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AB STRACT

New U-Pb and Sm-Nd data from the Blue Mountains province, eastern Oregon and western Idaho, clarify terrane cor-
relations and regional evolution of the western Laurentian plate margin during Mesozoic time. We report an Early Ju-
rassic age for a red tuff unit at Pittsburg Landing, Idaho, which is 25m.yr. older than previousMiddle Jurassic estimates.
In the Coon Hollow Formation at Pittsburg Landing and at the type location on the Snake River, chemical abrasion
thermal ionization mass spectrometry U-Pb zircon ages on interbedded tuff and detrital zircon U-Pb maximum de-
positional ages indicate that deposition spanned ca. 160–150Ma, entirely during Late Jurassic time.Detrital zirconU-Pb
ages represent local Wallowa arc basement and regional magmatic sources spanning ca. 290–140 Ma. Mudrock Nd
isotope compositions of theCoonHollow Formation record an increase in juvenilemagmatism consistentwith regional
Late Jurassic trends in western North American magmatic systems. These data show that the Coon Hollow Formation
is not part of a Middle Jurassic overlap assemblage, as has been historically interpreted. Instead, we propose that the
Coon Hollow Formation is part of a belt of suprasubduction-zone extensional back-arc basins that formed in latest
Jurassic time due to a well-documented period of trench retreat in the western United States. Our new data require that
the underlyingWallowa terrane was accreted to and received detritus fromwesternNorth America by ca. 160Ma (early
Late Jurassic). This minimum estimate for the age of terrane accretion in western Idaho and eastern Oregon is sub-
stantially earlier than previous estimates (∼135–118 Ma). In the Blue Mountains region, westward expansion of
Laurentia was accomplished by accretion of arc terranes to the North American craton prior to Late Jurassic time.

Online enhancement: supplementary data.

Introduction

Late Paleozoic to early Mesozoic terranes in the
western United States (fig. 1) record westward ex-
pansionof continental crust by accretionof volcanic
arc lithosphere. While authors agree that accretion
of these late Paleozoic to early Mesozoic terranes
records Mesozoic westward expansion of the Lau-
rentianmargin, significant controversies remain un-
resolved, including the origin of these terranes as ei-
ther far-traveled or fringing-arc successions and the
timing of their accretion to western North America

as either before or after Late Jurassic time (e.g., Davis
et al. 1978; Harper and Wright 1984; Wright and
Fahan 1988; Oldow et al. 1989; McLelland et al.
1992; Hacker et al. 1995; Moores et al. 2002; Dorsey
and LaMaskin 2007, 2008; Dickinson 2008; Ernst
et al. 2008; Hildebrand 2009, 2013; Schwartz et al.
2010, 2011a, 2011b, 2014; LaMaskin 2012; Sigloch
and Mihalynuk 2013).
After decades of research in the accreted terranes

of the Blue Mountains province (BMP) of eastern
Oregon and western Idaho (figs. 1, 2), two contrast-
ing end-member tectonic models for the Jurassic
tectonic setting and evolution have emerged (fig. 3).
The first model (fig. 3A) proposes Early–Middle Ju-
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rassic noncollisional double subduction, followed
by Late Jurassic offshore arc-arc collision (Dickin-
son 1979, 2004; Avé Lallemant 1995; Schwartz
et al. 2010, 2011a, 2011b, 2012). We use the term
“collision” specifically for convergent plate inter-
actions in which buoyant crust is drawn into a
trench zone, effectively jamming subduction, which
leads to crustal shortening, thickening, metamor-
phism, and uplift (sensu Cloos 1993; Dorsey and
LaMaskin 2007; Dickinson 2008). A second model
(fig. 3B) proposes Early–Middle Jurassic accretion of
the previously collided BMP terranes to the western
North American margin by closure of a marginal
basin, followed by postaccretion outboard subduc-
tion in the BMP (e.g., Dorsey and LaMaskin 2007,
2008; LaMaskin et al. 2008, 2011a, 2011b; LaMaskin
2012).

In this article, we present new U-Pb geochronol-
ogy and mudrock Nd isotope compositions from
Early and Late Jurassic rocks of the BMP (figs. 1, 2,
4). These data place important new constraints on
the timing and style of Mesozoic terrane evolution

and accretion in this region with implications for
the dynamic early Mesozoic tectonic setting of
western North America. We show that early Me-
sozoic westward growth of Laurentia occurred by
tectonic accretion of previously amalgamated arc
terranes prior to 160 Ma, significantly earlier than
proposed in previous models for the Blue Moun-
tains. Our new data also permit direct correlation
to other terranes and basin-fill successions of sim-
ilar age along thewesternUSCordillera and provide
new insight into the tectonic evolution of subduc-
tion plate margins.

Geologic Setting

BMP Terranes. The accreted terranes of the BMP
(figs. 1, 2) include island arcs and arc-related basins
that formed in proximity to the North American
craton (Olds Ferry, Izee, and Baker terranes) and
offshore from North America (Wallowa terrane).
The Olds Ferry and Izee terranes are the most in-
board (farthest east in restored coordinates) of the

Figure 1. Simplified pre-Tertiary geology of the western United States, modified from Wyld et al. (2006). BM p Blue
Mountains province; KM p Klamath Mountains; MSNI p Mojave–Snow Lake–Nevada–Idaho fault (after Wyld and
Wright 2005); NWC p northwestern Cascades; SN p Sierra Nevada.
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Figure 3. Models for Jurassic tectonic setting and evolution of the Blue Mountains province (BMP). A, Early–Middle
Jurassic noncollisional double subduction, followed by Late Jurassic offshore arc-arc collision (Dickinson 1979, 2004;
Avé Lallemant 1995; Schwartz et al. 2010, 2011a, 2011b, 2012). B, Early–Middle Jurassic accretion of the previously
collided BMP terranes to the western North Americanmargin by closure of a marginal basin, followed by postaccretion
outboard subduction in the BMP (e.g., Dorsey and LaMaskin 2007, 2008; LaMaskin et al. 2008a, 2011a, 2011b;
LaMaskin 2012). Bp Baker terrane; FTBp fold-thrust belt; N.A.pNorthAmerica; OFpOlds Ferry terrane; S.L.p sea
level; TB p thrust belt; Wa p Wallowa terrane.
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BMP terranes and contain Permian?–Jurassic plu-
tonic, volcanic, and volcaniclastic sedimentary rocks
(figs. 2, 4). In theOlds Ferry–Izee succession, Late Tri-
assic sedimentary rocks contain abundant Archean–
Paleozoic detrital zircon grains derived from recycled
late Paleozoic arcs, whereas Jurassic deposits con-
tain abundant Proterozoic–Mesozoic grains sourced
from continental rocks to the east (LaMaskin et al.
2011b). Enriched sedimentary trace element com-
positions and pre-Mesozoic detrital zirconU-Pb ages
indicate that Olds Ferry–Izee Jurassic-age arc-related
basins receivedcontinentally sourced sediment, sup-
porting the interpretation that they represent a

continent-fringing volcanic arc system (LaMaskin
et al. 2008a, 2011b; Tumpane 2010; Kurz 2010;
Northrup et al. 2011).
The Baker terrane subduction-accretionary com-

plex separates the Wallowa and Olds Ferry–Izee
terranes and represents deformed Olds Ferry–Izee
forearc crust and the associated accretionary prism
(fig. 2; Brooks 1979; Dickinson 1979; Ferns and
Brooks 1995; Schwartz et al. 2010). Rocks of the
Baker terrane display both juvenile and evolved iso-
topic compositions (Schwartz et al. 2010) and con-
tain Archean and Proterozoic detrital zircon grains
(Alexander and Schwartz 2009). The Baker terrane is

Figure 4. Sample locations plotted on a chronostratigraphic correlation chart for sedimentary and volcanic rocks in
the Blue Mountains. Modified from Dorsey and LaMaskin (2007). See Dorsey and LaMaskin (2007) for additional data
sources. Note that formation time ranges are plotted according to new data presented in this article. CA-ID-TIMS p
chemical abrasion isotope dilution thermal ionization mass spectrometry; CH p Coon Hollow Formation; DC p
Doyle Creek Formation; HW p Hurwal Formation; LA-ICP-MS p laser ablation inductively coupled plasma mass
spectrometry; MBLS p Martin Bridge limestone.
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widely considered to be correlative to similar rocks
of the Cache Creek terrane in British Columbia (e.g.,
Kays et al. 2006; Wyld et al. 2006).

