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sandstone interbeds. The Trenton unit is composed mainly of
chert and shale. In other exposures of the Havallah sequence, the
uppermost unit is the Mill Canyon Member, which includes
interbedded turbidites, chert, and shale (Miller et al., 1982).
Sandstones from the Middle Pennsylvanian–Lower Permian Jory
unit and the Lower Permian Pumpernickel unit were analyzed
during this study (Fig. 4).

In general, the monotonous lithology and structural com-
plexity of the Havallah and Schoonover sequences preclude a full
understanding of the structure of the Golconda allochthon. Both
units are multiply deformed in most exposures, and structures
include boudins, mullions, and open to tight folds. During pro-
gressive deformation of the Golconda allochthon, bedding was
disrupted and thrust faults imbricated all rock types. According to
a number of workers (e.g., Miller et al., 1982; Snyder and
Brueckner, 1983; Babaie, 1987), a significant amount of the
deformation occurred prior to emplacement of the allochthon
onto the continental margin, as the subjacent autochthon is not as
pervasively deformed as the Golconda allochthon.

A first-order problem in Cordilleran tectonics concerns the pre-
emplacement position of the Golconda allochthon with respect to
nearby terranes as well as North America. One model suggests that
strata of the Golconda allochthon were deposited in a relatively
wide basin and were subsequently incorporated into an accretionary
prism built along the inboard margin of a magmatic arc that faced
eastward, or toward the North American continent (Speed, 1979;
Schweickert and Snyder, 1981; Speed and Sleep, 1982; Snyder and
Brueckner, 1983; Dickinson et al., 1983; Brueckner and Snyder,
1985; Babaie, 1987). An opposing view asserts that the strata were
deposited within a relatively narrow basin separating the North
American margin from an outboard, west-facing magmatic arc
(Burchfiel and Davis, 1972, 1975; Silberling, 1973; Miller et al.,
1984, 1992; Harwood and Murchey, 1990; Burchfiel and Royden,
1991; Burchfiel et al., 1992). In addition, the possibility exists that
strata within the allochthon accumulated a great distance from their
present position and are far traveled (Coney et al., 1980). 

U-Pb detrital zircon geochronology of the Golconda allochthon, Nevada 67

Figure 3. Map of central Nevada showing general outcrop patterns of
main units of Golconda allochthon (from Stewart and Carlson, 1978). 

Figure 4. Generalized stratigraphic
columns for Havallah and Schoonover
sequences of Golconda allochthon.
Schoonover sequence shown is middle
thrust plate of Miller et al. (1984). Mod-
ified from Miller et al. (1984, 1992). 
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Mountain Quartzite [Yreka terrane]) may have been derived
directly from basement rocks exposed along the continental mar-
gin, whereas more mature quartz sands were probably recycled
from miogeoclinal and/or platformal strata in the Peace River
arch region. 

Ordovician strata of the Roberts Mountains allochthon also
contain 1.8–1.4 Ga grains that originated in basement rocks of
the southwestern United States (provenance link 3). As con-
cluded by Finney and Perry (1991) on the basis of biostrati-
graphic and facies relations, there is a strong link between lower
Middle Ordovician rocks of the Vinini Formation and coeval
strata of the miogeocline directly to the east. Derivation of sedi-
ment from nearby continental sources apparently resulted from a
low sea-level stand, during which sand was eroded from either

exposed basement rocks or their platformal cover and transported
across the miogeocline via channels carved into the continental
shelf (Finney and Perry, 1991). 

Units in the Roberts Mountains allochthon and Shoo Fly
Complex also contain detrital zircons of 1.0–1.3 and ca. 0.7 Ga,
which were most likely shed from basement rocks exposed
along the southern continental margin (Wallin, 1990a) (prove-
nance links 1 and 6). The dominant source may have been a
westward continuation of 1.0–1.3 Ga rocks of the Grenville
province, perhaps now preserved in the Oaxaca terrane of Mex-
ico (Coney and Campa, 1987; Ruiz et al., 1988). The 0.7 Ga
grains in the Harmony Formation were originally reported to
have an uncertain provenance (Wallin, 1990a; Smith and
Gehrels, 1994), but the unique occurrence of a 0.7 Ga grain in

140 G.E. Gehrels et al.

Figure 5. Relative age-probability curves
for Paleozoic strata of Cordilleran mio-
geocline (Gehrels, this volume) and
lower Paleozoic strata of Roberts Moun-
tains allochthon (Gehrels et al., this vol-
ume, Chapter 1), Shoo Fly Complex
(Harding et al., this volume), and Yreka
terrane (Wallin et al., this volume). Ages
of Trinity terrane intrusive rocks are
from Wallin et al. (1995). B.C.—British
Columbia. Numbers in boxes refer to
provenance links listed in Table 1.
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(Fig. 4B). The sediments are now preserved in the Roberts Moun-
tains allochthon, Shoo Fly Complex, and Yreka terrane, whereas
the early Paleozoic part of the magmatic arc may have been the
Alexander terrane of southeast Alaska. Following the Antler orog-
eny, arc polarity switches, the arc rifts away, and a backarc basin
opens behind the west-facing magmatic arc, forming the strata of
the Golconda allochthon. During the Permian–Early Triassic
Sonoma orogeny, a brief phase of east-dipping subduction closed
the backarc basin and thrust the backarc basin strata (Golconda
allochthon) onto the continental margin. Following the Sonoma
orogeny, much of the early Paleozoic arc system was removed by
strike-slip faulting, and then west-facing subduction resumed on
the west edge of the accreted Sierra-Klamath magmatic arc.

A third model envisions most of the Paleozoic rocks in west-
ern Nevada and northern California as belonging to an arc-type
crustal fragment that first arrived along the continental margin
during the Permian-Triassic Sonoma orogeny (Dickinson, 1977;
Speed, 1979; Speed and Sleep, 1982; Dickinson et al., 1983)
(Fig. 4C). This fragment, commonly referred to as “Sonomia”
(Speed, 1979), consists of upper Paleozoic assemblages in the
Black Rock terrane and the northern Sierra and eastern Klamath
Mountains. The polarity of subduction in this arc system was
eastward, as with model 2. Emplacement of the Roberts Moun-
tains allochthon during the Antler orogeny would have resulted
from collision of an early Paleozoic arc system (the Antler arc)
that is no longer exposed along the Nevada-California margin,

136 G.E. Gehrels et al.

Figure 2. Schematic map and cross sections of
main terranes and/or assemblages and their
bounding faults in western Nevada and northern
California. Map configuration of terranes and
assemblages is adapted primarily from Oldow
(1984), Silberling (1991), and Silberling et al.
(1987), and cross sections are highly simplified
from Blake et al. (1985) and Saleeby (1986).
Location of 87Sr/86Sri = 0.706 line is from Kistler
and Peterman (1973) and Kistler (1991). Note
that widespread Cretaceous and younger rocks
and structures are omitted in map and sections in
effort to emphasize configuration of pre-Creta-
ceous features. 
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Figure 6. Schematic maps of western North America showing interpreted provenance links and paleo-
geography for Cordilleran margin during early Paleozoic time. Cratonal provinces and miogeoclinal
strata are as shown in Figure 1. Darker gray pattern represents proposed distribution of off-shelf assem-
blages such as Roberts Mountains allochthon, whereas horizontal ruled pattern outboard of miogeo-
cline represents convergent margin assemblages such as Yreka terrane. The inverted V pattern
represents possible trace of a magmatic arc outboard of Cordilleran margin. West-facing arc may have
existed along margin during much or all of early Paleozoic time, or east-facing arc may have
approached the margin during Devonian time. Black arrows represent interpreted dispersal patterns of
sand in offshore settings, with numbers that are keyed to provenance links listed in Table 1. Gray
arrows reflect general transport of sand that accumulated within miogeoclinal strata (Gehrels, this vol-
ume). Provenance of detritus in Kootenay terrane is from Smith and Gehrels (1991). Provenance of
detritus in eugeoclinal strata of Mexico is from Gehrels and Stewart (1998). PRA—Peace River arch,
TCA—Trans-continental arch, KT—Kootenay terrane, BRT—Black Rock terrane, TT—Trinity ter-
rane,YT—Yreka terrane, RMA—Roberts Mountains allochthon, NST—northern Sierra terrane. 
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Mountain Quartzite [Yreka terrane]) may have been derived
directly from basement rocks exposed along the continental mar-
gin, whereas more mature quartz sands were probably recycled
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nickel and a ca. 1713 Ma grain in Schoonover Q, which are
younger than most grains in the Roberts Mountains allochthon,
suggests that some detritus may also have originated in basement
rocks of the southwestern United States. If this is the case, how-
ever, the lack of ca. 1.43 Ga grains in our samples is puzzling. 

It is also possible that the Precambrian grains in our samples
were derived from outboard rocks of the Shoo Fly Complex in
the northern Sierra terrane (Fig. 2). As shown in Figure 6, pre-
Late Devonian rocks of the Shoo Fly Complex and overlying
Mississippian through Permian strata yield detrital zircon ages
that are similar to the ages from strata of the Schoonover and
Havallah sequences. Because of this possibility, the >1.77 Ga
ages in our samples do not provide a definitive provenance link
with the craton margin to the east. 

In an attempt to discriminate between Antler Highland and
northern Sierra sources, we use two statistical measures to com-
pare the age spectra of strata from the Golconda allochthon and
these two regions. The comparisons were made using relative
age-probability curves of: (1) all ages from our four Golconda
samples; (2) a curve that combines the Roberts Mountains
allochthon (50%) and Antler overlap sequence (50%); and (3) a
curve that combines the Shoo Fly Complex (50%) and its overlap
sequence (50%). In terms of degree of overlap, a measure of
whether Golconda ages overlap with the ages of grains in the two
references (Gehrels, this volume, Introduction), the potential
sources achieve equally high scores of 0.88 (Roberts Mountains
allochthon) and 0.81 (northern Sierra terrane), where a perfect
match equals 1.00 (Fig. 7). For reference, a comparison of ages
from the Golconda allochthon and the Nevada miogeocline yields
a degree of overlap value of 0.45. In terms of degree of similarity,
a measure of whether the proportions of ages in two curves are
similar (Gehrels, this volume, Introduction), high scores of 0.77
and 0.71, respectively, are achieved. A comparison with miogeo-
clinal strata in Nevada yields a much lower value of 0.37. 

