in leucosome
from sample KE004. Scale bar is 300 mm. B, Closer view
of A showing orthopyroxene (Opx), plagioclase (Pl), and
quartz (Qz) overgrown on biotite (Bt) with inclusion of
ilmenite (bright grain). Scale bar is 90 mm. C, Grano-
blastic orthopyroxene (Opx) and plagioclase (Pl) which
appear to “wet” quartz grains (Qz) in sample BPP011B.
Scale bar is 100 mm. D, Patches of biotite (Bt) replaced
by garnet in sample BPP011B. An initial generation of
garnet cores (Gt1) is overgrown by garnet rims (Gt2) con-
taining numerous small inclusions of quartz, sillimanite,
and orthopyroxene. Scale bar is 100 mm. E, Orthopyrox-
ene (Opx) and clinopyroxene (Cpx) coronae on very fine
grained olivine (Ol) and plagioclase (Pl), respectively, in
a troctolite boudin (sample STJBPP12). Accessory ilmen-
ite (bright white grains) also shown. Scale bar is 100 mm.

cosome intrudes or engulfs centimeter- to meter-
sized subangular blocks of skarn (3C) or mafic bou-
dins. The leucosome has granoblastic orthopyrox-
ene (0.5–1.5 mm) and plagioclase (An55) occurring
in distinct pockets that appear to have wetted the
surrounding quartz grains (4A, 4C). Orthopyroxene
in these pockets replaces biotite 4B) and is heter-
ogeneous in Al2O3 (table 1). In other places, the
leucosome contains euhedral garnets (!0.1 mm)
having inclusion-free, Ca-poor cores overgrown by
Ca-rich rims that contain very small (!5 mm) in-
clusions of quartz, sillimanite, and, more rarely,
orthopyroxene, all replacing biotite (4D). The ap-
pearance and proportions of sillimanite, garnet, and
orthopyroxene and the composition of orthopyrox-
ene and of plagioclase vary on the scale of a thin
section in the leucosome. Sillimanite occurs else-
where in quartzite of the aureole as subhedral,
stubby prisms dispersed along cleavage planes in
association with garnet and, more rarely, skeletal
blue corundum.

Troctolite occurs as centimeter- to meter-scale
boudins within the aureole (3D). This rock contains
fine-grained (!1 mm) olivine (Fo45–55) and plagio-
clase (An65–85; table 1) overgrown by coronae of alu-
minous orthopyroxene and clinopyroxene, respec-
tively, with accessory ilmenite and biotite (4E). The
pyroxene coronae are fibrous at grain boundaries
with olivine and plagioclase but coarsen outward
to grain sizes of up to 100 mm.

Calc-silicate units occur in the aureole as blocks
of skarn containing garnet-zoisite-quartz or, further
afield from the peridotite body, as granoblastic
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Table 2. Thermobarometry of Peridotites and Granulites

TBKN TTay2Px TWells TCa-opx TAl-opx TOl-Sp TTWQ PTWQ
a

Sample peridotites:
KE003 rims 920 1130 940 930 900 900–650b .70
KE003 cores 920 1140 940 970 1010
DC005 rims 960 970
DC005 cores 1020 1020
BPP009 rims 970 950 570
BPP009 cores 980 990 600
BPP008 rims 950 970
BPP008 cores 1100 1040

Crustal rocks:
Boudins:

STJBPP12 840 940 800c .80
KE009 860 950 800c .80

Crustal rocks:
Leucosome:

BPP011B cores 920d .85
BPP011B rims 900d .75

Note. All cation exchange thermobarometer calculations for core and rims of minerals performed at an assumed pressure of 0.8
GPa. Temperatures (T) in �C, pressures (P) in GPa. Types of thermometers used are two-pyroxene, TBKN (Brey and Köhler 1990); TTay2Px

(Taylor 1998); TWells (Wells 1977); Ca solubility in orthopyroxene, TCa-opx (Brey and Köhler 1990); Al solubility in orthopyroxene,
TAl-opx (Witt-Eickschen and Seck 1991); olivine-spinel Fe-Mg exchange, TOl-Sp (Ballhaus et al. 1991). The temperatures (TTWQ) and
pressures (PTWQ) from TWQ multiequilibrium calculations (Berman, 1991) represent the T and P of intersecting reactions calculated
for each sample (see fig. 5).
a From reaction (1) in text.
b Range due to correlation with grain size of spinel.
c From Fe-Mg exchange between two pyroxenes.
d From Fe-Mg exchange between orthopyroxene and garnet.

calcite-quartz-tremolite-phlogopite gneiss. Discon-
tinuous amphibolite units, also possible boudins,
contain abundant large 1- to 5-mm garnets, with
amphibole, epidote, and plagioclase.