The Wallowa terrane includes Permian–Early Ju-
rassic arc-related rocks and occupies an outboard
(oceanward) position relative to other terranes in
the BMP (fig. 2). Permian–Triassic rocks of the Wal-
lowa terrane show relatively flat rare earth element
patterns and negligible Eu anomalies, suggesting that
during most of the Triassic time the Wallowa terrane
did not receive sediment from continental sources
and likely represents a juvenile, intraoceanic volcanic
arc (LaMaskin et al. 2008a, 2008b; Kurz 2010). Wal-
lowa arc basement includes Permian–Lower Triassic
plutonic rocks (ca. 265–249 Ma) and Late Triassic
rocks (ca. 229 and 215 Ma; Walker 1995; Kurz et al.
2011). Volcanic cover rocks of theWild Sheep Creek
and Doyle Creek Formations are Late Triassic in
age (ca. 230Ma; Vallier 1995; LaMaskin et al. 2008b;
Kurz et al. 2011). At isolated localities along the
Oregon-Idaho border and in far western Idaho, Wal-
lowa terrane rocks are depositionally overlain along
an angular unconformity by fluvial to deep-marine
sedimentary rocks of the Coon Hollow Formation
(CHF; figs. 2, 4, 5A, 6; Morrison 1963; Vallier 1977,
1995; Goldstrand 1994; LaMaskin et al. 2008a; Kauff-
man et al. 2009; Schmidt et al. 2009). The CHF has
traditionally been considered the uppermost unit of
the Wallowa terrane and therefore is commonly be-
lieved to be allochthonous relative to North Amer-
ica (Vallier 1977, 1995).

BMP terranes may have been affected by unknown
amounts of dextral-transpressive displacements dur-
ing Mesozoic time, as inferred from regional paleo-
magnetic inclinations, geologic correlations, and ki-
nematic fabrics preserved in regional plutonic rocks,
calling into question their original paleolatitude (e.g.,
Wyld and Wright 2001; Housen and Dorsey 2005;
Wyld et al. 2006). Different tectonic reconstructions
have relied on different amounts of displacement:
(1) !100 km of displacement (e.g., Dickinson 2004,
2006; Gray and Oldow 2005) implies that during pre-
Cretaceous time the BMP was outboard of an enig-
matic Pacific Northwest continental margin and
that the history of this margin has been subse-
quently obscured by pluton emplacement and Cre-
taceous shortening; (2) ∼400 km of displacement
juxtaposes the Triassic–Jurassic western US fring-
ing arc complex of the BMP (Olds Ferry terrane) with
island arc and back-arc basin rocks of northern Ne-
vada (Black Rock terrane and Auld Lang Syne Group
in western Nevada; e.g., Oldow 1984; Wyld and
Wright 2001;Wyld 2002;Wyld et al. 2003, 2006; La-
Maskin et al. 2011a); and (3) 11000 km of displace-
ment (e.g., Housen and Dorsey 2005, after 94 Ma)

places the BMP at the approximate latitude of south-
western Arizona and northern Mexico adjacent to
the Jurassic continental arc (Saleeby and Busby-
Spera 1992; Dickinson and Lawton 2001).

Salmon River Fold-Thrust Belt and Western Idaho
Shear Zone. In western Idaho, the Wallowa terrane
is structurally overridden by the Salmon River fold-
thrust belt, and the inboard Baker, Izee, and Olds
Ferry terranes of the BMP appear to be absent be-
cause of regional tectonic truncation (fig. 2). The
Salmon River belt is a zone of strong crustal short-
ening and thickening that consists of greenschist
to amphibolite facies rocks exposed in a belt of top-
to-the-west thrust nappes where the metamorphic
grade increases eastward to higher structural lev-
els (fig. 2; e.g., Lund and Snee 1988; Selverstone et al.
1992; Getty et al. 1993; Gray andOldow 2005; Blake
et al. 2009; Gray et al. 2012). The western struc-
tural boundary of the Salmon River belt is the Heav-
ens Gate fault, an east-dipping thrust fault that was
reactivated as a down-to-the-east normal fault dur-
ing Tertiary extension (Gray and Oldow 2005; Blake
et al. 2009; Gray et al. 2012). TheHeavensGate fault
directly juxtaposes hanging-wall greenschist-grade
tectonites of the SalmonRiver fold-thrust belt against
unmetamorphosed to low-grade footwall rocks of
the Wallowa terrane, including the CHF. Rocks in
the Salmon River fold-thrust belt appear to be meta-
morphosed equivalents of BMP supracrustal rocks
(Baker, Izee, and Olds Ferry terranes), although pro-
tolith ages and terrane affinities remain poorly un-
derstood (e.g., Lund and Snee 1988; Blake 1991; Sel-
verstoneet al. 1992;Gettyet al. 1993;GrayandOldow
2005; Lundet al. 2007; Blake et al. 2009; Schmidt et al.
2013).

The Salmon River fold-thrust belt is bounded
on the east by the western Idaho shear zone (fig. 2),
a narrow, subvertical zone of tectonized Late
Cretaceous–Early Tertiary plutons coincident with
a sharp Sri-isotopic boundary that defines the edge of
the preaccretion North American continental mar-
gin (Armstrong et al. 1977; Giorgis et al. 2005). Late
Cretaceous deformation in the western Idaho shear
zone resulted in sharp structural and isotopic trun-
cationof theNorthAmericanmargin and completely
obscures original contact relationships at the con-
vergent margin between accreted terranes of the
BMP and theNorthAmerican craton (Lund andSnee
1988;McClellandet al. 2000;Giorgis et al. 2005, 2008;
Blake et al. 2009).

Jurassic Tectonic Setting. The traditional model
(fig. 3A) for the Middle–Late Jurassic tectonic set-
ting of the BMP consists of (1) Early–Middle Jurassic
noncollisional offshore subduction beneath the fac-
ing Wallowa and Olds Ferry arc terranes and (2) Late
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Jurassic offshore collisionof theWallowa terranewith
the Olds Ferry, Izee, and Baker terranes (Dickinson
1979, 2004;AvéLallemant 1995; Schwartz et al. 2010,
2011a, 2011b, 2014), followed by (3) later accretion
of the amalgamated Blue Mountain terranes to the

western North American craton ca. 128 Ma during
strong crustal shortening and peak metamorphism
in the SalmonRiver belt (Getty et al. 1993; Schwartz
et al. 2011a). Age constraints for Late Jurassic de-
formation come from the youngest detrital zircons

Figure 5. Field photographs of the Coon Hollow Formation and the red tuff unit. A, Angular unconformity between
the Seven Devils Group and overlying Coon Hollow Formation, Idaho side of Snake River south of Big Cougar Creek
(river mile 179.5). B, Thin-bedded to laminated ammonite-bearing shale with interbedded fine sandstone (arrows) in
the Coon Hollow Formation lower flysch unit, type locality. C, Chert-clast conglomerate in the Coon Hollow For-
mation upper flysch unit, type locality. D, Medium-bedded, normally graded beds of tuffaceous volcanic-clast con-
glomerate and volcaniclastic sandstone, red tuff unit, Pittsburg Landing, Idaho. E, Massive conglomerate of the Coon
Hollow Formation fluvial unit, Pittsburg Landing, Idaho. F, Detrital clast of coral in the Coon Hollow Formation fluvial
unit, Pittsburg Landing, Idaho. A color version of this figure is available online.
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in deformed sedimentary rocks of the Izee terrane
(ca. 159 5 2 Ma) and crystallization ages of post-
kinematic plutons (ca. 154 5 1 Ma) in the Baker
terrane (Schwartz et al. 2011a). Plutonic rocks in
the Baker terrane bracket this time frame and re-

cord a transition from low Sr/Ymagmatism ca. 162–
157 Ma to high Sr/Y magmatism ca. 148–145 Ma,
which has been interpreted to represent crustal thick-
ening due to arc-arc collision (Schwartz et al. 2011a,
2014).