For both statistical measures, values are slightly higher for the
Roberts Mountains allochthon than the northern Sierra terrane
(Fig. 7). This is due primarily to the presence of ca. 2.5 Ga grains in
samples from the Golconda and Roberts Mountains allochthons,
but not in samples from the northern Sierra terrane (Fig. 6). The
statistical values suggest that an eastern source is slightly more
likely or dominant than a western source, but that our data are con-
sistent with either source or a combination of the two sources. 

The presence of 338–358 Ma grains in the Schoonover V and
Pumpernickel samples indicates that sandstones in the Golconda
allochthon also contain detritus from igneous rocks of latest Devo-

72 B.C.D. Riley, W.S Snyder, and G.E. Gehrels

Figure 6. Relative age-probability plots that compare detrital zircon ages
from Golconda allochthon, Roberts Mountains allochthon and its overlap
sequence, Shoo Fly Complex and overlying upper Paleozoic strata, and
Paleozoic miogeoclinal strata in Nevada. Each curve shows sum of age
probability of all ages in sample or set of samples, where each sample was
collected from ~1-m-thick stratigraphic interval at single locality. Sum of
age probability for each sample has been divided by number of grains ana-
lyzed, so that curves are normalized to contain same area. Curve for
Roberts Mountains allochthon represents 259 analyses from 15 different
samples, and is composite of four main groups of detrital zircon ages in
following proportions: 10% Harmony A, 26% Harmony B, 10% Lower
Vinini, and 54% Upper Vinini–Valmy–McAfee–Elder–Slaven (Gehrels
et al., this volume, Chapter 1; Gehrels and Dickinson, this volume, Chap-
ter 3). Antler overlap curve summarizes 63 analyses from three samples
(Gehrels and Dickinson, this volume, Chapter 3). Shoo Fly curve is com-
posite of 92 grains analyzed from four different stratigraphic units (Hard-
ing et al., this volume, Chapter 2). Curve for strata overlying Shoo Fly
Complex includes 36 analyses from 2 different samples (Spurlin et al., this
volume, Chapter 6), and miogeocline in Nevada curve includes 71 analy-
ses from three samples (Gehrels and Dickinson, 1995; Gehrels, this vol-
ume, Introduction).
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nian–Early Mississippian age. The most likely source for this detri-
tus is the northern Sierra terrane, which underwent widespread
magmatism during this time interval (Burchfiel and Davis, 1972,
1975; Hanson and Schweikert, 1986; Hanson et al., 1988; Harwood
and Murchey, 1990; Miller and Harwood, 1990; Harwood, 1992;
Spurlin et al., this volume). It is possible, however, that the young
grains were shed from Devonian-Mississippian igneous rocks
within the allochthon (Fig. 4), which were described by Miller et al.
(1984), or in a hypothetical magmatic arc that may have separated
the Antler orogen from the Golconda allochthon prior to the
Sonoma orogeny (Speed and Sleep, 1982; Dickinson et al., 1983).
Unfortunately, our data are not sufficient to discriminate between
these possibilities, largely because latest Devonian–Early Missis-
sippian magmatism is known or suspected to have occurred in all
three potential source regions. Our data also allow for other poten-
tial sources, given the widespread extent of mid-Paleozoic igneous
rocks in western North America (Rubin et al., 1990). 

CONCLUSIONS

Our data suggest that detrital zircons in sandstones of the
Golconda allochthon were probably derived from both the
Roberts Mountains allochthon to the east and the northern Sierra
terrane to the west. The older (>1.77 Ga) grains were most likely
recycled from lower Paleozoic rocks of the Roberts Mountains
allochthon following their mid-Paleozoic emplacement onto the
Cordilleran margin. This provenance tie would require the Gol-
conda allochthon to have formed and evolved in close proximity
to its present position outboard of the Roberts Mountains
allochthon. However, it is also possible that the older grains were

recycled from rocks of the Shoo Fly Complex, which is currently
located outboard (west) of the Golconda allochthon (Fig. 2).
These two potential source regions cannot be distinguished with
confidence using our detrital zircon data because they contain
very similar suites of zircon ages, as shown in Figure 6. 

Zircon grains of 338–358 Ma that are present in Mississip-
pian and Permian sandstones could also have come from several
recognized sources, including volcanic rocks present within
lower parts of the allochthon, and volcanic and plutonic rocks in
the northern Sierra–eastern Klamath terranes. In addition, it is
possible that these grains were derived from a magmatic arc that
was originally along the outer margin of the Roberts Mountains
allochthon, but was subsequently buried and overridden by the
Golconda allochthon (Speed and Sleep, 1982; Dickinson et al.,
1983; Burchfiel and Royden, 1991).

The only grains that may have a unique source are ca. 1713
and ca. 1731 Ma (Fig. 6). These grains were most likely derived
from basement rocks of the southwestern United States (Fig. 1). 

Because of the uncertainties outlined here, at least three
alternatives exist for the paleogeography and provenance of the
Golconda allochthon.

1. Deposition was in a basinal setting outboard of the Antler
highland, with little or no input from arc terranes to the west. In
this case the detrital zircons would have been shed mainly from
the Roberts Mountains allochthon, with minor contributions
from southwestern U.S. basement provinces and from either
local, extension-related(?) volcanism or an extinct arc separat-
ing the Golconda and Roberts Mountains allochthons. Emplace-
ment of the allochthon would have been related to subduction
along the inboard margin of a possibly far-traveled, east-facing
magmatic arc, now preserved as the northern Sierra and eastern
Klamath terranes (Speed, 1979; Speed and Sleep, 1982; Dickin-
son et al., 1983).

2. Deposition was in a backarc basin that opened as the
northern Sierra terrane pulled away from previously contiguous
rocks of the Roberts Mountains allochthon. Most detritus would
have come from the Shoo Fly Complex, exposed to the west,
and/or the Roberts Mountains allochthon, exposed in the Antler
highland to the east. Some detritus would also have been shed
from the southwestern U.S. craton and from the magmatic arc to
the west. Final emplacement of the Golconda allochthon would
have occurred in response to the collapse, subduction, or backarc
thrusting of this basin (Burchfiel and Davis, 1972, 1975; Sch-
weickert and Snyder, 1981; Snyder and Brueckner, 1983; Miller
et al., 1984, 1992; Brueckner and Snyder, 1985; Burchfiel and
Royden, 1991; Burchfiel et al., 1992).

3. Deposition of strata was in proximity to the northern
Sierra terrane, potentially far from the Nevada continental mar-
gin. Most detritus would have been recycled from the Shoo Fly
Complex and latest Devonian–Mississippian igneous rocks, but
the source for the two 1713–1731 Ma grains would be uncertain. 

While all of these scenarios remain viable, model 2 is pre-
ferred because it offers the simplest explanation for the similarity
in detrital zircon ages from the Roberts Mountains allochthon
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Figure 7. Results of statistical comparisons of detrital zircon ages from
Golconda allochthon with age spectra from Roberts Mountains
allochthon and overlying upper Paleozoic strata, northern Sierra terrane,
and Paleozoic miogeocline in Nevada (Fig. 6). Degree of overlap is
measure of degree to which two age spectra contain overlapping ages,
and degree of similarity evaluates degree to which overlapping ages have
similar proportions (Gehrels, this volume, Introduction). Values of 1.00
reflect perfect overlap and proportions, respectively, of two age spectra.
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the Wood Canyon Formation of the Mojave Desert suggests that
these grains may also have come from the southern Cordilleran
margin (provenance link 1).

The Sierra City melange, which is the structurally highest
component of the Shoo Fly Complex (Schweickert et al., 1984;
Girty et al., 1990), contains grains with ages of 540–640 Ma.
These grains were likely shed from igneous rocks in an arc that is
now represented only by small crustal fragments in the Trinity
terrane (Wallin et al., 1988; Wallin and Metcalf, 1998; prove-

nance link 7) and by granitoid blocks in the Sierra City melange
(Saleeby, 1990). A link between this hypothetical arc system and
continental rocks is provided by igneous rocks of the Yreka ter-
rane that contain xenocrystic zircons of sufficient age (>1.0 Ga)
that they must have a continental source (Wallin, 1990b).

Collectively, these provenance ties indicate that most rocks of
the Roberts Mountains allochthon, Shoo Fly Complex (northern
Sierra terrane), and Yreka and Trinity terranes (eastern Klamath
Mountains) formed in proximity to western North America, prob-

142 G.E. Gehrels et al.

Figure 7. Relative age-probability curves for Paleozoic strata of miogeocline in Nevada (Gehrels, this
volume), lower Paleozoic strata of Roberts Mountains allochthon (Gehrels et al., this volume, Chap-
ter 1) and overlying strata (Gehrels and Dickinson, this volume), Golconda allochthon (Riley et al., this
volume), Black Rock terrane (Darby et al., this volume), lower Paleozoic rocks of Shoo Fly Complex
(Harding et al., this volume) and overlying strata (Spurlin et al., this volume), Ordovician(?) Antelope
Mountain Quartzite of Yreka terrane (Wallin et al., this volume), and upper Paleozoic strata of eastern
Klamath terrane (Gehrels and Miller, this volume). Ages of igneous rocks in eastern Klamath and Black
Rock terranes are from Miller and Harwood (1990) and Wallin et al. (1995). Numbers in boxes refer to
provenance links listed in Table 1.
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(Fig. 4B). The sediments are now preserved in the Roberts Moun-
tains allochthon, Shoo Fly Complex, and Yreka terrane, whereas
the early Paleozoic part of the magmatic arc may have been the
Alexander terrane of southeast Alaska. Following the Antler orog-
eny, arc polarity switches, the arc rifts away, and a backarc basin
opens behind the west-facing magmatic arc, forming the strata of
the Golconda allochthon. During the Permian–Early Triassic
Sonoma orogeny, a brief phase of east-dipping subduction closed
the backarc basin and thrust the backarc basin strata (Golconda
allochthon) onto the continental margin. Following the Sonoma
orogeny, much of the early Paleozoic arc system was removed by
strike-slip faulting, and then west-facing subduction resumed on
the west edge of the accreted Sierra-Klamath magmatic arc.