The aureole of crustal rocks surrounding the pe-
ridotite body is cut by dikes of biotite granodiorite
and granite with K-feldspar megacrysts. These
granitoids commonly have a streaky appearance,
imparted by sheared and flattened quartz-rich
lenses, and are characterized by a weak to locally
well developed parallel alignment of its mineral
phases and the presence of rare amphibolite xe-
noliths. Locally, granodiorite intrudes along layer-
ing in the quartzite and quartz-mica schist. The
dikes increase in size and abundance to the north
toward the contact with a lithologically identical
counterpart, the Selwyn gneiss, a sill-like body that
intrudes foliation in the Nasina Series along the
north margin of the study area (fig. 2). The dikes
are interpreted to be satellite intrusions that em-
anated from the main intrusive body. The presence
of foliated amphibolite xenoliths in granite and in-
trusion along tectonic layering in the Nasina series
rocks indicates that intrusion postdated deforma-
tion and metamorphism of the Nasina series. A
subsequent deformation event is required to ex-
plain the shearing and locally gneissic character of
the granite.

Thermobarometry

Cation-exchange geothermometers and TWQ mul-
tiequilibrium thermobarometry (Berman 1991)
were applied to mineral chemical data of the oro-
genic peridotite body and its surrounding aureole
to assess its pressure-temperature (PT) history (ta-
ble 2). The two-pyroxene thermometer of Taylor
(1998) records temperatures of ∼1130�C for the pe-
ridotite samples. Other more commonly used two-
pyroxene thermometers record temperatures of
∼900�C. The latter temperatures compare well with
those calculated using a Ca-in-orthopyroxene ther-
mometer applied to orthopyroxene rims (Brey and
Köhler 1990). In all samples, the Ca- and Al-
rich orthopyroxene cores record temperatures
∼50�–100�C greater than rims using any of the ther-
mobarometers (table 2).

The Fe-Mg exchange temperatures (TOl-Sp) re-
corded by olivine and spinel extend to much low-
er values than two-pyroxene temperatures
(900�–600�C). This is commonly observed in other
orogenic peridotite massifs and is usually attrib-
uted to slow cooling during exhumation, with Fe-
Mg exchange between olivine and spinel closing at
a lower temperature than that for Ca and Al
exchange between coexisting pyroxenes and spinel
(Evans and Frost 1975; Ozawa 1983). Sample KE003
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Figure 5. Diagram showing pressure and temperature
conditions (circles) in the peridotite (P), troctolite (T), and
metapelite leucosome (L) constrained by TWQ multi-
equilibrium thermobarometry (Berman 1991) and cation
exchange geothermometry (table 2).

records a range in TOl-Sp from 600� to 900�C that
correlates with spinel grain sizes from 0.1 to 1.2
mm, respectively, further supporting reequilibra-
tion during slow cooling with larger grains closing
to Fe-Mg diffusion at higher temperature (Ozawa
1983). Because the spinel in all samples is phys-
ically isolated from olivine by coronae of pla-
gioclase, the TOl-Sp could record Fe-Mg exchange be-
tween these two phases before growth of
plagioclase coronae. This would require cooling
prior to decompression. Alternatively, Fe-Mg
exchange temperatures may record equilibration of
spinel with neighboring olivine through the corona
of plagioclase. Spinel has been shown to chemically
communicate with olivine even when physically
armored by pyroxene in slowly cooled ultramafic
intrusions (Roeder and Campbell 1985), and it may
have done so through plagioclase in these rocks if
cooling and decompression during exhumation
were coeval.

Physically touching grains of ortho- and clino-
pyroxene in the corona troctolite boudins record
two-pyroxene temperatures of ∼850�C. These tem-
peratures are within uncertainty of those recorded
by TWQ thermometry based on Fe-Mg exchange
between coexisting pyroxenes and of those re-
corded by coexisting pyroxenes and large spinel
grains in the adjacent peridotite body (table 2;
fig. 5).