Figure 6. Images of type and Pittsburg Landing localities showing stratigraphic and structural setting. A, Coon Hollow
type location (Google Image q 2011 DigitalGlobe). View looking northeast across the Snake River into Idaho. Adapted
from Morrison (1963) and unpublished mapping. B, Pittsburg Landing. View looking southeast along West Creek, Idaho,
across the Snake River into Oregon. Adapted fromVallier (1998), Schmidt et al. (2009), and unpublishedmapping.C, View
of Early Jurassic red tuff unit overlain by the Late Jurassic Coon Hollow Formation fluvial. View looking north. Loca-
tion and ages of chemical abrasion isotope dilution thermal ionization mass spectrometry U-Pb zircon geochronology
samples are shown. A color version of this figure is available online.
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A different tectonic model (fig. 3B) involves
(1) Late Triassic–Early Jurassic offshore collision
(amalgamation) of the Wallowa terrane with the
Olds Ferry, Izee, and Baker terranes and (2) Middle
Jurassic accretion and collision of the previously
amalgamated Wallowa–Baker–Olds Ferry–Izee ter-
ranes to the western US plate margin, followed by
(3) Late Jurassic postaccretion outboard subduction
(e.g., Dorsey and LaMaskin 2007, 2008; LaMaskin
et al. 2008a, 2011a, 2011b; LaMaskin 2012). This
second model proposes that collisional tectonics
played a significant role in the development of the
BMP but that collision was complete by ca. 160 Ma
(earliest Late Jurassic).
A long-standing point of agreement in the geol-

ogy of the region has been correlation of the CHF
in Hells Canyon (Wallowa terrane) with Middle Ju-
rassic Izee terrane rocks of the John Day Oregon re-
gion(e.g.,PessagnoandBlome1986;Whiteetal.1992;
Dickinson 2004, 2008; Dorsey and LaMaskin 2007,
2008;LaMaskinetal. 2008a).Thiscorrelationhas led
to the interpretation of a regional Middle Jurassic
sedimentary overlap assemblage (Blue Mountain
collisional basin, Izee basin) as evidence for pre–
Middle Jurassic amalgamation of the BlueMountain
terranes.
In contrast, the age of accretion of the BlueMoun-

tain amalgamated arc terranes to western North
America remains a long-standing point of conten-
tion, with interpretations ranging from ca. 165 to
118 Ma, an uncertainty of 45 m.yr. (e.g., Lund and
Snee 1988; Selverstone et al. 1992; Getty et al. 1993;
Snee et al. 1995, 2007; Gray and Oldow 2005; Dor-
sey and LaMaskin 2007, 2008; Schwartz et al. 2010,
2011a, 2011b, 2014). Early work interpreted ca. 118
Ma ages on deformed hornblende from the Salmon
River fold-thrust belt as metamorphic crystalliza-
tion ages, suggesting that suturing (collision) of BMP
terranes and North American continental rocks
occurred between ∼118 and 95 Ma during regional
metamorphism, crustal shortening, thickening, and
mountain building (Lund and Snee 1988). In con-
trast, Selverstone et al. (1992) argued that the ca. 118
Ma age is a cooling age. They concluded on the basis
of geothermometry and geobarometry that (1) deep
tectonic burial of Blue Mountain terranes via under-
thrusting beneath the North American margin oc-
curred during Early Cretaceous time ca. 1305 5 Ma
and (2) rapid exhumation and cooling due to de-
tachment and sinking of mantle lithosphere be-
gan ca. 120 5 5 Ma. Selverstone et al. (1992) also
suggested that collision-related thrusting in the
Salmon River fold-thrust belt may have been under
way as early as 160 Ma. On the basis of Sm-Nd
dating of garnet, Getty et al. (1993) proposed that

two distinct metamorphic stages are recorded in
Salmon River rocks: (1) the Blue Mountain terranes
were amalgamated offshore prior to ca. 144 Ma,
and (2) regional peak metamorphism in the Salmon
River fold-thrust belt was reached ca. 128 Ma. Sub-
sequent 40Ar/39Ar studies in Idaho have been inter-
preted to suggest that the oldest deformation in the
region occurred ca. 130 Ma (Snee et al. 1995, 2007).
Finally, a U-Pb age of 136 5 1 Ma on a deformed
pluton in the hanging wall of the Heavens Gate
fault has been interpreted to reflect post–136 Ma
accretion (Gray et al. 2012; Gray 2013).
Field-based stratigraphic and structural analysis

has been used to argue that pre-Cretaceous docking
of the Wallowa terrane is recorded in widespread
Late Jurassic contractional structures bracketed be-
tween 157 and 145 Ma (Gray and Oldow 2005). In
this view, Late Jurassic accretionary deformation
is superposed on an earlier deformation history in
the Salmon River fold-thrust belt that is related to
structural closure of a fringing arc (Izee–Olds Ferry–
Baker terranes) and a now-consumed back-arc basin
in Oregon and Idaho (Gray and Oldow 2005).

Stratigraphyof theCHF. At its type locality (figs. 2,
4, 6A), the CHF is divided into three conformable
map units: (1) basal volcaniclastic sandstone and
limestone-clast conglomerate (∼20–60 m thick),
(2) volcaniclastic lower flysch unit (∼80 m thick;
figs. 5B, 7A–7C), and (3) chert-rich upper flysch unit
(∼300 m thick; figs. 5C, 7D; Morrison 1963; Gold-
strand 1994). The lower flysch unit at the type lo-
cality has been assigned an early Late Jurassic, Ox-
fordian age (ca. 163.55 1.1 to 157.35 1.0Ma) on the
basis of the ammonite Cardioceras (Scarburgiceras)
martini collected ∼125m above the contact with the
underlying Seven Devils Group (table 1).
At the Pittsburg Landing locality (figs. 2, 4, 6B),

deposits traditionally mapped as the CHF are di-
vided into three units: (1) red tuff unit (∼120m thick;
figs. 5D, 6C), (2) fluvial unit (∼420m thick; figs. 5D–

5F, 6C, 7E), and (3)marineunit (∼100mthick;fig. 6C;
White 1994; White and Vallier 1994). The red tuff
unit is lithologically dominated by pink volcaniclas-
tic to epiclastic, monomict sandstone and conglom-
erate; includes welded tuff in its upper parts (White
1986); and is overlain by polymict brown sandstone
and conglomerate and yellow-weatheringmudstone
of the fluvial unit along a moderate angular un-
conformity (figs. 5E, 6B, 6C, 7F). The fluvial unit is
gradationally overlain by black shale and mudstone
of the marine unit, which in turn grades upsec-
tioninto chert-rich volcaniclastic sandstone (fig. 6B,
6C). The marine unit contains a fauna including
coral taxa identified by Stanley and Beauvais (1990)
as Middle Jurassic in age (Bajocian, 170.3 5 1.4 to
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168.3 5 1.3Ma). Thus, the transgressive, fluvial- to
deep-marine CHF has traditionally been regarded
as Middle to early Late Jurassic in age (Bajocian–
Oxfordian; ca. 170.35 1.4 to 157.35 1.0 Ma; fig. 8;
table 1). Here, we present evidence that clearly con-

tradicts this interpretation and demonstrate a ro-
bust Late Jurassic depositional age for the CHF.