A third model envisions most of the Paleozoic rocks in west-
ern Nevada and northern California as belonging to an arc-type
crustal fragment that first arrived along the continental margin
during the Permian-Triassic Sonoma orogeny (Dickinson, 1977;
Speed, 1979; Speed and Sleep, 1982; Dickinson et al., 1983)
(Fig. 4C). This fragment, commonly referred to as “Sonomia”
(Speed, 1979), consists of upper Paleozoic assemblages in the
Black Rock terrane and the northern Sierra and eastern Klamath
Mountains. The polarity of subduction in this arc system was
eastward, as with model 2. Emplacement of the Roberts Moun-
tains allochthon during the Antler orogeny would have resulted
from collision of an early Paleozoic arc system (the Antler arc)
that is no longer exposed along the Nevada-California margin,
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Figure 2. Schematic map and cross sections of
main terranes and/or assemblages and their
bounding faults in western Nevada and northern
California. Map configuration of terranes and
assemblages is adapted primarily from Oldow
(1984), Silberling (1991), and Silberling et al.
(1987), and cross sections are highly simplified
from Blake et al. (1985) and Saleeby (1986).
Location of 87Sr/86Sri = 0.706 line is from Kistler
and Peterman (1973) and Kistler (1991). Note
that widespread Cretaceous and younger rocks
and structures are omitted in map and sections in
effort to emphasize configuration of pre-Creta-
ceous features. 
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the Wood Canyon Formation of the Mojave Desert suggests that
these grains may also have come from the southern Cordilleran
margin (provenance link 1).

The Sierra City melange, which is the structurally highest
component of the Shoo Fly Complex (Schweickert et al., 1984;
Girty et al., 1990), contains grains with ages of 540–640 Ma.
These grains were likely shed from igneous rocks in an arc that is
now represented only by small crustal fragments in the Trinity
terrane (Wallin et al., 1988; Wallin and Metcalf, 1998; prove-

nance link 7) and by granitoid blocks in the Sierra City melange
(Saleeby, 1990). A link between this hypothetical arc system and
continental rocks is provided by igneous rocks of the Yreka ter-
rane that contain xenocrystic zircons of sufficient age (>1.0 Ga)
that they must have a continental source (Wallin, 1990b).

Collectively, these provenance ties indicate that most rocks of
the Roberts Mountains allochthon, Shoo Fly Complex (northern
Sierra terrane), and Yreka and Trinity terranes (eastern Klamath
Mountains) formed in proximity to western North America, prob-

142 G.E. Gehrels et al.

Figure 7. Relative age-probability curves for Paleozoic strata of miogeocline in Nevada (Gehrels, this
volume), lower Paleozoic strata of Roberts Mountains allochthon (Gehrels et al., this volume, Chap-
ter 1) and overlying strata (Gehrels and Dickinson, this volume), Golconda allochthon (Riley et al., this
volume), Black Rock terrane (Darby et al., this volume), lower Paleozoic rocks of Shoo Fly Complex
(Harding et al., this volume) and overlying strata (Spurlin et al., this volume), Ordovician(?) Antelope
Mountain Quartzite of Yreka terrane (Wallin et al., this volume), and upper Paleozoic strata of eastern
Klamath terrane (Gehrels and Miller, this volume). Ages of igneous rocks in eastern Klamath and Black
Rock terranes are from Miller and Harwood (1990) and Wallin et al. (1995). Numbers in boxes refer to
provenance links listed in Table 1.

 on February 3, 2010specialpapers.gsapubs.orgDownloaded from 

ably within ~1000 km of their present positions along the
Cordilleran margin. As shown in Figure 6, we envision the clastic
units as having formed as part of a continuous sedimentary apron
along and outboard of the Cordilleran margin, with sand arriving
from the craton to the east, the Peace River arch region to the north,
and Mexico to the south. The sand was apparently transported
largely by turbidity currents, mixing sediment of different prove-
nances in coalescing submarine fans. Extensional basins, as
described by Miller et al. (1992), may have been important in chan-
neling sand parallel to the continental margin for inboard assem-
blages such as the Roberts Mountains allochthon. In outboard
assemblages, such as the Shoo Fly Complex and Yreka terrane,
sand may have been channeled within a subduction-related trench
offshore from the continental margin (Schweickert and Snyder,
1981; Girty et al., 1990; Wallin et al., this volume, Chapter 9). 

In terms of tectonic models for the early Paleozoic setting of
the Cordilleran margin (Fig. 4), the links described here demon-
strate that rocks in the northern Sierra, Yreka, and Black Rock ter-
ranes and the Roberts Mountains allochthon were in proximity to
the Cordilleran margin long before the Sonoma orogeny. This con-
clusion precludes model 3, which would have these terranes at a
considerable distance from the margin until Permian-Triassic time.
Unfortunately, the other early Paleozoic models are difficult to test
with our data. The primary differences between models 1, 2, and 4
are the facing direction of the Sierra-Klamath arc system, and the
existence of an exotic magmatic arc during early Paleozoic time.
As shown in Figure 6, craton-derived sediment could have accu-
mulated in proximity to an arc system that faced to the east or west.

If the arc faced westward (model 1), the detritus would have accu-
mulated in both backarc (Roberts Mountains allochthon) and fore-
arc (Shoo Fly Complex and Yreka terrane) settings. Given
evidence for extension in the Klamath arc (Wallin and Metcalf,
1998), transport of detritus across a low-lying arc construct is plau-
sible. Conversely, the strata could have accumulated entirely
inboard of an exotic arc that faced eastward for all of early Paleo-
zoic time (Fig. 4B), or within an extensional arc that faced east-
ward for just a short period during the mid-Paleozoic (Fig. 4D).
Hence, in Figure 6 we show alternative geometries of a west-facing
arc existing along the Cordilleran margin for all of early Paleozoic
time (Fig. 6, A–D) versus an east-facing arc approaching the conti-
nental margin just prior to the Antler orogeny (Fig. 6D).

The possibility that some of the lower Paleozoic assem-
blages formed farther north or south along the margin can be par-
tially evaluated with our data. Our interpretations that the Roberts
Mountains allochthon and the Shoo Fly Complex formed near
the Nevada segment of the margin rests mainly on (1) the tie
between lower Middle Ordovician strata of the Roberts Moun-
tains allochthon and the adjacent craton (provenance link 3), and
(2) the presence in the Shoo Fly Complex and the Roberts Moun-
tains allochthon of detritus derived from both the north (Peace
River arch) and south (Mojave-Sonora craton) (Harding et al.,
this volume, Chapter 2; Gehrels et al., this volume, Chapter 1).
Given the scale of dispersal systems envisioned along the conti-
nental margin (Fig. 6), paleoposition along the margin using
these constraints can be resolved to only ~1000 km. Because
lower Paleozoic strata of the Yreka terrane (Antelope Mountain

Tectonic implications of detrital zircon data from Paleozoic and Triassic strata 143

Figure 8. Schematic maps of western
Nevada–northern California showing detri-
tal zircon provenance links during late
Paleozoic time. Numbers are keyed to list
in Table 1. Cratonal provinces and miogeo-
clinal strata are as shown in Figure 2. 
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Mountain Quartzite [Yreka terrane]) may have been derived
directly from basement rocks exposed along the continental mar-
gin, whereas more mature quartz sands were probably recycled
from miogeoclinal and/or platformal strata in the Peace River
arch region. 

Ordovician strata of the Roberts Mountains allochthon also
contain 1.8–1.4 Ga grains that originated in basement rocks of
the southwestern United States (provenance link 3). As con-
cluded by Finney and Perry (1991) on the basis of biostrati-
graphic and facies relations, there is a strong link between lower
Middle Ordovician rocks of the Vinini Formation and coeval
strata of the miogeocline directly to the east. Derivation of sedi-
ment from nearby continental sources apparently resulted from a
low sea-level stand, during which sand was eroded from either

exposed basement rocks or their platformal cover and transported
across the miogeocline via channels carved into the continental
shelf (Finney and Perry, 1991). 

Units in the Roberts Mountains allochthon and Shoo Fly
Complex also contain detrital zircons of 1.0–1.3 and ca. 0.7 Ga,
which were most likely shed from basement rocks exposed
along the southern continental margin (Wallin, 1990a) (prove-
nance links 1 and 6). The dominant source may have been a
westward continuation of 1.0–1.3 Ga rocks of the Grenville
province, perhaps now preserved in the Oaxaca terrane of Mex-
ico (Coney and Campa, 1987; Ruiz et al., 1988). The 0.7 Ga
grains in the Harmony Formation were originally reported to
have an uncertain provenance (Wallin, 1990a; Smith and
Gehrels, 1994), but the unique occurrence of a 0.7 Ga grain in

140 G.E. Gehrels et al.

Figure 5. Relative age-probability curves
for Paleozoic strata of Cordilleran mio-
geocline (Gehrels, this volume) and
lower Paleozoic strata of Roberts Moun-
tains allochthon (Gehrels et al., this vol-
ume, Chapter 1), Shoo Fly Complex
(Harding et al., this volume), and Yreka
terrane (Wallin et al., this volume). Ages
of Trinity terrane intrusive rocks are
from Wallin et al. (1995). B.C.—British
Columbia. Numbers in boxes refer to
provenance links listed in Table 1.
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Ksituan, and the Great Bear arcs (Hoffman, 1989; Ross, 1991; Villeneuve et al., 
1993) (Fig. 7). The 2060–2120 Ma grains are similar in age to accreted terranes 
in the PRA region, including the Buffalo Head and Chincaga terranes (Hoffman, 
1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7). The 2650–2750 Ma grains are 
similar in age to Archean terranes in the PRA region, including the Nova and 
Hearne terranes (Hoffman, 1989; Ross, 1991; Villeneuve et al., 1993) (Fig. 7).