The development of plagioclase coronae on spi-
nel records decompression of the peridotite body
through the reaction

clinopyroxene � orthopyroxene

� spinel pp olivine � plagioclase, (1)

which defines the plagioclase-spinel peridotite fa-
cies boundary. The PT trajectory of reaction (1) does
not depend critically on olivine composition but is
affected considerably by plagioclase and spinel
composition, with lower An content and more alu-
minous spinel displacing it to higher pressure
(Green and Hibberson 1970). The position for re-
action (1) in the peridotite was calculated using
mineral chemical data and the TWQ method ( fig.
5). The intersection of reaction (1) for the peridotite
with TBKN and TOl-Sp on large spinel grains (table 2)
suggests it decompressed to ∼0.7 GPa at
800�–900�C (fig. 5).

Conversely, the growth of orthopyroxene and cli-
nopyroxene coronae on olivine and plagioclase, re-
spectively, in the troctolite boudins suggests these
rocks have instead cooled rather than decom-
pressed through reaction (1) (fig. 5). The position

for reaction (1) in the troctolites was calculated us-
ing mineral chemical data and the TWQ method
by assuming an aluminous spinel was present.
The Fe/Mg ratio of the latter phase was calculated
from at 800�C (Ballhaus et al. 1991) as-Fe-MgKDOl-Sp

suming a low Cr (Cr number of 0.05) for this mafic
bulk composition. The intersection of reaction (1)
in the troctolite samples with TBKN or the Fe-Mg
exchange temperature in pyroxenes indicate it
cooled through conditions of 800�–900�C at ∼0.8
GPa (fig. 5).

Touching grains of orthopyroxene and Ca-rich
garnet rims in the leucosome of the aureole sur-
rounding the peridotite record Fe-Mg exchange
temperatures of ∼900�C (fig. 5), similar to temper-
atures recorded in the peridotite body and troctolite
boudins (table 2). Core compositions in the leu-
cosome are clearly out of equilibrium. Pressures are
more difficult to ascribe for this rock. Applying the
garnet-plagioclase-quartz-sillimanite barometer to
mineral chemical data for grain rims gives a pres-
sure of ∼1.2 GPa at the temperature recorded by
garnet-orthopyroxene Fe-Mg exchange. In contrast,
reactions not involving sillimanite give pressures
of ∼0.75 GPa, closer to those recorded by the pe-
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Table 3. Whole Rock and Re-Os Isotope Geochemistry

BPP008 KE001 KE003 BPP009 DC004 DC005

Sample wt%:
SiO2 45.8 45.9 45.2 45.6 45.9 45.8
TiO2 .10 .11 .11 .08 .10 .10
Al2O3 3.51 3.24 3.11 2.72 3.43 3.06
FeO 7.66 8.24 8.18 8.48 8.22 8.29
MnO .10 .11 .11 .11 .11 .11
MgO 40.3 39.9 40.2 41.5 39.8 40.2
CaO 2.04 2.45 2.76 1.52 2.31 2.08
Na2O .17 .11 .15 .08 .08 .11
K2O .01 .01 .01 .01 .01 .01
P2O5 .01 .01 .01 .01 .01 .01

Loss on ignition: 9.31 9.18 7.42 9.73 9.39 9.27
Parts per billion:

Os 4.16 3.35 4.1 3.08 3.06
Re .323 .27 .38 .22 .22
187Re/188Os .3729 .387 .4402 .348 .3459
187Os/188Os .1264 .1297 .1290 .1326 .1436