A fourth unit, the turbidite unit of the Coon Hol-
low Formation (White andVallier 1994), is present on
the Oregon side of Pittsburg Landing (figs. 4, 6B). The

Figure 7. Photomicrographs of key sandstone petrofacies. A, Laminated, very-fine quartzolithic sandstone, Coon
Hollow Formation, lower flysch unit, type locality. Cross-polarized light. B, Fine quartzolithic sandstone, Coon Hol-
low Formation, lower flysch unit, type locality. Cross-polarized light. C, Volcanic-lithic sandstone of the Coon Hollow
Formation, lower flysch unit, type locality. Cross-polarized light. D, Chert-grain lithic sandstone, Coon Hollow For-
mation, upper flysch unit, type locality. Cross-polarized light. E, Plane light (PPL; bottom) and cross-polarized (XPL;
top) view of the red tuff unit showing a variety of volcanic lithic grains (Lv) as well as epidote (e) and chlorite (cl) al-
teration. F, Plane light (PPL; bottom) and cross-polarized (XPL; top) view of sandstone from the Coon Hollow Forma-
tion fluvial unit. Note the highly altered feldspar (F), faceted quartz (Q), and volcanic lithic grains (Lv). A color version
of this figure is available online.
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turbidite unit is dated with ammonoids as late Mid-
dle Jurassic (Callovian, ca. 166.15 1.2 to 163.55 1.1;
Imlay 1980, 1981, 1986; table 1) and is present in the
upper plate of a thrust fault that structurally overlies
and thus is likely older than thefluvial unit (Schmidt
et al. 2009). Data presented here are only from the
Idaho side of Pittsburg Landing.

Methods

Sampling Strategy. Our sampling strategy for U-Pb
detrital zircon analysis, Sm-Nd isotopic analysis,
and high-precision U-Pb geochronology was designed
to (1) define the depositional age of key rock units,
(2) test proposed regional correlation of the CHF
with Middle Jurassic rocks of the John Day region,
(3) evaluate potential provenance links of the CHF
to continental and arc-related sources, and (4) eval-
uate provenance links to other rocks of the west-
ern United States (sample location information is in
table 2).

We targeted two volcanic units of pyroclastic ori-
gin from the Pittsburg Landing locality for chemi-
cal abrasion isotope dilution thermal ionizationmass
spectrometry (CA-ID-TIMS) U-Pb zircon geochro-
nology to establish eruption and depositional ages for
the surrounding strata (figs. 4, 6C). In the uppermost
volcanic horizon of the red tuff unit, immediately
below the fluvial unit unconformity, we sampled
densely welded quartz and plagioclase-phyric rhyo-
lite tuff (07BM06) with strongly flattened pumice
fiamme. In addition, we collected a sample from ap-

proximately 100 m above the base of the fluvial
unit from normally graded, hornblende-phyric, lithic
lapilli tuff (07BM05) containing subangular to sub-
rounded millimeter- to centimeter-scale volcanic
clasts in a tuffaceous matrix with abundant accre-
tionary lapilli.

For detrital zircon analysis, we collected four 5–
10-kg samples of sandstone (fig. 4). At the type lo-
cality, we collected fine-grained, thinly laminated
volcaniclastic lithic arenite from near the base of
the lower flysch unit (sample 06048) and medium-
grained, thin-bedded chert-grain lithic arenite from
the top of the upper flysch unit (sample 07024). At
Pittsburg Landing, we collected medium-grained vol-
caniclastic lithic arenite from the uppermost flu-
vial unit (sample 07005) and medium-grained, thin-
bedded chert-grain lithic arenite from the top of the
marine unit (13NM064B). We also collected 0.25-kg
samples of fluvial and marine mudrock for Sm-Nd
analysis and sandstone samples for petrographic
analysis to assess the relationship between sand-
stone petrofacies and detrital zircon ages (fig. 4).

Analytical Procedures. U-Pb zircon geochronol-
ogy by CA-ID-TIMS was conducted at Boise State
University following the methods of Schmitz and
Davydov (2012). High-precision U-Pb zircon results
are presented on conventional Wetherill concordia
diagrams (fig. 9) and in table 3. Rapid-acquisition
U-Pb detrital zircon analysis was conducted by laser
ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) atWashington State University fol-
lowing themethod of Chang et al. (2006). U-Pb detri-

Figure 8. Depositional age range interpretations of the Coon Hollow Formation. Traditional age assignment is based
on Middle Jurassic corals from the Pittsburg Landing locality and Late Jurassic ammonoids at the type locality. New
U-Pb geochronology presented here indicates that deposition spanned ca. 160–150Ma, entirelywithin Late Jurassic time.
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tal zircon ages are illustrated on relative probability
and Tera-Wasserberg plots (fig. 10) and in the supple-
mentary data (available online). For determination of
isotopic composition of Sm and Nd (fig. 11; table 4),
freshsamplesweregroundto!30-mmpowder,andSm
and Nd were separated following the methods de-
scribed in Vervoort and Blichert-Toft (1999) and in
Gaschnig et al. (2011). The isotopic compositions of
these elements were analyzed on a ThermoFinnigan
Neptunemulticollector ICP-MSatWashingtonState
University (seeGaschnig et al. 2011).

Depositional Age Assessment. The potential for a
short or a long lag time between crystallization and
deposition of the youngest detrital grain(s) in a
sample renders the assessment of depositional age
from detrital mineral data inherently problematic
(i.e., a maximum depositional age). We assessed our
samples’ depositional ages by comparing published
faunal ages to the mean age and standard error of
the youngest mode of the detrital zircon probabil-
ity distribution function obtained by deconvolution
using the mixture-modeling approach (Sambridge
andCompston 1994; i.e., Unmix function of IsoPlot/
Ex 3.00 [Ludwig 2003]). This approach is analogous
to the youngest graphical age peak of Dickinson and
Gehrels (2009) but includes a statistical assessment
of the margin of error. We consider the youngest age
mode of a probability density estimate of the data
(i.e., the youngest multigrain estimate of central
tendency) to be the most conservative, robust, and
unbiased estimator of maximum depositional age
from detrital data. Unfortunately, maximum depo-
sitional ages assigned on the basis of the youngest
single grain in a sample cannot be reasonably com-

pared with the chronometric time scale, which is
itself generated from estimates of central tendency
(cf. Schmitz 2012).

Results

CA-ID-TIMSU-PbGeochronology. Densely welded
tuff of the red tuff unit produced prismatic volca-
nic zircon, from which six single crystals yielded
concordant and equivalent isotopic ratios with a
weighted mean 206Pb/238U date of 196.82 5 0.06 Ma
(2j; MSWDp 0.48) by CA-ID-TIMS (figs. 4, 6C, 9A).
Another crystal produced a slightly (ca. 0.3 Ma) but
resolvably older date interpreted as biased by minor
inheritance. The weighted mean age is within the
Sinemurian stage (Early Jurassic) and is interpreted
as the eruption and deposition age of the tuff bed.
The sample of lapilli tuff (07BM05) from ∼100 m

above the base of the fluvial unit (figs. 4, 6C, 9B)
produced a relatively small amount of zircon, from
which 10 crystals were selected for CA-ID-TIMS.
Four grains yielded a range of older, concordant ages
from 235 to 172 Ma, which are obviously inherited.
The remaining six analyses fall into twobarely resolv-
able clusters; all six grains yield a weighted mean of
160.1650.21Ma(95%confidence interval;MSWDp
8.2) during the Oxfordian stage (Late Jurassic). The
younger three grains have a weightedmean 206Pb/238U
dateof159.9650.09Ma (2j;MSWDp0.82); giventhe
evidenceof inheritance,159.9650.09Ma (i.e., 160Ma)
is the preferred eruption and depositional age.