The Hf isotope data are consistent with provenance in the PRA region. The 
1820–1960 Ma grains have a wide range of values, from juvenile and mod-
erately juvenile through evolved (εHf(t) +10 to –15), similar to those of other 
units interpreted to originate in the PRA region (Gehrels and Pecha, 2014). The 
2060–2120 Ma grains are more narrowly grouped, with moderately juvenile to 
evolved values of εHf(t) +3 to –6, compatible with other units originating in the 
PRA region (Gehrels and Pecha, 2014). The 2560–2750 Ma grains have juvenile, 
moderately juvenile, and evolved values of εHf(t) +6 to –15, also compatible 
with PRA origin (Gehrels and Pecha, 2014). The ages of basement terranes that 
comprise the PRA region (Fig. 7) are all represented in the age spectra of the 
RMA samples (exclusive of the lower Vinini Formation).

The detrital zircon U-Pb ages and Hf isotope data from these RMA strata 
are similar to selected passive margin strata and RMA strata analyzed in other 
studies (Fig. 8). The RMA strata sampled in this study (exclusive of the lower 
Vinini) have U-Pb age spectra similar to those of the Ordovician Valmy For-
mation of the RMA (Gehrels and Pecha, 2014), as well as the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014), and the Kinniki-
nic Quartzite (Barr, 2009), Ordovician units of the western Laurentian passive 
margin (Figs. 8 and 9). The K-S analyses of the RMA and the Ordovician pas-
sive margin units discussed above do not contradict our interpretation that the 
RMA strata have a common provenance with the Ordovician passive margin 
sandstones (Table 2). These RMA strata also show similar Hf isotope ratios to 
the Valmy Formation (Gehrels and Pecha, 2014) and to the Eureka Quartzite 
and the Mount Wilson Formation (Gehrels and Pecha, 2014) (Fig. 8).

The Peace River Arch region of western Canada is the source for the RMA 
units in this study, exclusive of the lower Vinini Formation, and for the Ordovi-
cian passive margin sandstones. The Peace River Arch region was an uplifted 
region from late Neoproterozoic through Middle Devonian time (Cant, 1988; 
Cant and O’Connell, 1988; Cecile et al., 1997). Igneous bodies in the PRA region 
have ages similar to the U-Pb ages of zircons in the RMA rocks sampled (Figs. 7 
and 8). The U-Pb age spectra of the RMA rocks sampled are not consistent with 
derivation from the central Laurentian craton; the Yavapai-Mazatzal terranes are 
1.6–1.8 Ga and cannot serve as a source of the 1.8–2.0 Ga grains in the samples.

Provenance of the Lower Vinini Formation

The U-P age spectra of the lower Vinini Formation are consistent with prov-
enance in north-central Laurentia. The 490–500 Ma grains are similar in age to 
plutonic suites in roof pendants and inliers within the Challis volcanic-plutonic 
complex and the Idaho batholith (Lund et al., 2010). The 1110–1120 Ma grains 
are consistent with the Grenville orogen; the 1420 Ma grains are consistent 
with the central Laurentian anorogenic granites; the 1660–1800 Ma grains are 
consistent with the Yavapai-Mazatzal terranes; and the 2470–2750 Ma grains 
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Figure 6. U-Pb ages and Hf isotope data for Roberts Mountains allochthon strata. U-Pb dates were 
run for all sample grains; approximately one-fourth of these grains were analyzed for hafnium 
isotopes. The upper graph shows İHf(t) (epsilon Hf) values for each sample. The average mea-
surement uncertainty for all hafnium analyses is shown in the upper right at the 2ı of the values. 
Reference lines on the Hf plot are as follows: Depleted mantle (DM) is calculated using 176Hf/177Hf = 
0.283225; 176Lu/177Hf = 0.038513 (Vervoort and Blichert-Toft, 1999); CHUR—chondritic uniform res-
ervoir, is calculated using 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008).

Linde et al., Geosphere., 2016

Worth recalling how the use of the LA-ICPMS measurements changed the interpretation of Gehrels’s group. Note the Lower Vinini still has more of a 
southern Laurentian look—except for those 500 Ma ages, which Linde et al. attribute to materials now found as inliers in Idaho batholith and Challis 
volcanics areas.
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Figure 6. Schematic maps of western North America showing interpreted provenance links and paleo-
geography for Cordilleran margin during early Paleozoic time. Cratonal provinces and miogeoclinal
strata are as shown in Figure 1. Darker gray pattern represents proposed distribution of off-shelf assem-
blages such as Roberts Mountains allochthon, whereas horizontal ruled pattern outboard of miogeo-
cline represents convergent margin assemblages such as Yreka terrane. The inverted V pattern
represents possible trace of a magmatic arc outboard of Cordilleran margin. West-facing arc may have
existed along margin during much or all of early Paleozoic time, or east-facing arc may have
approached the margin during Devonian time. Black arrows represent interpreted dispersal patterns of
sand in offshore settings, with numbers that are keyed to provenance links listed in Table 1. Gray
arrows reflect general transport of sand that accumulated within miogeoclinal strata (Gehrels, this vol-
ume). Provenance of detritus in Kootenay terrane is from Smith and Gehrels (1991). Provenance of
detritus in eugeoclinal strata of Mexico is from Gehrels and Stewart (1998). PRA—Peace River arch,
TCA—Trans-continental arch, KT—Kootenay terrane, BRT—Black Rock terrane, TT—Trinity ter-
rane,YT—Yreka terrane, RMA—Roberts Mountains allochthon, NST—northern Sierra terrane. 
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Mountain Quartzite [Yreka terrane]) may have been derived
directly from basement rocks exposed along the continental mar-
gin, whereas more mature quartz sands were probably recycled
from miogeoclinal and/or platformal strata in the Peace River
arch region. 

Ordovician strata of the Roberts Mountains allochthon also
contain 1.8–1.4 Ga grains that originated in basement rocks of
the southwestern United States (provenance link 3). As con-
cluded by Finney and Perry (1991) on the basis of biostrati-
graphic and facies relations, there is a strong link between lower
Middle Ordovician rocks of the Vinini Formation and coeval
strata of the miogeocline directly to the east. Derivation of sedi-
ment from nearby continental sources apparently resulted from a
low sea-level stand, during which sand was eroded from either

exposed basement rocks or their platformal cover and transported
across the miogeocline via channels carved into the continental
shelf (Finney and Perry, 1991). 

Units in the Roberts Mountains allochthon and Shoo Fly
Complex also contain detrital zircons of 1.0–1.3 and ca. 0.7 Ga,
which were most likely shed from basement rocks exposed
along the southern continental margin (Wallin, 1990a) (prove-
nance links 1 and 6). The dominant source may have been a
westward continuation of 1.0–1.3 Ga rocks of the Grenville
province, perhaps now preserved in the Oaxaca terrane of Mex-
ico (Coney and Campa, 1987; Ruiz et al., 1988). The 0.7 Ga
grains in the Harmony Formation were originally reported to
have an uncertain provenance (Wallin, 1990a; Smith and
Gehrels, 1994), but the unique occurrence of a 0.7 Ga grain in
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Figure 5. Relative age-probability curves
for Paleozoic strata of Cordilleran mio-
geocline (Gehrels, this volume) and
lower Paleozoic strata of Roberts Moun-
tains allochthon (Gehrels et al., this vol-
ume, Chapter 1), Shoo Fly Complex
(Harding et al., this volume), and Yreka
terrane (Wallin et al., this volume). Ages
of Trinity terrane intrusive rocks are
from Wallin et al. (1995). B.C.—British
Columbia. Numbers in boxes refer to
provenance links listed in Table 1.
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strata are tectonically transported south along the margin by this fault system. (E) Late Devonian time. Subduction has initiated along much of the western margin of Laurentia, moving the RMA strata onto the craton. (F) Early Mississippian 
time. The Antler orogeny has uplifted the RMA strata into a highland on the western Laurentian margin.
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geography for Cordilleran margin during early Paleozoic time. Cratonal provinces and miogeoclinal
strata are as shown in Figure 1. Darker gray pattern represents proposed distribution of off-shelf assem-
blages such as Roberts Mountains allochthon, whereas horizontal ruled pattern outboard of miogeo-
cline represents convergent margin assemblages such as Yreka terrane. The inverted V pattern
represents possible trace of a magmatic arc outboard of Cordilleran margin. West-facing arc may have
existed along margin during much or all of early Paleozoic time, or east-facing arc may have
approached the margin during Devonian time. Black arrows represent interpreted dispersal patterns of
sand in offshore settings, with numbers that are keyed to provenance links listed in Table 1. Gray
arrows reflect general transport of sand that accumulated within miogeoclinal strata (Gehrels, this vol-
ume). Provenance of detritus in Kootenay terrane is from Smith and Gehrels (1991). Provenance of
detritus in eugeoclinal strata of Mexico is from Gehrels and Stewart (1998). PRA—Peace River arch,
TCA—Trans-continental arch, KT—Kootenay terrane, BRT—Black Rock terrane, TT—Trinity ter-
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position of the paleoequator. Blue wavy lines show approximate depositional pathways of units discussed. Transcontinental Arch (Sloss, 1988) and Peace River Arch (Ross, 1991) are superimposed. (A) Early Ordovician time. The lower Vinini 
is derived from the central craton and Transcontinental Arch; the Valmy Formation is derived from the Peace River Arch. (B) Middle Ordovician time. The upper Vinini and Valmy formations are shed from the Peace River Arch into an oceanic 
basin. The Eureka Quartzite is also derived from the Peace River Arch and transported via longshore current along the western Laurentian margin. (C) Late Silurian time. The Elder Sandstone is shed from the Peace River Arch region. (D) Middle 
Devonian time. The Slaven Chert is derived from the Peace River Arch. A Scotia-style arc has moved to the western margin of northern Laurentia, and a sinistral transpressional fault system has developed along the western margin. RMA 
strata are tectonically transported south along the margin by this fault system. (E) Late Devonian time. Subduction has initiated along much of the western margin of Laurentia, moving the RMA strata onto the craton. (F) Early Mississippian 
time. The Antler orogeny has uplifted the RMA strata into a highland on the western Laurentian margin.