� .00008 .00013 .00006 .00015 .00039
TRD (Ga)a .5 .1

Note. Major element compositions determined on glass disks and pressed pellets using a Phillips PW1400 X-ray fluorescence
spectrometer at McGill University, Montreal. All oxides were recalculated to 100% anhydrous, and Fe was recalculated as FeO.
Trace elements determined using a VG PQIIS inductively coupled mass spectrometer at the University of Victoria. Powdered samples
were dissolved in HF-HNO3. Accuracy based on analysis of standard basalt BCR-2 is better than 10% for all elements listed. The
complete methodology for Re and Os isotope analysis is given elsewhere (Selby and Creaser 2001; Creaser et al. 2002). Peridotite
samples (1200 g) were crushed in a jaw crusher equipped with ceramic plates and ground to a fine powder in an agate mill. The
powdered samples were spiked with a mixed tracer solution and dissolved by the Carius tube method (240�C, 48 h).185 190Re � Os
Os and Re were separated and purified by solvent extraction, microdistillation, and anion exchange chromatographic techniques.
The Re and Os isotopic compositions were measured using negative thermal ionization mass spectrometry (Creaser et al. 1991;
Völkening et al. 1991) on a Micromass Sector 54 mass spectrometer by static Faraday collector analysis. Total procedural blanks
for Re and Os are less than 10 pg and 5 pg, respectively. Precision is listed at 2j confidence level.
a Minimum Re depletion ages (TRD) calculated using and a primitive mantle value with 187Os/188Os of�1l p 1.6667 # 10–11yr
0.1296 and 187Re/188Os of 0.428 (Meisel et al. 2001).

ridotite and troctolite (fig. 5). In regions of biotite
breakdown, plagioclase is not always present with
garnet and sillimanite, and garnet is not always
present with plagioclase and orthopyroxene (4A,
4B, 4D), so the pressure-dependent equilibria for
this rock type in the aureole may not be reliable.
Regardless, textures suggest garnet, sillimanite,
and quartz formed with orthopyroxene as a result
of biotite breakdown/melting to form the leuco-
some in the aureole (4D). This reaction has been
experimentally measured in several pelites to be
between 800� and 950�C at ∼1.0 GPa (Gardien et
al. 1995; Vielzeuf and Schmidt 2001), generally con-
sistent with the conditions recorded by coexisting
orthopyroxene and garnet in the leucosome and
those of the immediately adjacent peridotite and
troctolite bodies (fig. 5).

Geochemistry

Bulk chemical analyses performed on six samples
from the Buffalo Pitts peridotite body (table 3; fig.
2B) show it to be homogeneous in bulk composi-
tion. The slight differences in Al2O3 content be-
tween samples may be attributed to variations in

the olivine/pyroxene ratio observed as centimeter-
scale layering in outcrop, even though large sam-
ples (1500 g) were used to obviate this problem.
Using Al2O3 as a depletion index, all six samples
plot within the more fertile range of orogenic pe-
ridotites worldwide and of Cordilleran mantle sam-
pled as xenoliths in Neogene volcanics throughout
British Columbia and Yukon (fig. 6). The Buffalo
Pitts peridotites are far more fertile than abyssal
peridotite or subduction zone peridotites and plot
within the range of mantle sampled by continental
rift xenoliths or preoceanic rift margins such as the
Zabargad massif in the Red Sea (Bonatti et al. 1986).

The Buffalo Pitts peridotites are enriched in in-
compatible elements, with rare earth element (REE)
abundances near or above the upper part of the
range for most orogenic peridotites at similar levels
of depletion (fig. 7). Most notably, all the peridotites
show light REE (LREE) enrichment relative to the
heavy REE (HREE) and have either flat or steep neg-
ative patterns (fig. 7). Elevated LREE are observed
in many mantle residues and may be due to en-
richment by melt metasomatism in the mantle
(McDonough and Frey 1990) or interaction of man-
tle lithosphere with fluids derived from adjacent
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Figure 6. The median and mean level of depletion
(Al2O3 content) of Buffalo Pitts peridotites (star) com-
pared with peridotites in outcrop and xenoliths from var-
ious tectonic settings compiled from the literature
( ). Also shown are estimated values for primi-n p 1200
tive upper mantle (PUM; McDonough and Sun 1995).
Note the fertile nature of the Buffalo Pitts samples and
other mantle peridotites from preoceanic or continental
rift settings. Error bars are 1j of the mean.

Figure 7. Rare earth element (REE) abundances in Buf-
falo Pitts peridotites normalized to chondrite using val-
ues of Anders and Grevesse (1989). Note the Eu anom-
alies in two samples (open symbols) and general light
REE enrichment in most of the samples, relative to REE
patterns for other orogenic peridotites with greater than
2 wt% Al2O3 (shaded area; McDonough and Frey 1990).

rocks during emplacement (Brueckner et al. 1988;
Dupuy et al. 1991). The slight Eu anomalies exhib-
ited by two samples (open symbols in fig. 7) are
difficult to explain by any igneous mechanism. The
Eu in these samples may have been affected by
metamorphic fluids in equilibrium with plagio-
clase, perhaps from fluid-rock exchange with sur-
rounding crustal rocks during exhumation. Similar
disturbances of REE abundances have been reported
in peridotites from the eastern Alps, the Trinity
ophiolite, and Zabargad Island (Brueckner et al.
1988; Meisel et al. 1997; Gruau et al. 1998). In the
two latter cases, the REE anomalies are thought to
be due to exchange between peridotite and conti-
nental (meteoric) fluids in the surrounding country
rocks as evidenced by Nd, Sr, and O isotopes.