Detrital Zircon Geochronology. Our sample from
the type locality at the base of the CHF lower flysch
unit (fig. 10A, sample 06048), contains a multimodal

Table 2. Sample Locations

Sample no. Sampled unit Northing Easting

Type locality:
06048 Lower flysch unit: laminated volcaniclastic sandstone from

∼120 m above the basal angular unconformity with the
underlying Wild Sheep Creek Formation

5089844 0509606

06049 Base of flysch unit: black mudstone 5090575 0509046
06042 Middle of flysch unit: black mudstone 5090637 0508351
07024 Upper flysch unit: chert-grain sandstone from uppermost

beds on ridge north of Little Cougar Creek
5091178 0509022

07023 Upper flysch unit: black mudstone 5091205 0509275
Pittsburg Landing locality:

06075 Red tuff of Pittsburg Landing: medium-grained reworked
lithic lapillistone

5054973 0541002

07BM06 Red tuff of Pittsburg Landing: welded tuff 5055068 0541138
07BM05 Fluvial unit: lapilli tuff 5055130 0541356
06060 Upper portion of fluvial unit: yellow-plant-bearing mudstone 5056298 0541936
07005 Upper portion of fluvial unit: channelized volcaniclastic sandstone 5056308 0541940
06056 Marine unit: black mudstone bearing marine molluscan fauna 5056586 0541994
13NM064B Upper portion of marine unit, chert-grain sandstone 5057400 0545224

Note. UTM datum NAD 27 CONUS, UTM zone 11.
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probability distribution dominated byEarlyPermian–
LateTriassic ages (ca. 290–210Ma)with lesser Early–
Late Jurassic ages (ca. 200–180, 180–170, and 165–155
Ma). Six zircons from this sample have pre-Permian
ages that do not overlap at 2j and are not illustrated
here (362515, 508511, 932541, 11895 33, 12845
39, and 1506 5 41 Ma). The youngest deconvolved

mode of the probability distribution is 161 5 3 Ma
(Oxfordian–Kimmeridgian).

Medium-grained chert-grain sandstone from the
type locality at the top of the CHF upper flysch unit
(fig. 10B, sample 07024) contains an essentially bi-
modal age distribution with ages spanning Early–
Late Triassic (ca. 240–210 Ma) and Late Jurassic–

Figure 9. U-Pb concordia diagrams and weighted mean plots of magmatic zircon analyses. A, Sample 07BM06, red
tuff unit at Pittsburg Landing. B, Sample 07BM05, fluvial unit of the Coon Hollow Formation. For both illustrations, zir-
con analyses included in the calculation of the weighted mean 206Pb/238U crystallization age are represented by gray el-
lipses on Concordia diagrams and by gray error bars on weightedmean plots. Open, black-outlined ellipses and error bars
were not used in any age calculation. All errors are shown at 2j. The gray band set behind each group on the weighted
mean plots represents the calculated weighted mean of those analyses and its associated 2j uncertainty.
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Figure 10. U-Pb detrital zircon data shown on relative probability diagrams (left) and Tera-Wasserberg diagrams
(right). A, Sample 06048, collected from basal, thin-bedded turbidite sandstones in the Coon Hollow Formation lower
flysch unit, type locality. B, Sample 07024, collected from uppermost chert-grain sandstone in the Coon Hollow
Formation upper flysch unit, type locality. C, Sample 06075, collected from lithic arenite near the base of the red tuff
unit, Pittsburg Landing. D, Sample 07005, collected from volcaniclastic sandstone beds near the top of the Coon
Hollow Formation fluvial unit, Pittsburg Landing. E, Sample 13NM064B, collected from uppermost chert-grain
sandstone in the Coon Hollow Formation marine unit, Pittsburg Landing.
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Early Cretaceous (ca. 165–142 Ma) time. A single
zircon grain from this sample has a pre-Mesozoic
age (656 5 12 Ma). The youngest mode of the prob-
ability distribution is 148 5 1 Ma (Tithonian).
A Pittsburg Landing lithic arenite collected

within the red tuff unit exhibits a bimodal age dis-
tribution that spans ca. 223–214 and 205–189 Ma
(LateTriassic–Early Jurassic;fig. 10C). The youngest
mode of the probability distribution is 197 5 1 Ma
(Sinemurian). Also from the Pittsburg Landing lo-
cality, the uppermost fluvial volcaniclastic rocks
of the CHF (fig. 10D, sample 07005) contain a rela-
tively simple multimodal age distribution spanning
(1) Early–Late Triassic (ca. 250–210 Ma), (2) Early–
Middle Jurassic (ca. 180–170Ma), and (3)Late Jurassic–
Early Cretaceous (ca. 165–142Ma) ages. Four zircon
grains from this sample have pre-Mesozoic ages that
do not overlap at 2j and are not illustrated here
(2605 6, 13225 34, 17455 15, and 18145 30Ma).
The youngest deconvolved mode of the probability
distribution is 154 5 2 Ma (Tithonian).
Finally,medium-grained chert-grain sandstone from

the uppermost beds in the CHF at Pittsburg Landing
(fig. 10E, sample 13NM064B) contains amultimodal
probability distribution dominated by Early Permian–
Late Triassic ages (ca. 290–210 Ma) with age modes
ca. 268, 256–248, 232, and 215Ma,with lesser Early–
Late Jurassic ages (ca. 175 Ma and 165–143 Ma). No
zircon grains from this sample have pre-Permian ages.
The youngestmode of the probability distribution is
150 5 2 Ma (Tithonian).

Neodymium Isotope Compositions. Our Coon Hol-
low eNd values are moderately radiogenic, with val-

ues ranging between 1.9 and 5.0. The data display a
moderate age-dependent trend toward more juve-
nile values over the ∼10 Ma time span from ca. 160
to 150 Ma (fig. 11; table 4).

Discussion

Early Jurassic Depositional Age of Red Tuff. We re-
port two new Early Jurassic, Sinemurian ages for the
red tuff. The age of 196.825 0.06Ma on welded tuff
from the top of the unit is within the mean and
standard error (1975 1Ma) of the youngest mode of
the probability distribution from our corresponding
detrital zircon sample (figs. 9B, 10C). The corre-
spondence between CA-ID-TIMS and LA-ICP-MS
zircon geochronology from the same unit indicates
synmagmatic deposition and slight reworking of
volcanic deposits. These results substantiate use of
the youngestmode present in a detrital sample as an
estimator of maximum depositional age from
samples bearing zircon grains with ages approxi-
mating the time of host sediment accumulation (cf.
Dickinson and Gehrels 2009). In such cases, the
most conservative, robust, and unbiased estimator
of maximum depositional age from detrital data is
the youngest age mode of a probability density es-
timate of the data (i.e., the youngest multigrain es-
timate of central tendency).