Quartzite) are apparently lacking in detritus shed from the south-
ern craton margin, it is possible that this terrane formed farther
north along the margin (Wallin et al., this volume, Chapter 9). 

MID-PALEOZOIC PALEOGEOGRAPHY

Beginning in Devonian time, the lower Paleozoic assem-
blages described here were variably deformed and metamor-
phosed. Strata of the Roberts Mountains allochthon were
imbricated along east-vergent thrust faults and displaced over
shelf facies strata for a distance of ~200 km (Roberts et al., 1958;

Madrid, 1987; Miller et al., 1992; Burchfiel et al., 1992). This
deformation, which is referred to as the Antler orogeny, involves
rocks as young as Fammenian (latest Devonian), and was com-
pleted by Late Mississippian time (Poole, 1974; Dickinson et al.,
1983; Madrid, 1987; Miller et al., 1992). 

Rocks of the Shoo Fly Complex are unconformably overlain
by Fammenian and younger strata, which requires that imbrica-
tion and internal deformation of the Shoo Fly assemblages was
completed significantly prior to onset of the Antler orogeny (Sch-
weickert et al., 1984; Harwood, 1992). Likewise, lower Paleozoic
rocks of the Yreka terrane were deformed before Early-Middle
Devonian time, which considerably predates emplacement of the
Roberts Mountains allochthon. Both of these assemblages are
known or inferred to be overlain by Devonian-Mississippian
rocks that record arc-type magmatism prior to and during em-
placement of the Roberts Mountains allochthon. 

The lack of an obvious relationship between tectonic events in
the Sierra-Klamath region and emplacement of the Roberts Moun-
tains allochthon together with uncertainties about the facing direc-
tion of the Sierra-Klamath arc (cf. Girty et al., 1990; Schweickert and
Snyder, 1981; Dickinson, this volume, Chapter 14) have led to a vari-
ety of models for mid-Paleozoic paleogeography of the Cordilleran
margin (Fig. 4). As noted herein, our data suggest that model 3 is not
viable, but are not sufficient to determine the facing direction of arcs
involved in the Antler orogeny. Hence, we are not able to discrimi-
nate between models 1, 2, and 4 during mid-Paleozoic time. 

LATE PALEOZOIC PALEOGEOGRAPHY

All of the lower Paleozoic rocks described herein are known or
inferred to be overlain unconformably by upper Paleozoic strata that
have been analyzed as part of this project. The upper Paleozoic
sequences in the northern Sierra and eastern Klamath terranes are
volcanic rich, reflecting development of an offshore magmatic arc,
but they also contain some units rich in siliciclastic and carbonate
strata (summarized in Miller and Harwood, 1990). In contrast, the
Roberts Mountains allochthon is overlain by a thick sequence of
clastic and carbonate strata of the Antler overlap assemblage
(Roberts et al., 1958; Dickinson et al., 1983). Miogeoclinal units to
the east of the Roberts Mountains allochthon are overlain by Car-
boniferous foreland basin strata derived from the Antler orogen, and
by Permian clastic and carbonate rocks that signal a return to pas-
sive margin sedimentation (Poole, 1974; Dickinson et al., 1983). 

Other upper Paleozoic successions, the Golconda allochthon
and Black Rock terrane, are located between the Sierra-Klamath
arc and the Roberts Mountains allochthon (Fig. 2). The Golconda
allochthon consists of an ocean-basin assemblage of chert, argillite,
basalt, sandstone, and limestone (Miller et al., 1984, 1992). The
Black Rock terrane consists of a mixture of siliciclastic, carbonate,
and volcanogenic rocks similar to those in the Sierra-Klamath ter-
ranes, but with less abundant volcanic strata (Wyld, 1990).

Clastic sedimentary rocks in the Antler overlap and foreland
basin assemblages were derived primarily from erosion of the
Roberts Mountains allochthon, which formed a subaerial high-

144 G.E. Gehrels et al.

Figure 9. Schematic map of western North America showing our pre-
ferred paleogeography for Cordilleran margin during late Paleozoic
time. Cratonal provinces and miogeoclinal strata are as shown in Fig-
ure 1. Horizontal ruled region represents arc-type terranes such as east-
ern Klamath terrane. Vertical ruled region represents basinal assemblages,
such as Golconda allochthon, that formed in backarc basin setting. Small
inverted V pattern represents extensional, east-facing arc active during
emplacement of Roberts Mountains allochthon (following Burchfiel and
Royden, 1991). Large inverted V pattern represents west-facing mag-
matic arc that is interpreted to have been active after Antler orogeny.
Small black arrows show the inferred directions of crustal extension
within this arc system. KT—Kootenay terrane, BRT—Black Rock ter-
rane, GA—Golconda allochthon, EKT—eastern Klamath terrane,
RMA—Roberts Mountains allochthon, NST—northern Sierra terrane.
Large gray arrows reflect the general transport of sand that accumulated
within miogeoclinal strata (Gehrels, Introduction).
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sequences in the northern Sierra and eastern Klamath terranes are
volcanic rich, reflecting development of an offshore magmatic arc,
but they also contain some units rich in siliciclastic and carbonate
strata (summarized in Miller and Harwood, 1990). In contrast, the
Roberts Mountains allochthon is overlain by a thick sequence of
clastic and carbonate strata of the Antler overlap assemblage
(Roberts et al., 1958; Dickinson et al., 1983). Miogeoclinal units to
the east of the Roberts Mountains allochthon are overlain by Car-
boniferous foreland basin strata derived from the Antler orogen, and
by Permian clastic and carbonate rocks that signal a return to pas-
sive margin sedimentation (Poole, 1974; Dickinson et al., 1983). 

Other upper Paleozoic successions, the Golconda allochthon
and Black Rock terrane, are located between the Sierra-Klamath
arc and the Roberts Mountains allochthon (Fig. 2). The Golconda
allochthon consists of an ocean-basin assemblage of chert, argillite,
basalt, sandstone, and limestone (Miller et al., 1984, 1992). The
Black Rock terrane consists of a mixture of siliciclastic, carbonate,
and volcanogenic rocks similar to those in the Sierra-Klamath ter-
ranes, but with less abundant volcanic strata (Wyld, 1990).

Clastic sedimentary rocks in the Antler overlap and foreland
basin assemblages were derived primarily from erosion of the
Roberts Mountains allochthon, which formed a subaerial high-

144 G.E. Gehrels et al.

Figure 9. Schematic map of western North America showing our pre-
ferred paleogeography for Cordilleran margin during late Paleozoic
time. Cratonal provinces and miogeoclinal strata are as shown in Fig-
ure 1. Horizontal ruled region represents arc-type terranes such as east-
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inverted V pattern represents extensional, east-facing arc active during
emplacement of Roberts Mountains allochthon (following Burchfiel and
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matic arc that is interpreted to have been active after Antler orogeny.
Small black arrows show the inferred directions of crustal extension
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Large gray arrows reflect the general transport of sand that accumulated
within miogeoclinal strata (Gehrels, Introduction).
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1984; Harwood and Murchey, 1990; Harwood, 1992), as well as
Mississippian quartz-rich clastic strata. Detrital zircons in Mis-
sissippian sandstones indicate recycling from either the Roberts
Mountains allochthon or underlying lower Paleozoic rocks (i.e.,
Shoo Fly Complex and Antelope Mountain Quartzite; prove-
nance links 16 and 17), with little input from volcanic sources
(Spurlin et al., this volume, Chapter 6; Gehrels and Miller, this
volume, Chapter 7). Harwood and Murchey (1990) and Harwood
et al. (1991) argued that the Roberts Mountains allochthon is a
more likely source for the detritus in upper Paleozoic strata of the
northern Sierra terrane on the basis of facies, conglomerate
petrology, and thickness relations. In contrast, Pennsylvanian and
Permian epiclastic strata were derived from older and coeval arc
rocks. The ages of these younger grains are an excellent match
for the ages of igneous rocks in the eastern Klamath and northern
Sierra terranes, which is consistent with a local or intraterrane
origin for much of the detritus (provenance links 15, 18, and 19).

Our preferred model for late Paleozoic paleogeography
(Fig. 9) is generally similar to that presented originally by Burch-
fiel and Davis (1972). As portrayed in models 1, 2, and 4 (Fig. 4),
a marginal basin is interpreted to have formed outboard of the
continental margin, separating the Antler highlands and its possi-
ble northern and southern continuations from an outboard mag-
matic arc. Deposits of the marginal basin are preserved largely in
the Golconda allochthon and its possible northern continuation,
the Slide Mountain terrane (Monger et al., 1992), whereas the
Black Rock, northern Sierra, and eastern Klamath terranes are
interpreted to have formed in and along the eastern margin of the
outboard arc. This arc system faced westward, away from the
continental margin, and may have been continuous with arc rocks
in the Quesnel terrane (Monger et al., 1992) to the north. 

The provenance links described herein are inconsistent with
biogeographic relations suggesting that the Klamath and related arc
terranes were located ~5000 km to the west of the Cordilleran mar-
gin during Permian time (Stevens et al., 1990). Although we cannot
specify distances from our provenance ties, it is unlikely that detri-
tus from the Roberts Mountains allochthon reached ~5000 km out
into the paleo-Pacific basin, particularly given the several hundred
meter– to several kilometer–thick sections of siliciclastic strata
present in the eastern Klamath and northern Sierra terranes. 

LATEST PALEOZOIC–EARLIEST MESOZOIC 
PALEOGEOGRAPHY

The main tectonic event during this time period was the
Sonoma orogeny, during which the Golconda allochthon
was emplaced onto the Roberts Mountains allochthon and
the Antler overlap assemblage (Gabrielse et al., 1983;
Miller et al., 1992). Our provenance constraints from vari-
ous Paleozoic units, as described herein, indicate that the
Golconda allochthon consists of ocean-floor rocks that
formed near the western margin of the Roberts Mountains
allochthon, rather than far from the continental margin. A
west-facing magmatic arc, preserved primarily in the east-

ern Klamath and northern Sierra terranes, is interpreted to
have existed outboard of the Golconda allochthon.
Emplacement of the allochthon during continuous arc mag-
matism may have been accomplished by a brief phase of
west-dipping subduction along the inboard margin of the arc
system (following Schweickert and Snyder, 1981; Burchfiel
et al., 1992). 