Os isotopic compositions were measured in five
peridotite samples (table 3) in an attempt to gain
age information on the protoliths of these rocks.
The contrasting compatibility of Re and Os during
melt depletion leads to lower Re/Os (parent/daugh-
ter) in residues, and with time, these evolve to
187Os/188Os ratios that are below those of bulk earth.
Due to the high concentrations of Os in ultramafic
rocks, it has been assumed that 187Os/188Os ratios
are less susceptible to change from mantle meta-
somatic processes or to alteration in the continen-

tal crust, compared to other radiogenic isotopic sys-
tems involving highly incompatible elements (Nd,
Sr, Pb; Shirey and Walker 1998). Further work, how-
ever, has shown variable effects of metasomatism,
serpentinization, or sea floor weathering on the Re-
Os system (Meisel et al. 1997; Burnham et al. 1998;
Snow et al. 2000; Schmidt and Snow 2002; Standish
et al. 2002).

The Buffalo Pitts samples have a limited range
of Re, Os, and Re/Os (table 3), consistent with the
restricted range and level of depletion shown by
their Al contents (fig. 6). The 187Os/188Os ratios of
most of these samples are close to that estimated
for primitive upper mantle (PUM; 0.1296[8]; Meisel
et al. 1997) and are higher than is typical of other
classic orogenic peridotites from the Alps and Pyr-
enees (Meisel et al. 2001). The high 187Os/188Os val-
ues are consistent with the high fertility of the Buf-
falo Pitts orogenic peridotite reflected in its major
and trace element geochemistry (fig. 8).

Age relationships for orogenic peridotite bodies
have been inferred from correlations of Os isotopes
with Al (Reisberg and Lorand 1995). Samples from
the Buffalo Pitts body show a near vertical array on
an Os isotope–Al diagram (fig. 8), similar to peri-
dotites from the Internal Ligurides of Italy (Snow
et al. 2000). Sample DC005 is anomalously high in
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Figure 8. Covariation of Os isotopic ratios and with
degree of depletion (measured by Al2O3) for the Buffalo
Pitts peridotites, compared with data for northern Cor-
dilleran spinel peridotite xenoliths (Peslier et al. 2000a,
2000b). The values for primitive upper mantle (PUM) and
linear regressions from data compiled for all orogenic
massifs (solid line) and mantle xenoliths from the Cor-
dillera (dashed line) are from Meisel et al (2001). Note
the anomalously high 187Os/188Os in sample DC005 and
the similarity of most Buffalo Pitts samples to xenoliths
hosted in Neogene volcanics erupted through the Yukon-
Tanana Terrane (labeled “YTT xenoliths”).

187Os/188Os (fig. 8), yet this sample is within meters
of others (fig. 2B) and shows no significant petro-
graphic or geochemical differences when compared
to the other four samples. This scale of heteroge-
neity in Os isotopic composition is also recognized
in the Horoman peridotite massif (Saal et al. 2001).
Four of the five samples have unsupported 187Os/
188Os, having 187Os/188Os similar to or above chon-
dritic values (∼0.127) but with subchondritic 187Re/
188Os (!0.4; table 3). Superchondritic 187Os/188Os is
observed in many other mantle samples and may
be due to recent loss of Re (Meisel et al. 2001) or
mobility of radiogenic Os of unknown origin, pos-
sibly seawater alteration (Standish et al. 2002) or
interaction with crustal rocks (Schmidt and Snow
2002). Four samples plot along the trend of peri-
dotite xenoliths sampled in Neogene volcanics
from the northern Cordilleran mantle (fig. 8). The
latter samples extrapolate to an initial 187Os/188Os
ratio of 0.12, with an inferred model age of ∼1 Ga
(Peslier et al. 2000a, 2000b) The significance of this

age is questionable if Re, Os, or both isotopes are
disturbed.