Depositional Age of the CHF. The age of oldest
CHF deposits can be estimated from the youngest
detrital zircon age mode in basal marine turbidites
at the type locality and from CA-ID-TIMS ages on
interbedded tuff in basal fluvial rocks at Pittsburg

Figure 11. Plot of eNd at deposition versus depositional age for mudrock samples of the Coon Hollow Formation (gray
squares). Also shown are values from Miller et al. (2003) and Frost et al. (2006) for the Galice Formation (black square
and rectangle).
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Landing (fig. 8). These units are age correlative, in-
dicating that deposition of theCHFbegan ca. 160Ma
(Late Jurassic, Oxfordian) at both locations. This
represents both a maximum depositional age and a
minimum age for (1) uplift and erosion of the un-
derlying Wallowa terrane and (2) subsequent trans-
gressionoffluvial andmarine rocksof theCHF (fig. 8).
These new data, combined with new Early Jurassic
age estimates for the red tuff (see Northrup et al.
2011), indicate that the angular unconformity that
truncates the red tuff at Pittsburg Landing and rocks
of the Seven Devils Group at the type locality repre-
sents a significant hiatus of approximately 37 m.yr.
(figs. 4, 5A).
The minimum duration of sedimentation of the

CHF can be estimated using correlative chert-grain
sandstone in the uppermost beds of the CHF at the
type locality (148 5 1 Ma) and Pittsburg Landing
(150 5 2 Ma; fig. 8). These maximum depositional
age estimates indicate that CHF deposition contin-
ued until at least ca. 150 Ma (Late Jurassic, Titho-
nian) at both locations. Thus, deposition of the CHF
spanned a 10-m.yr. period from 160 to 150 Ma during
Late Jurassic time.
All available geochronological data contradict and

refute previous faunal estimates of a Middle Jurassic
(Bajocian) to early Late Jurassic (Oxfordian) deposi-
tional age of the CHF (see also Northrup et al. 2011).
We do observe in situ corals as thin, encrusting
bioherms on rocks of the Late Triassic Wallowa ter-
rane (Wild Sheep Creek Formation), and these bio-
herms appear to be the same taxa identified by Stan-
ley and Beauvais (1990); however, at these locations
the corals are also observed to be reworked as clasts
within overlying fluvial conglomerate of the CHF
(fig. 5F). Therefore, for the CHF, Middle Jurassic
would be a detrital faunal age and, importantly, not
a depositional age (cf. detrital faunal ages in LaMas-
kin et al. 2011a). This interpretation is consistent
with descriptions of the corals as “broken, rounded,
and reworked . . . heavily bored” (Stanley andBeavais
1990, p. 353; see also White 1986, p. 116–118). Our
field observations suggest that the thin, encrusting
biostromesmay, in fact, represent a period ofMiddle
Jurassic deposition but that the inferred Middle Ju-
rassic depositional age of the overlying CHF is in-
accurate. All available U-Pb zircon geochronology
shows clearly that the entire CHF is younger than
Middle Jurassic age (fig. 8).

Provenance of the CHF. In the basal transgressive
lower flysch unit (fig. 10A, sample 06048), dominant
Early Permian–Late Triassic ages (ca. 290–210 Ma)
overlap with Wallowa terrane arc basement (265–
249; 215 Ma) and volcanic cover rock (229 Ma) ages,
suggesting derivation fromanuplifted, dissectedWal-

lowa terrane source area during initial transgressive
sedimentation. Less significant Early–Late Jurassic
ages spanningca. 200–180, 180–170, and165–155Ma
are consistent with the range of Jurassic 206Pb/238U
ages recognized in plutons and volcanic beds in the
Olds Ferry–Izee, Baker, andWallowa terranes and in
other terranes of the western US Cordillera (fig. 12;
e.g., Wright and Fahan 1988; Hacker et al. 1995;
Walker 1995; Irwin and Wooden 2001; Irwin 2003;
Payne and Northrup 2003; Day and Bickford 2004;
Allen and Barnes 2006; Unruh et al. 2008; Tumpane
2010; Northrup et al. 2011; Schwartz et al. 2011a,
2011b; Barth et al. 2012). The record of Jurassic mag-
matism in the BMP, both detrital and magmatic, is
analogous to widespread concurrent magmatism in
other terranes of the western US Cordillera.
Our two detrital zircon samples from the chert-

rich upper flysch unit at the type locality (07024)
and chert-poor volcaniclastic sandstone near the
top of the fluvial unit at Pittsburg Landing (07005)
contain a very similar age distribution (fig. 10B,
10C). The large contribution of volcanic cover rock
ages suggests a continued Wallowa terrane source
area during transgressive sedimentation. In both
samples, the dominance of syndepositional grain
ages of ca. 160–150 Ma suggests that an active
magmatic arc source also contributed to sediment
provenance. Finally, our sample from the youngest
beds in the CHF at Pittsburg Landing (sample
13NM064B; fig. 10E) includes a large proportion
of Wallowa terrane arc basement and volcanic
cover rock ages. Again, a large number of syndepo-
sitional grain ages suggests input from and prox-
imity to active magmatic arc sources during depo-
sition.
In all of our CHF samples, detrital zircon ages

close to the depositional age are consistent with a
magmatically active convergent plate margin set-
ting, and zircon ages reflecting arc basement and
volcanic cover rock are consistent with an exten-
sional back-arc or intra-arc setting (Cawood et al.
2012). Our samples do not include Archean, Prote-
rozoic, or early Paleozoic detrital zircon grains and
thus do not reflect recycling of older Baker or Izee
terrane rocks, as would be expected during a Late
Jurassic arc-arc collision (cf. Dickinson 1979, 2004;
Avé Lallemant 1995; Schwartz et al. 2010, 2011a,
2011b, 2014).
The eNd values ranging from ∼2 at ca. 160 Ma to

∼5 at ca. 150 Ma (fig. 11) are interpreted to record
the increased input of juvenile arc detritus during
Late Jurassic time, consistent with detrital zircon
age distributions dominated by Permian–Triassic
and Middle–Late Jurassic ages (i.e., young arc detri-
tus and no Precambrian ages).

Journal of Geology 251W E S TWARD GROWTH O F L AUR ENT I A B Y ACCR E T I ON

 All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


Regional Implications. Both of our new Early Ju-
rassic ages for the red tuff unit are considerably
older (∼25 m.yr.) than previous Middle Jurassic es-
timates that were based on stratigraphic position
beneath Middle Jurassic (Bajocian) corals (Stanley
and Beauvis 1990; White et al. 1992; White 1994;
White and Vallier 1994; Schmidt et al. 2009). Rec-
ognition of an Early Jurassic depositional age for
the red tuff unit requires that red tuff magmatism
in the Wallowa terrane is neither Middle Jurassic
nor associated with deposition of the CHF. Rather,
red tuff magmatism is coeval with deposition of
the upper portions of the Hurwal Formation (fig. 4;
Schmidt et al. 2009), and deposition of the red tuff
unit is best considered in the context of crustal pro-
cesses that formed the basin in which the Hurwal
Formationwas deposited.

Dorsey and LaMaskin (2007, 2008) suggested that
Hurwal Formation deposition is related to flexural
subsidence caused by a Molucca Sea–type arc-arc
collision during Late Triassic–Early Jurassic time in
the greater Blue Mountains region. In this model,
structural interaction and deformation of the facing
accretionary wedges of the Wallowa and Olds Ferry

arcs resulted in crustal thickening, uplift, and growth
of a doubly vergent thrust belt in the Baker terrane
subduction complex that propagated into and dis-
rupted theflanking forearc basins. Subsequent deep-
marine deposition of the Hurwal Formation records
migration of a flexural foredeep basin northwest-
ward across the region (present coordinates). Fluvial
conditions during this same time at Pittsburg Land-
ing indicate differential subsidence in the BlueMoun-
tains region with significant areas both above sea
level and under deep-marine conditions in Early Ju-
rassic time. These observations are consistent with
an interpretation of Late Triassic–Early Jurassic crustal
thickening and associated lithospheric flexure in
the region during arc-arc collision (see Dorsey and
LaMaskin 2007; LaMaskin et al. 2011b). We suggest
that the angular unconformity between Middle Tri-
assic through Early Jurassic volcanic rocks and the
overlying CHF records tilting and erosion in the
Wallowa terrane that we infer resulted from a Late
Triassic–Early Jurassic offshore arc amalgamation
event.