MIDDLE AND LATE TRIASSIC PALEOGEOGRAPHY

By Middle Triassic time, arc-related magmatism is known
to have occurred within cratonal rocks of the Mojave Desert
region of California (Walker, 1988; Saleeby and Busby-Spera,
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Figure 12. Schematic map of western North America showing our pre-
ferred paleogeography for Cordilleran margin during Triassic time. Cra-
tonal provinces and miogeoclinal strata are as shown in Figure 1.
Horizontal ruled region represents arc-type terranes such as eastern Kla-
math terrane. Vertical ruled region represents basinal assemblages in
central Nevada that formed in backarc basin setting. Inverted V pattern
represents trace of west-facing magmatic arc outboard of Cordilleran
margin. Small black arrows show inferred direction of crustal extension
behind this arc system. Large gray arrows reflect the general transport of
sand that accumulated within miogeoclinal strata (Gehrels, this volume,
Introduction). KT—Kootenay terrane, BRT—Black Rock terrane,
TT—Trinity terrane, YT—Yreka terrane, GA—Golconda allochthon,
EKT—eastern Klamath terrane, RMA—Roberts Mountains allochthon,
NST—northern Sierra terrane, TA—Triassic assemblages.
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Mountain Quartzite [Yreka terrane]) may have been derived
directly from basement rocks exposed along the continental mar-
gin, whereas more mature quartz sands were probably recycled
from miogeoclinal and/or platformal strata in the Peace River
arch region. 

Ordovician strata of the Roberts Mountains allochthon also
contain 1.8–1.4 Ga grains that originated in basement rocks of
the southwestern United States (provenance link 3). As con-
cluded by Finney and Perry (1991) on the basis of biostrati-
graphic and facies relations, there is a strong link between lower
Middle Ordovician rocks of the Vinini Formation and coeval
strata of the miogeocline directly to the east. Derivation of sedi-
ment from nearby continental sources apparently resulted from a
low sea-level stand, during which sand was eroded from either

exposed basement rocks or their platformal cover and transported
across the miogeocline via channels carved into the continental
shelf (Finney and Perry, 1991). 

Units in the Roberts Mountains allochthon and Shoo Fly
Complex also contain detrital zircons of 1.0–1.3 and ca. 0.7 Ga,
which were most likely shed from basement rocks exposed
along the southern continental margin (Wallin, 1990a) (prove-
nance links 1 and 6). The dominant source may have been a
westward continuation of 1.0–1.3 Ga rocks of the Grenville
province, perhaps now preserved in the Oaxaca terrane of Mex-
ico (Coney and Campa, 1987; Ruiz et al., 1988). The 0.7 Ga
grains in the Harmony Formation were originally reported to
have an uncertain provenance (Wallin, 1990a; Smith and
Gehrels, 1994), but the unique occurrence of a 0.7 Ga grain in

140 G.E. Gehrels et al.

Figure 5. Relative age-probability curves
for Paleozoic strata of Cordilleran mio-
geocline (Gehrels, this volume) and
lower Paleozoic strata of Roberts Moun-
tains allochthon (Gehrels et al., this vol-
ume, Chapter 1), Shoo Fly Complex
(Harding et al., this volume), and Yreka
terrane (Wallin et al., this volume). Ages
of Trinity terrane intrusive rocks are
from Wallin et al. (1995). B.C.—British
Columbia. Numbers in boxes refer to
provenance links listed in Table 1.
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(Fig. 4B). The sediments are now preserved in the Roberts Moun-
tains allochthon, Shoo Fly Complex, and Yreka terrane, whereas
the early Paleozoic part of the magmatic arc may have been the
Alexander terrane of southeast Alaska. Following the Antler orog-
eny, arc polarity switches, the arc rifts away, and a backarc basin
opens behind the west-facing magmatic arc, forming the strata of
the Golconda allochthon. During the Permian–Early Triassic
Sonoma orogeny, a brief phase of east-dipping subduction closed
the backarc basin and thrust the backarc basin strata (Golconda
allochthon) onto the continental margin. Following the Sonoma
orogeny, much of the early Paleozoic arc system was removed by
strike-slip faulting, and then west-facing subduction resumed on
the west edge of the accreted Sierra-Klamath magmatic arc.

A third model envisions most of the Paleozoic rocks in west-
ern Nevada and northern California as belonging to an arc-type
crustal fragment that first arrived along the continental margin
during the Permian-Triassic Sonoma orogeny (Dickinson, 1977;
Speed, 1979; Speed and Sleep, 1982; Dickinson et al., 1983)
(Fig. 4C). This fragment, commonly referred to as “Sonomia”
(Speed, 1979), consists of upper Paleozoic assemblages in the
Black Rock terrane and the northern Sierra and eastern Klamath
Mountains. The polarity of subduction in this arc system was
eastward, as with model 2. Emplacement of the Roberts Moun-
tains allochthon during the Antler orogeny would have resulted
from collision of an early Paleozoic arc system (the Antler arc)
that is no longer exposed along the Nevada-California margin,

136 G.E. Gehrels et al.

Figure 2. Schematic map and cross sections of
main terranes and/or assemblages and their
bounding faults in western Nevada and northern
California. Map configuration of terranes and
assemblages is adapted primarily from Oldow
(1984), Silberling (1991), and Silberling et al.
(1987), and cross sections are highly simplified
from Blake et al. (1985) and Saleeby (1986).
Location of 87Sr/86Sri = 0.706 line is from Kistler
and Peterman (1973) and Kistler (1991). Note
that widespread Cretaceous and younger rocks
and structures are omitted in map and sections in
effort to emphasize configuration of pre-Creta-
ceous features. 
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Fig. 1. Palaeozoic to early Mesozoic terranes of the North American Cordillera. Terranes are grouped according to
faunal affinity and/or source region in early Palaeozoic time. Terrane and geological abbreviations: KB, Kilbuck; QN,
Quesnellia; RT, Richardson trough; SM, Slide Mountain; ST, Stikinia; YSB, Yukon Stable Block; YT, Yukon–Tanana
terrane in the Coast Mountains; WR, Wrangellia. Inset shows location of the Cordilleran orogen in western North
America with respect to Chukotka and Wrangel Island (WI), Pearya in the Arctic Islands, the Greenland Caledonides
(Cal.) and the Appalachians along the east coast.
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Mississippian calc-alkaline plutons and coeval
bimodal volcanic rocks that intrude and overlie a
Neoproterozoic–early Palaeozoic sequence of pre-
dominantly clastic metasedimentary rocks and
rift-related alkalic to tholeiitic metavolcanic rocks,

including an archaeocyathid-bearing marble.
This Neoproterozoic–early Palaeozoic sequence is
correlated in part with the lower Palaeozoic
Lardeau Group east of the Monashee complex
(Fig. 3), which conformably overlies Ediacaran

Fig. 2. (Continued).
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Fig. 2. Composite stratigraphic columns for terranes of peri-Laurentian, Siberian, Baltican and Caledonian affinities in
western and northern North America (compiled from sources cited in the text). AMQ, Antelope Mountain
Quartzite; AX, Alexander terrane; EK, Eastern Klamath terrane; NS, Northern Sierra terrane.
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We need to start looking farther afield to see how to connect things up.



is the Permian McCloud Limestone, which contains
the defining fusulinid genera of the McCloud faunal
belt, described by Miller (1988) as the dispersed
remnants of a northeastern Pacific fringing arc.
Differences between the McCloud and western
Laurentian faunas suggest that in Early to mid-
Permian time, the various elements of this belt prob-
ably lay 2000–3000 km west of the continental
margin and at somewhat more southerly latitudes
than at present (Belasky et al. 2002). The peri-
Laurentian terranes of western Canada (Stikinia,
Quesnellia and Yukon–Tanana) also contain
faunas of McCloud affinity (Stevens & Rycerski
1989; Stevens 1995; Nelson et al. 2006). In the
Early Permian reconstruction of Belasky et al.
(2002), the Eastern Klamath terrane lay south of
Stikinia–Quesnellia, and somewhat south of its
present location. Therefore, if the Eastern Klamath
terrane was already interacting with distal parts of
northwestern Laurentia in Early Devonian time, it
had travelled over 3000 km southwards by the
Permian. This would require sinistral motion with
respect to western Laurentia that averaged slightly
more than 2 cm a21 for 130 Ma.

Northern Sierra terrane: the Shoo Fly

Complex

The lower Palaeozoic Shoo Fly Complex forms the
basement for Late Devonian to Permian arc and
related strata of the Northern Sierra terrane (Fig. 2;
Girty et al. 1990). It is composed of four allochthons
(Fig. 10). The three structurally lower allochthons,
the Lang sequence, Duncan Peak allochthon, and
Culbertson Lake allochthon, contain siliciclastic
and basinal strata. Alkalic ‘intraplate’ basalts occur
within the Culbertson Lake allochthon. Conodonts
of Middle to Late Ordovician age are present in the
structurally lowest Lang sequence (Harwood et al.
1988). The other two allochthons are also thought
to be early Palaeozoic in age, based on poorly

preserved radiolaria, and tentative stratigraphic
linkages with the Lang sequence. Detrital zircon
signatures of the terrigenous sedimentary strata
show consistency between the three allochthons
(Harding et al. 2000). The dominant peaks are
Archaean (2.55–2.70 Ga) and Palaeoproterozoic
(1.80–2.10 and 2.20–2.45 Ga), consistent with the
northwestern Laurentian margin in British Columbia
and Yukon (Fig. 4b and k). There are no Mesoproter-
ozoic, Neoproterozoic or Palaeozoic grains present.
Although the alkalic basalts in the Culbertston Lake
allochthon have been interpreted as seamounts by
some workers, it is important to note that basalts of
similar chemistry are widespread within lower
Palaeozoic parautochthonous basinal sequences
throughout the northern Cordillera (Goodfellow
et al. 1995), where they are associated with periodic
episodes of extension and second-order basin
development.