The Re and Os contents in the Buffalo Pitts sam-
ples show a good negative correlation with the level
of LREE enrichment (table 3). Loss or gain of Re or
Os may have occurred in the same events or by the
same mechanisms which resulted in LREE enrich-
ment in these peridotites, perhaps involving melt
impregnation or interaction with crustal fluids dur-
ing emplacement. These complications obscure
any age inference for the body using Os isotope-Al
correlations. Nonetheless, some estimate of the
minimum age for formation of the Buffalo Pitts pe-
ridotite body can be made by calculating a Re de-
pletion model age (TRD) that measures the mini-
mum age of lithosphere formation assuming all Re
is exhausted during melting to produce a mantle
residue (Shirey and Walker 1998). This approach,
however, is applicable to only one of the five sam-
ples for which 187Os/188Os is statistically below that
estimated for PUM. Sample BPP008 gives a TRD of

Ga. This poorly constrained Early Pale-0.5 � 0.1
ozoic age is similar to TRD calculated for individual
Cordilleran mantle xenoliths (Peslier et al. 2000a,
2000b) and to ages generally inferred for the Nasina
series rocks of the Yukon-Tanana Terrane. It is
older than Late Devonian and Early Mississippian
mafic to felsic magmatism that characterizes the
Yukon-Tanana Terrane (Mortensen 1992; Johnston
and Hachey 1993), and that includes the Selwyn
orthogneiss and other plutonic bodies that intrude
the sequence of crustal rocks hosting the orogenic
peridotite in the study area (fig. 2).

Discussion

Peridotite tectonite within metasedimentary units
in the Yukon-Tanana Terrane are described along
strike of the Buffalo Pitts region to the northwest
in Alaska (Foster and Keith 1974; Keith et al. 1981;
Foster et al. 1985). Most of these peridotite occur-
rences, however, are interpreted as fault-bounded
tectonic slivers emplaced along fault systems with
ages much younger than the Middle Paleozoic units
which host the Buffalo Pitts peridotite (Foster et al.
1985). Indeed, no prior study has documented or-
ogenic peridotite in an aureole of partially melted,
granulite facies continental margin metasediments
of the Yukon-Tanana Terrane as are recognized in
Buffalo Pitts region.

Mineral textures and temperatures of equilibra-
tion of the Buffalo Pitts peridotite and its associated
metamorphic aureole record their original equili-
bration conditions and exhumation path within
this part of the Yukon-Tanana Terrane. The corona
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Figure 9. Diagram showing pressure-temperature his-
tory (labeled in sequence from 1 to 3) inferred for the
peridotite (ovals), troctolite (squares), and metapelite au-
reole (polygons), based on thermobarometric (fig. 5; table
2) and textural (3, 4) constraints. Peridotite solidus from
Hirschmann (2000). The subsolidus reaction Ol � Pl p

is based on the TWQ method (Bermanp Cpx � Opx � Sp
1991) applied to mineral chemical data from the peri-
dotite samples (table 2). Temperature range for fluid-ab-
sent metapelite melting (shaded area, “Biot-out”) is from
a summary of experimental data (Vielzeuf and Schmidt
2001).

of plagioclase around spinel grains in the peridotite
body requires it to have originally existed at pres-
sures above reaction (1) as a residue of limited par-
tial melting. Original temperatures of greater than
1000�C are recorded by the Ca- and Al-rich cores
of orthopyroxene (table 2), thus requiring a mini-
mum pressure of origin of at least 0.9 GPa, likely
in the mantle (figs. 5, 9). The peridotite body was
then decompressed and cooled as evidenced by
exsolution and development of Ca- and Al-poor
rims in orthopyroxene grains, the formation of pla-
gioclase coronae on spinel, and a relationship be-
tween TOl-Sp and spinel grain size. Two-pyroxene
temperatures of ∼900�C record the temperature at
which coexisting pyroxenes closed to diffusional
exchange during decompression of the peridotite
body to pressures below 0.7 GPa. Metastable spinel,
assuming that it was able to exchange Fe and Mg
with olivine through an armor of plagioclase, re-
cords further cooling of the body to ∼600�C (fig. 9).