These new ages from the red tuff at Pittsburg
Landing indicate that magmatism was active in the

Figure 12. Comparison of Coon Hollow Formation detrital zircon ages to possible source areas in the Blue
Mountains, Klamath Mountains, and Sierra Nevada. The probability distributions for igneous ages from the Blue
Mountains, Klamath Mountains, and Sierra Nevada represent the likely distribution of ages that would be resolved
using the laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) method in a detrital sample
representing each source area. These probability distributions were created by first compiling each of the 206Pb/238U
ages that were reported from individual intrusive bodies in the cited publications. Then an error estimate of 3.6% (2j;
the mean error in our LA-ICP-MS analyses) was applied to each of these ages to render a probability distribution that
is representative of that which might be expected were they measured in a detrital sample eroded from a pluton. Note
that by design this method includes grains that may have been excluded from the final interpreted age in the cited
publications; those analyses would not be excluded in a representative detrital sample. Magmatic pulses of the Sierra
Nevada are represented by p1 and p2 (Barth et al. 2012).
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Wallowa terrane during Early Jurassic time (Tum-
pane 2010; Northrup et al. 2011). Early Jurassic mag-
matism in the interval ca. 200–180 Ma is also well
represented in rocks of the Olds Ferry and Izee ter-
ranes in eastern Oregon (LaMaskin et al. 2011b). In
the Huntington, Oregon, region, rocks of the in-
formal Jett Creek member of the Weatherby Forma-
tion contain abundant Early Jurassic detrital zircon
grains and lack Precambrian ages (fig. 13). In the
John Day region, sandstone in the Keller Creek
shale is characterized by a single major distribution
of Late Triassic–Early Jurassic grains (ca. 218–181Ma;
peak at 195 Ma) with a low percentage of Meso-
proterozoic and Paleoproterozoic grains (LaMaskin
et al. 2011b). We consider the concurrent Early Ju-
rassic magmatism in both the Wallowa and the
Olds Ferry–Izee terrane to further signify a link be-
tween Blue Mountain lithotectonic assemblages
by Late Triassic–Early Jurassic time (see Tumpane
2010).
Our new data also demonstrate that the CHF

is not correlative with Middle Jurassic sedimen-
tary rocks in the John Day, Oregon, region, as pro-
posed in previous studies (fig. 14; Pessagno and
Blome 1986; White et al. 1992; Vallier 1995; Dick-
inson 2004, 2008; Dorsey and LaMaskin 2007, 2008;
LaMaskin et al. 2008a). In addition to the deposi-
tional age difference, the CHF and Middle Jurassic
deposits of the John Day region contain dissimilar
detrital zircon age distributions (fig. 14). Thus, tec-

tonic models for the evolution of the BMP that as-
sume a regional Middle Jurassic overlap assemblage
must be revised in light of thisfinding. Furthermore,
the term “Izee basin” (Smith et al. 1980; LaMaskin
et al. 2009; Schwartz et al. 2011b) should not include
the CHF; the term should be restricted to mega-
sequence 2 Early and Middle Jurassic sedimentary
rocks, including the Mowich Group and the Snow-
shoe, Trowbridge, and Lonesome Formations in the
John Day region and the Weatherby Formation in
the Huntington, Oregon, region (see also Dennet
Creek limestone and Bill Hill shale in Payne and
Northrup 2003).
The pronounced scarcity of pre–late Paleozoic

grains in our CHF samples (3% of all grains were
older than 260 Ma) contrasts sharply with data
from Late Permian through Middle Jurassic de-
posits in the more inboard terranes of the Blue
Mountains, which contain abundant early to mid-
Paleozoic, Proterozoic, and Archean grains (Alex-
ander and Schwartz 2009; LaMaskin et al. 2011b).
This could be interpreted to mean that (1) the Wal-
lowa terrane portion of the BMP was situated in an
offshore oceanic setting ca. 160–150 Ma during Coon
Hollow sedimentation or (2) despite a previous link
to a source of older grains, BMP depocenters became
isolated from cratonal and/or recycled sources by
Late Jurassic time (ca. 160 Ma). Comparison of our
data to regional western US data leads us to prefer
scenario 2 (see below).
Deposition of the CHF ca. 160–150 Ma indicates

that these strata are coeval with other well-studied
Late Jurassic basins of the western United States;
thus, our sedimentary provenance data are best
interpreted through comparison with observations
from other western US locations (fig. 15). Numer-
ous authors have recognized a discontinuous belt
of Jurassic–Cretaceous clastic turbiditic strata in
the western United States. Broadly, these locations
include two distinct depositional intervals, the old-
est of which occurred during Late Jurassic time from
the Middle Oxfordian to the end of the Tithonian
stage (∼160 to 145 5 1; Cowan and Brandon 1981;
Garver 1988; McClelland et al. 1992; Miller and
Saleeby 1995; Pessagno 2006). This Late Jurassic
interval includes the Mariposa and Galice Forma-
tions in the Sierra Nevada and Klamath Mountains,
respectively; the Ingalls graywacke in the north-
western Cascades; and rocks of the Fidalgo Com-
plex, Lummi Formation, Constitution Formation,
and Easton Metamorphic Suite in the San Juan Is-
lands of Washington.
Below, we briefly review the age, lithology, and

provenance of these western US basins for compar-
ison to our new data from the CHF. The Mariposa

Figure 13. Illustration comparing U-Pb detrital zircon
ages from the Keller Creek shale (John Day region) and
Weatherby Formation (Huntington, OR, region) to the
chemical abrasion isotope dilution thermal ionization
mass spectrometry (CA-ID-TIMS) and laser ablation in-
ductively coupled plasma mass spectrometry ages of the
red tuff unit at Pittsburg Landing.
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Formation crops out in a 250-km-long, north-south-
trending belt in the western foothills of the south-
ern Sierra Nevada (fig. 15; Saleeby 1982; Bogen 1984;
Snow and Ernst 2008; Ernst et al. 2009). The Mari-
posa Formation was deposited on the Late Triassic–
Early Jurassic Peñon Blanco arc, proximal to North
America (Bogen 1984; Snow 2007; Snow and Ernst
2008). Accumulation of the Mariposa Formation be-
gan no later than ca. 160 Ma and ended ca. 153 Ma,
as shown by a SIMS U-Pb zircon age from a hyp-
abyssal intrusive that crosscuts and metamorpho-
ses the unit (Ernst et al. 2009). These thick-bedded
deep-marine turbidites have undergone severe inter-
nal deformation attributed to the Nevadan orogeny
(sensu stricto; syndepositional structural compres-
sion ca. 1555 5Ma; Snoke 1977; Saleeby et al. 1982;
Harper and Wright 1984; Schweickert et al. 1984,
1999; Wyld and Wright 1988; Tobisch et al. 1989;
Harper et al. 1994; Hacker et al. 1995; Snow 2007;
Dickinson 2008). While some have argued for
Late Jurassic collision of an exotic arc as a mecha-
nism for the Nevadan orogeny (e.g., Moores 1970;
Schweickert and Cowan 1975; Day et al. 1985; In-
gersoll and Schwieckert 1986; Moores et al. 2002),
many workers now agree that the Nevadan orog-
eny (sensu stricto) was noncollisional, affected only
suprasubduction-zone rocks, and resulted from sub-
duction of a seafloor spreading center (e.g., Shervais
et al. 2005) or changes in convergence rate and di-
rection of subducting lithosphere (e.g., Wright and
Fahan 1988; Ernst 1990; Hacker et al. 1993, 1995;
Harper et al. 1994). Detrital zircon grains from the
Mariposa Formation represent 60% Mesozoic ages
(ca. 175–160Ma), with lesser Paleozoic, Proterozoic,
and Archean ages interpreted as a transcontinen-
tal Ouachita-Appalachian provenance enriched by

southwestern US and active early Mesozoic Cor-
dilleran arc sources (LaMaskin 2012) or as derived
from the eastern Klamath terranes, the Paleozoic
miogeocline of Nevada, and the Sierra Nevada arc
(Snow and Ernst 2008).