The Sierra City mélange is the highest and
also the most easterly unit within the Shoo Fly
Complex (Fig. 10). It differs radically from the
underlying allochthons in all aspects. It contains
blocks of ophiolitic affinity (serpentinite, gabbro,
plagiogranite, basalt), and of sedimentary origin
(chert, limestone, sandstone) within a sheared
matrix of slate, chert and sandstone; it is interpreted
as a combination of tectonic mélange and olistos-
trome (Schweickert et al. 1984). A plagiogranite
block in the mélange has yielded a Neoproterozoic
(c. 600 Ma) U–Pb zircon age, and a felsic body
(either a tuff or a dyke) is Silurian (c. 423 Ma;
Saleeby et al. 1987; Saleeby 1990). Detrital zircon
populations are predominantly Ediacaran in age
(550–600 Ma), corresponding to the age of the
single dated igneous block, and show a scatter of
ages between 0.95–1.55 Ga and 1.65–1.95 Ga
(Fig. 7f; Harding et al. 2000; Grove et al. 2008).

Upper Ordovician limestone blocks in olisto-
stromes within the Sierra City mélange contain
brachiopods, conodonts, rugose and tabulate corals,
and sphinctozoan sponges (Potter et al. 1990a).

Fig. 10. Schematic cross-section of the Northern Sierra terrane and Golconda allochthon. Shoo Fly relationships after
Wright & Wyld (2006). Late Palaeozoic strata and relationships conceptually after Harwood & Murchey (1990) and
Miller & Harwood (1990).
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Cambrian Miogeocline in western NAM.

Mountain Quartzite [Yreka terrane]) may have been derived
directly from basement rocks exposed along the continental mar-
gin, whereas more mature quartz sands were probably recycled
from miogeoclinal and/or platformal strata in the Peace River
arch region. 

Ordovician strata of the Roberts Mountains allochthon also
contain 1.8–1.4 Ga grains that originated in basement rocks of
the southwestern United States (provenance link 3). As con-
cluded by Finney and Perry (1991) on the basis of biostrati-
graphic and facies relations, there is a strong link between lower
Middle Ordovician rocks of the Vinini Formation and coeval
strata of the miogeocline directly to the east. Derivation of sedi-
ment from nearby continental sources apparently resulted from a
low sea-level stand, during which sand was eroded from either

exposed basement rocks or their platformal cover and transported
across the miogeocline via channels carved into the continental
shelf (Finney and Perry, 1991). 

Units in the Roberts Mountains allochthon and Shoo Fly
Complex also contain detrital zircons of 1.0–1.3 and ca. 0.7 Ga,
which were most likely shed from basement rocks exposed
along the southern continental margin (Wallin, 1990a) (prove-
nance links 1 and 6). The dominant source may have been a
westward continuation of 1.0–1.3 Ga rocks of the Grenville
province, perhaps now preserved in the Oaxaca terrane of Mex-
ico (Coney and Campa, 1987; Ruiz et al., 1988). The 0.7 Ga
grains in the Harmony Formation were originally reported to
have an uncertain provenance (Wallin, 1990a; Smith and
Gehrels, 1994), but the unique occurrence of a 0.7 Ga grain in

140 G.E. Gehrels et al.

Figure 5. Relative age-probability curves
for Paleozoic strata of Cordilleran mio-
geocline (Gehrels, this volume) and
lower Paleozoic strata of Roberts Moun-
tains allochthon (Gehrels et al., this vol-
ume, Chapter 1), Shoo Fly Complex
(Harding et al., this volume), and Yreka
terrane (Wallin et al., this volume). Ages
of Trinity terrane intrusive rocks are
from Wallin et al. (1995). B.C.—British
Columbia. Numbers in boxes refer to
provenance links listed in Table 1.
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or no Hf isotopic information is available. The 
main patterns in space and time are summarized 
below and in Figures 16, 20, and 21.

1. The U-Pb ages and Hf isotope composi-
tions of detrital zircon grains in Neoproterozoic, 
Cambrian, and Lower–Middle Devonian strata 
vary considerably along strike (Fig. 20). South-
ern transects are dominated by three subequal 
age groups of 1.8–1.6, 1.48–1.34, and 1.2–
1.0 Ga. εHf(t) values for these grains are juvenile 
to intermediate, with little evidence of incorpo-
ration of Archean crustal materials. Strata from 
southern and northern British Columbia yield 
major peaks between 2.0 and 1.7 Ga, a lesser 
age group at 2.8–2.5 Ga, and scattered ages 
between 2.5 and 2.0 Ga. The Hf data record 
signifi cant infl uence of Archean crustal materi-
als of the Canadian Shield, with mostly evolved 
and intermediate εHf(t) values in the dominant 
1.84–1.78 Ga grains. Strata from Alaska yield 
dominantly Archean and Paleoproterozoic ages, 
and also have younger age peaks at 1.7–1.6, 
1.45–1.35, and 1.25–1.0 Ga. εHf(t) values for 
these grains are generally more evolved than 
from coeval grains to the south (e.g., from the 
Yavapai-Mazatzal and 1.48–1.34 Ga igneous 
provinces), suggesting derivation from northern 
source regions containing more evolved crust.

2. Ordovician strata all along the Cordilleran 
margin yield mainly >1.78 Ga grains with U-Pb 
ages and Hf isotope compositions that are simi-
lar along strike (Fig. 16). This precludes the use 

of Ordovician strata to reconstruct the latitudinal 
position of terranes along the margin. An addi-
tional complexity arises from the occurrence of 
similar ages and εHf(t) values in upper Paleozoic 
strata of Nevada-Utah and Sonora, which com-
plicates the use of these strata for reconstructing 
paleolatitude.

3. Upper Paleozoic and Triassic strata gener-
ally yield >1.0 Ga zircon grains with ages and 
εHf(t) patterns that suggest ultimate derivation 
from relatively local bedrock sources (Fig. 21). 
These strata also have abundant <1.0 Ga grains, 
with main age groups of 0.70–0.35 Ga and, in 
southern transects, 0.30–0.22 Ga (Fig. 21). The 
Hf isotopic composition of 0.70–0.35 Ga grains 
changes along strike, with juvenile to interme-
diate values in Alaska, evolved compositions in 
British Columbia, and intermediate compositions 
in Nevada-Utah. This variation is interpreted to 
refl ect the infl uence of juvenile magmatic arc 
systems (e.g., Alexander terrane) in Alaska, deri-
vation from the Caledonides in British Colum-
bia (e.g., Patchett et al., 1999), and derivation 
from the Appalachian orogen (and possibly the 
Ouachita-Marathon system) in Nevada-Utah 
and Sonora (e.g., Gehrels et al., 2011). Grains 
of 0.30–0.22 Ga in the southern transects have 
variable Hf isotope compositions that are inter-
preted to refl ect the presence of Archean crustal 
components within Paleoproterozoic basement 
provinces of the southwest (Bickford et al., 2008; 
Shufeldt et al., 2010; Wooden et al., 2013).

COMPARISON WITH GLOBAL Hf DATA

An interesting view of our western North 
American Hf data is provided by comparison 
with global Hf data for detrital zircons (Fig. 22), 
as compiled by Belousova et al. (2010). The lat-
ter data set (gray crosses for individual analy-
ses, black line for running average) consists of 
U-Pb and εHf(t) values determined on 13,844 
zircons recovered mainly from modern rivers in 
Australia, Asia, and South America, with lesser 
contributions from North America, Africa, and 
Antarctica.

Western North America records a somewhat 
different Precambrian magmatic history from 
the global average, with greater proportions of 
2.0–1.8, 1.5–1.4, and 1.2–1.0 Ga grains, and 
reduced proportions of 2.3–2.0, 1.7–1.5, and 
0.9–0.7 Ga grains (Fig. 22). The Hf data show 
even greater differences, with North American 
zircons recording greater proportions of juve-
nile magmatism during Archean (3.0–2.5 Ga), 
late Paleoproterozoic–Mesoproterozoic (1.8–
1.0 Ga), and Neoproterozoic–early Paleozoic 
(0.7–0.4 Ga) time, and greater degrees of inter-
action with Archean crust during Paleo protero-
zoic (2.2–1.8 Ga) and late Paleozoic–early 
Mesozoic (0.30–0.22 Ga) time. The overall 
greater abundance of juvenile crust in western 
North America may be due to the concentration 
of juvenile terranes by transform tectonics (e.g., 
Patchett and Chase, 2002).
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Figure 14. U-Pb and Hf isotope data from Neoproterozoic strata. 
Diagrams and symbols are defi ned in Figure 5; reference fi elds are 
defi ned in Figure 12. BC—British Columbia.
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Figure 15. U-Pb and Hf isotope data from Cambrian strata. Dia-
grams and symbols are defi ned in Figure 5; reference fi elds are 
defi ned in Figure 12. BC—British Columbia.
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Allochthons in western NAM.

Mountain Quartzite [Yreka terrane]) may have been derived
directly from basement rocks exposed along the continental mar-
gin, whereas more mature quartz sands were probably recycled
from miogeoclinal and/or platformal strata in the Peace River
arch region. 

Ordovician strata of the Roberts Mountains allochthon also
contain 1.8–1.4 Ga grains that originated in basement rocks of
the southwestern United States (provenance link 3). As con-
cluded by Finney and Perry (1991) on the basis of biostrati-
graphic and facies relations, there is a strong link between lower
Middle Ordovician rocks of the Vinini Formation and coeval
strata of the miogeocline directly to the east. Derivation of sedi-
ment from nearby continental sources apparently resulted from a
low sea-level stand, during which sand was eroded from either

exposed basement rocks or their platformal cover and transported
across the miogeocline via channels carved into the continental
shelf (Finney and Perry, 1991). 