The metasedimentary and metaigneous rocks
within the aureole approached conditions similar
to the peridotite body (800�–900�C, 0.7–0.8 GPa; fig.
5) but along different PT paths. The troctolite bou-
dins could be interpreted as hypabyssal intrusions
that were transformed to two-pyroxene corona as-
semblages by tectonic burial. Alternatively, the
boudins can be interpreted as structurally disrupted
intrusive bodies in crust that cooled from PT con-
ditions near the basalt solidus through reaction (1)
at 850�C. The latter scenario is more consistent
with all other field, petrographic, and geochemi-
cal data that point toward an extensional setting
for the area. In contrast, unlike both the corona-
textured peridotite and troctolite, the metapelite
leucosome in the aureole texturally requires pro-
grade heating to exceed the stability of biotite and
partially melt at ∼900�C (fig. 9). A nearly identical
prograde metamorphic aureole is described in pe-
lites adjacent to the Ronda orogenic peridotite
(Loomis 1972a, 1972b) and is thought to be due to
isobaric heating of the country rock by exhumation
of a hot peridotite from the mantle during exten-
sional unroofing of the Betic Cordilleras (Doblas
and Oyarzun 1989; Platt and Vissers 1989).

Preservation of anhydrous mineralogies indica-
tive of high P T conditions within regionally exten-
sive quartzite and quartz-mica schist units typified
by greenschist and amphibolite facies metamorph-
ism may be linked to the structural position of the
Buffalo Pitts peridotite in the immediate footwall
of the thick Selwyn Gneiss (fig. 2). Regional defor-
mation of the Yukon-Tanana Terrane postdating
the emplacement of the peridotite body is indicated
by the locally developed gneissic fabric in the in-

trusive Selwyn Gneiss. It may be that the peridotite
body and its aureole were situated within a strain
shadow that developed beneath this thick intrusive
sheet during deformation and that prevented shear-
ing and related retrograde metamorphism of the
peridotite body and its surrounding aureole. Both
the orogenic peridotite and troctolites were appar-
ently strong lithologies that formed boudins on var-
ious scales within weaker quartzo-feldspathic
lithologies of the aureole (figs. 2, 3D). Such a re-
lationship has been proposed on a larger scale to
explain the geological relationships for mantle per-
idotite bodies in the Ivrea Zone of the western Alps
(Quick et al. 1995).

A structural origin for the peridotite and troc-
tolite bodies as boudins requires significant stretch-
ing of the regional country rocks. Analogue exper-
iments of stretching in a rheologically layered
continental lithosphere have been used to explain
the uplift and emplacement of upper mantle pe-
ridotite on the sea floor of passive continental mar-
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gins (Brun and Beslier 1996). These experiments re-
produce a remarkably identical juxtaposition of
crustal and upper mantle lithologies as observed in
the Buffalo Pitts region, albeit at a different scale.
With increasing extension, stronger upper mantle
lithologies are eventually boudinaged and uplifted
to become tectonically juxtaposed against stronger,
brittle upper crustal rocks. The analogue experi-
ments of continental lithosphere rifting predict a
scenario which explains the PT history and struc-
tural juxtaposition recorded by the Buffalo Pitts
peridotite body and its country rocks.

Comparison with modern rifted margins and
other well-studied orogenic peridotite bodies fur-
ther strengthens a model of rifting of continental
lithosphere for the formation and exhumation of
the Buffalo Pitts peridotite body. The peridotite and
its aureole share striking geological, petrographic,
and geochemical similarities to the peridotite mas-
sifs from Zabargad and Ronda, which were em-
placed during stretching of continental lithosphere
to open the Red Sea and Alboran basins, respec-
tively (Bonatti et al. 1986; Bonatti and Seyler 1987;
Platt and Vissers 1989; Davies et al. 1993). First,
the peridotites at Zabargad, Ronda, and Buffalo
Pitts are all similarly structurally juxtaposed with
metasediments and skarn in aureoles that under-
went prograde metamorphism to granulite grade
(Loomis 1972a; Bonatti et al. 1986; Bonatti and Sey-
ler 1987; Boudier and Nicolas 1991). Second, like
the Buffalo Pitts samples, the Zabargad peridotites
show plagioclase coronae on spinel, recording
exhumation across the spinel-plagioclase facies
boundary during rifting and uplift. Third, both the
Buffalo Pitts and Zabargad massifs show evidence
of late-stage metasomatism (LREE enrichment) and
are geochemically fertile when compared to mantle
lithosphere from other tectonic settings, which typ-
ically show far higher levels of depletion (figs. 6,
7). Limited partial melt depletion is a signature of
the preoceanic rift setting as observed for samples
from the Zabargad massif (Bonatti and Michael
1989), the compositions of xenoliths from conti-
nental rifts (fig. 6) and a lack of significant volca-
nism within some rifted continental margins
(Whitmarsh and Sawyer 1996).

If the Buffalo Pitts samples represent lithosphere
formed during incipient rifting of continental lith-
osphere, then Os isotopic compositions may pro-
vide some broad constraints on the timing for such
an episode within the Yukon-Tanana Terrane. The
lack of ancient (11.0 Ga) TRD ages so commonly
observed for the classic orogenic peridotite massifs
in Europe (Meisel et al. 1997; Burnham et al. 1998)
implies that the melt depletion and/or metaso-

matism of mantle lithosphere sampled by the Buf-
falo Pitts body occurred not long before its struc-
tural juxtaposition and exhumation within Devo-
nian rifted margin sedimentary rocks (i.e., quartz-
ites) of the Yukon Tanana terrane. Almost all 187Os/
188Os ratios are within error of present-day bulk
earth, indicating perhaps that the mantle litho-
sphere formed and was exhumed shortly thereafter
during continental rifting. The only significant TRD

obtained (from sample BPP 008, at 0.5 Ga) does not
differ substantially from the age of the crustal rocks
which host this orogenic peridotite body, thus sup-
porting this inference. If the lithosphere is juvenile,
then the Re-Os isotopic systematics show that in-
cipient rifting of the continental margin occurred
in the Early Paleozoic. Subsequent to rifting, a mag-
matic arc was built upon this Early Paleozoic rifted
continental margin, as evidenced by geochemical
data from other crystalline rocks in the Dawson
Range (Selby et al. 1999).

Mantle lithosphere in the Buffalo Pitts peridotite
body and xenoliths in Neogene volcanic rocks
erupted through this terrane have nearly identical
Os isotopic compositions at a given degree of de-
pletion (fig. 8). This similarity suggests that the
crust and upper mantle were coupled in this terrane
during Early Paleozoic continental rifting and have
remained coupled well into the Neogene. If so, the
Yukon-Tanana terrane would be a thick-skinned
crustal block of coherent crust and mantle rather
than a thin-skinned crustal flake that was scraped
off and separated from its lithospheric mantle dur-
ing accretion.

Although considered to have formed in a conti-
nental margin setting, evidence for a rifted margin
origin for the Yukon-Tanana Terrane has been lack-
ing. Results of this detailed study of the Buffalo
Pitts orogenic peridotite and its host rocks provide
the first direct evidence of lithospheric scale rifting
involving the Yukon-Tanana Terrane. Mapping,
petrological, and geochemical studies of the peri-
dotite body and its aureole provide constraints on
the conditions, processes, and mechanisms active
during lithospheric stretching and the related em-
placement of mantle rocks within the upper crust.
In this light, the hundreds of other peridotite tec-
tonite occurrences in this terrane (Foster and Keith
1974) may require further detailed examination and
may similarly mark Early Paleozoic rifting and pas-
sive margin formation.

Conclusions

A megaboudin (∼500 m) of orogenic peridotite is
structurally interleaved with smaller boudined
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masses and blocks (0.1–10 m) of corona-textured
troctolite and skarn in continental margin rocks of
the Yukon-Tanana Terrane, Yukon. The peridotite
body records cooling and decompression from
11000�C and at least 0.9 GPa to ∼850�C below the
spinel-plagioclase peridotite facies reaction at 0.7
GPa. Two-pyroxene coronae in the troctolite bou-
dins record cooling to 850�C through the identical
reaction. Leucosome in a granulite facies aureole
enveloping the peridotite body records prograde
heating above the fluid-absent metapelite solidus
to temperatures of ∼900�C. The structural juxta-
position of upper mantle peridotite and troctolite
boudins within an aureole of granulite-grade con-
tinental margin metasediments occurred during
stretching of continental lithosphere at least 25 km
thick in an Early Paleozoic preoceanic passive mar-

gin. Re-Os isotopic compositions of the peridotite
body indicate that it may have formed as litho-
sphere with a similar or slightly older age than the
rifted margin metasedimentary rocks into which it
was exhumed.
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