Units in the Roberts Mountains allochthon and Shoo Fly
Complex also contain detrital zircons of 1.0–1.3 and ca. 0.7 Ga,
which were most likely shed from basement rocks exposed
along the southern continental margin (Wallin, 1990a) (prove-
nance links 1 and 6). The dominant source may have been a
westward continuation of 1.0–1.3 Ga rocks of the Grenville
province, perhaps now preserved in the Oaxaca terrane of Mex-
ico (Coney and Campa, 1987; Ruiz et al., 1988). The 0.7 Ga
grains in the Harmony Formation were originally reported to
have an uncertain provenance (Wallin, 1990a; Smith and
Gehrels, 1994), but the unique occurrence of a 0.7 Ga grain in

140 G.E. Gehrels et al.

Figure 5. Relative age-probability curves
for Paleozoic strata of Cordilleran mio-
geocline (Gehrels, this volume) and
lower Paleozoic strata of Roberts Moun-
tains allochthon (Gehrels et al., this vol-
ume, Chapter 1), Shoo Fly Complex
(Harding et al., this volume), and Yreka
terrane (Wallin et al., this volume). Ages
of Trinity terrane intrusive rocks are
from Wallin et al. (1995). B.C.—British
Columbia. Numbers in boxes refer to
provenance links listed in Table 1.
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population matches well the ages of intrusive and
metamorphic events in the northern Appalachians
and Caledonides, and resembles detrital mica
40Ar/39Ar ages from the Old Red Sandstone
(Sherlock et al. 2002). Silurian stromatolite–
sphinctozoan reef faunas resemble those in the
Ural Mountains, as well as the Farewell terrane
(Soja & Antoshkina 1997; Antonishka & Soja
2006). Early Devonian (Pragian–early Emsian)
rugose corals from Alexander terrane show strong
similarities with those of Siberia, Omulevka and
Baltica (Pedder 2006). An Early Devonian palaeo-
pole, integrated with the geological record of
igneous and orogenic events, fossil affinities and
detrital zircon signatures, led Bazard et al. (1995)
to favour a mid-Palaeozoic location for the
Alexander terrane near eastern Siberia and Baltica.

Devonian volcanic-derived strata and hypabys-
sal igneous rocks occur in a number of localities
in the southern Alexander terrane, indicating that
magmatic arc activity was re-established there
after the Klakas orogeny. They occur, from south
to north, on Prince of Wales Island (Eberlein &
Churkin 1970; Gehrels & Saleeby 1987), Kupreanof

Island (Muffler 1967), and Chigagof and Baranof
Islands (Loney 1964), and in the Glacier Bay area
(Brew & Ford 1985).

Palaeozoic strata in the northern Alexander
terrane of northwestern British Columbia are gener-
ally platformal, dominated by thick shallow-water
carbonate sequences with lesser clastic strata and,
particularly in the Cambrian section, basalt flows
and sills (Mihalynuk et al. 1993). Fossil data from
this section are sparse and generally non-diagnostic
of palaeogeographical affinity, and no detrital
zircon studies have been carried out. The lowest
unit comprises Cambro-Ordovician siliciclastic
rocks, typically fine sandstone–siltstone couplets
that display intricate cross-laminations and topsets.
Abundant basalt flows and sills are interbedded
with this unit. It is overlain by a thick unit of
Ordovician–Silurian pure and impure carbonates
deposited in shallow, subtidal marine environment.
Shallowing-upwards megacycles are noted in
some units. The lack of bioturbation and skeletal
debris could be due to hypersaline conditions. Intra-
clasts are abundant in some units. Sedimentologi-
cally, these carbonates are comparable with those
of the Farewell terrane as described by Dumoulin
et al. (2002), a possible connection that it is hoped
will be addressed in future studies. A minor
argillite–chert facies contains early Middle Ordovi-
cian graptolites, assigned to the Pacific province;
however, the almost cosmopolitan distribution of
these faunas does not lend itself to robust palaeogeo-
graphical assignment (Norford & Mihalynuk 1994).
Silurian siliciciclastic strata mark a transition from
shallow-water carbonate platform to deltaic and
possibly non-marine depositional environments
(Mihalynuk et al. 1993). Sandstones and coarse con-
glomerates are present in some areas, with clasts of
chert, argillite and pyritiferous volcanic(?) rocks.
They locally contain abundant fern fossils. This
clastic influx could reflect tectonism related to the
Klakas orogeny in the southern part of the terrane.
Late Devonian (Frasnian) and Mississippian
(Viséan) rugose corals in the Alexander terrane
resemble those of the western Canada sedimentary
basin, thus suggesting proximity of the terrane to
western Laurentia at that time (Pedder 2006).

At the northern end of the Alexander terrane
in eastern Alaska, a Pennsylvanian intrusion, the
c. 309 Ma Barnard Glacier pluton, cuts rocks of
the oldest unit of the Kaskawulsh Group, a lower
to mid-Palaeozoic metamorphic unit that forms
part of the terrane and continues southeastwards
into the Kluane Ranges of western Yukon
(Gardner et al. 1988). The pluton also intrudes
Pennsylvanian arc-related, and probably comag-
matic volcanic strata of the Station Creek Forma-
tion, which locally is the oldest unit in Wrangellia.
These relationships indicate that the late Palaeozoic

Fig. 7. Detrital zircon data for terranes of Caledonian
and Baltican affinities compared with data from
(a) Neoproterozoic–lower Palaeozoic sandstone from
western Baltica (data from Knudsen et al. 1997; Åhäll
et al. 1998; de Haas et al. 1999; Bingen et al. 2005) and
(b) Neoproterozoic metasedimentary rocks from the
Greenland Caledonides (northeastern Laurentia; after
Cawood et al. 2007); (c) Karheen Formation, Alexander
terrane (after Gehrels et al. 1996; Grove et al. 2008);
(d) Chase Formation, Okanagan terrane, southern British
Columbia (composite of samples 02TWL225,
02TWL313 and 04TWL025 of Lemieux et al. 2007);
(e) Yreka terrane, Eastern Klamaths (after Grove et al.
2008); (f) Sierra City mélange, Northern Sierra terrane
(after Grove et al. 2008). NAMG indicates the 1.49–
1.61 Ga North American magmatic gap (Van Schmus
et al. 1993).
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(1990a) suggested that the Harmony Formation of the Roberts
Mountains allochthon may have originated near coastal Mexico.
Oldow (1984), Schweickert and Lahren (1990), and Wyld and
Wright (1997) argued for margin-parallel strike-slip displacement
of outboard terranes during the Jurassic and Cretaceous. These
models do not, however, invoke as much displacement of terranes
as the models of Wallin (1993) and Wallin et al. (this volume).

PRESENT STUDY

Our detrital zircon analyses were conducted in an attempt to
test models for the paleogeography and tectonic evolution of
western Nevada–northern California during Paleozoic–early
Mesozoic time. U-Pb ages of zircons provide a powerful tool for
reconstructing this history because the western part of the North
American craton consists of Precambrian provinces with distinct
ages (Hoffman, 1989; Ross, 1991; Villeneuve et al., 1993; Van
Schmus et al., 1993; Stewart et al., 1990). Specific cratonal
sources of detrital zircons in Cordilleran terranes can therefore be
identified in many cases, establishing provenance ties. U-Pb ages
of zircons are a robust tool for constructing provenance links
because crystallization ages are preserved in most cases through
moderate and even high grades of metamorphism, and because
zircon grains are extremely durable in sedimentary and weather-
ing environments. 

The stratigraphic positions of the samples that we have ana-
lyzed are shown in Figure 3, and the interpreted ages for the
grains are summarized on relative age-probability plots. All of
our interpreted provenance links are listed in Table 1, are shown
graphically on probability plots in Figures 5, 7, and 10, and are
shown in map view in Figures 6, 8, and 11 (see also Fig. 9).

EARLY PALEOZOIC PALEOGEOGRAPHY

Our data indicate that lower Paleozoic strata of western
Nevada and northern California received detritus from several
different regions of the North American craton, with only minor
input from an outboard magmatic arc. The dominant source for
sandstones of the Roberts Mountains allochthon (Gehrels et al.,
this volume, Chapter 1), the Shoo Fly Complex (Harding et al.,
this volume, Chapter 2), and at least part of the Yreka terrane
(Wallin et al., this volume, Chapter 9) consisted of >1.8 Ga base-
ment rocks and overlying platformal strata in the Peace River
arch region of northwestern Canada (provenance links 2, 4, 5,
and 8 in Figs. 5 and 6 and Table 1). This detritus appears in Cam-
brian(?), Ordovician, Silurian, and Devonian strata of the Roberts
Mountains allochthon and in Ordovician(?) strata of the northern
Sierra and Yreka terranes. Feldspathic sands (e.g., most of the
Harmony Formation [Roberts Mountains allochthon] and part of
the Shoo Fly Complex [northern Sierra terrane] and Antelope

138 G.E. Gehrels et al.

Figure 4. Summary of existing tectonic models for Cordilleran margin. A, Consistently west facing convergent margin with arc separated by series
of marginal basins (Burchfiel and Davis, 1972, 1975; Churkin, 1974; Miller et al., 1984, 1992; Harwood and Murchey, 1990; Burchfiel etal., 1992).
B, Collision of exotic arc during Antler orogeny followed by mainly west facing convergent margin (Schweickert and Snyder, 1981). C, Collision of
two east-facing arc systems during Antler and Sonoma orogenies (Dickinson, 1977; Speed, 1979; Speed and Sleep, 1982; Dickinson et al., 1983).
D, Generally west facing convergent margin with brief phases of east-facing subduction and extensional arc magmatism during Antler and Sonoma
orogenies (Burchfiel and Royden, 1991; Burchfiel et al., 1992). 

 on February 3, 2010specialpapers.gsapubs.orgDownloaded from 

Gehrels et al., SP 347, 2000

Significance of Sonoman orogen: Seems to reflect the collapse of some marginal oceanic belt between Sierran-Klamath arc to west and Roberts Mtn stuff to 
east. But there seem to be issues at the early end of the spectrum…