The Galice Formation is an Upper Jurassic sedi-
mentary succession (fig. 15; ca. 157–150 Ma) in the
western Klamath terrane of the Klamath Moun-
tains, Oregon and California (Snoke 1977; Harper
1984; Wyld 1985; Wyld and Wright 1988; Harper
et al. 1994; Frost et al. 2006; MacDonald et al. 2006;
Pessagno 2006). Numerous studies document a trend
of increasing chert grains with stratigraphic height
in theGalice Formation (Harper 1980;Norman1984;
Wyld 1985;Wyld andWright 1988;MacDonald et al.
2006). While some debate regarding collision of ex-
otic terranes continues (e.g., Schwieckert and Cowan
1975; Moores et al. 2002), many workers agree that
the Galice basin formed as a result of intra-arc ex-
tension of a west-facing Middle Jurassic arc, which
resulted in formation of the ca. 164–162 Ma Jose-
phine ophiolite, leaving portions of the remnant
Middle Jurassic arc stranded to the east (Snoke 1977;
Saleeby et al. 1982; Harper and Wright 1984; Wyld
and Wright 1988; Harper et al. 1994; Hacker et al.
1995; Yule et al. 2006, 2009). The Galice succession
overlies and is genetically related to both the ca. 160–
157MaRogue-Chetcoarc complexand the Josephine
ophiolite. At the end of deposition, the Galice basin
was structurally compressed and overthrust by older
terranes of the Klamath Mountains during the Late
JurassicNevadanorogeny (sensustricto;Snoke1977;
Saleeby et al. 1982; Harper andWright 1984; Hacker
et al. 1995). Detrital zircon ages from the Galice
Formation represent a bimodal age distribution of
ca. 153 and 227 Ma grains with a minor Protero-

Figure 14. U-Pb detrital zircon ages from the Coon Hollow Formation and from Middle Jurassic rocks of the John
Day region illustrating a lack of provenance affinity between the two sample sets. A color version of this figure is
available online.
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zoic component (Miller et al. 2003;MacDonald et al.
2006).
Currently located north of the Blue Mountains,

the Ingalls ophiolite-graywacke complex is exposed
in the northwestern Cascades province of Wash-
ington and represents a northern equivalent of the
Josephine ophiolite of California and Oregon, off-
set to its current location by dextral plate-boundary
fault offset (fig. 15; e.g., BrownandBlake1987;Garver
1988; Saleeby 1992; Metzger et al. 2002; Miller et al.
2003; Wyld et al. 2006; LaMaskin 2012). The upper
portions of the sedimentary succession are poorly
dated as Late Jurassic, Oxfordian–Kimmeridgian in
age. Chert-rich lithic wacke yields a bimodal de-
trital zircon age distribution with modes ca. 153
and 223 Ma (Harper et al. 2003).
Finally, in the San Juan Islands of Washington,

rocks of the Fidalgo Complex, Lummi Formation,
Constitution Formation, and Easton Metamorphic
Suite are related to one another and have been
interpreted to representmarginal basins that are cor-
relative with terranes in the western KlamathMoun-
tains (fig. 15; Galice Formation; Saleeby and Busby-
Spera 1992; Anderson andMahoney 2006; Brown and
Gehrels 2007). These units include chert-rich lithic
wacke, and each bears detrital zircons with a promi-
nent age mode ca. 155–148Ma andminor Late Trias-
sic ages (Brown andGehrels 2007).

Rocks of the Galice Formation (and the offset
Ingalls ophiolite-graywacke complex), as well as the
correlativeMariposa Formation, have long been rec-
ognized as deposits of marginal basins that evolved
proximal to the North American continent, bearing
xenocrystic zircon, Precambrian detrital zircon, and
negative eNd values in whole-rock argillite samples
(fig. 11; Armstrong and Dick 1974; Snoke 1977; Har-
per 1980, 1984; Saleeby et al. 1982;Harper andWright
1984; Wright andWyld 1986; Hacker and Ernst 1993;
Miller and Saleeby 1995; Frost et al. 2006;MacDonald
et al. 2006; Snow and Scherer 2006; Yule et al. 2006;
Snow and Ernst 2008; LaMaskin 2012). Each of these
units except the Mariposa Formation contains an in-
creasing chert-grain component with stratigraphic
height and detrital zircon age distributions that are
essentially identical, with abundant Middle–Late Ju-
rassic ages, lesser amounts ofTriassic ages, and a low
number of Precambrian ages (fig. 15C).
Age, lithology, and provenance data show that

the CHF, Galice Formation, Ingalls graywacke, Fi-
dalgo Complex, Lummi and Constitution Forma-
tions, and Easton Metamorphic Suite all represent
dismembered remnants of a Late Jurassic marginal
basin system on the western US plate margin and
support the paleogeographic reconstructions of
Wyld and Wright (2001) and Wyld et al. (2006). The
coeval Mariposa basin, in the southern Sierra Ne-

Figure 15. Modern (A) and pre–Early Cretaceous (B) distribution of selected Late Jurassic–Early Cretaceous basins
and their detrital zircon age distributions (C). CH p Coon Hollow Formation; EFLC p Easton-Fidalgo-Lummi-
Constitution; GAL p Galice Formation; IG p Ingalls graywacke.
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vada, bears a dissimilar provenance that represents
sediment derivation from a largely Middle Jurassic
magmatic arc (ca. 175–160 Ma ages) as well as from
previously collided arcs or continental sources dur-
ing Late Jurassic time (Snow and Ernst 2008; La-
Maskin 2012). This is consistentwith the southward
position of the Mariposa Formation (fig. 15B) and
suggests that a broad area of suprasubduction ex-
tension acted to isolate the Klamath and Blue
Mountain regions from cratonal sources of sand-
sized detritus, while theMariposa basin maintained
an active sedimentary connection to theNorth Amer-
ican craton.

Timing of Wallowa Terrane Accretion and Defor-
mation. Deposition of the CHF occurred proximal
to western North America beginning in Middle Ox-
fordian time, ca. 160 Ma (early Late Jurassic). The
∼37-m.yr. hiatus between deposition of the Pitts-
burg Landing red tuff unit and the CHF spans the pe-
riod when the Wallowa terrane was accreted to
western North America (197–160 Ma). Beneath this
unconformity, Wallowa terrane sedimentary and
igneous rocks show an intraoceanic character in
detrital zircon ages, Sm-Nd isotopic values, and
trace element geochemistry (LaMaskin et al. 2008a,
2008b; Kurz et al. 2011; this study). Above the un-
conformity, ca. 160–150 Ma rocks of the CHF bear
clear ties in age, lithology, and provenance to rocks
of western North American affinity.

Accretion of the outboard Wallowa terrane prior
to 160 Ma is consistent with pre–Late Jurassic ac-
cretion in all major Paleozoic–Mesozoic terranes of
the western United States. In the Klamath Moun-
tains, widespread Middle Jurassic plutons of the
Wooley Creek suite stitch previously accreted pre–
Late Jurassic terranes and indicate that any ocean
basin that lay between the western US plate margin
and offshore Triassic–Jurassic island arcs had closed
by the end of Middle Jurassic time (e.g., Wright and
Fahan 1988; Hacker and Ernst 1993; Hacker et al.
1993; Wright andWyld 1994; Allen and Barnes 2006;
Barnes et al. 2006; Dickinson 2008; Ernst et al. 2008;
Ernst 2015). Although accretion timing may be more
ambiguous in the Sierra Nevada on the basis of the
ages of stitching plutons (see the review in Dickin-
son 2008), numerous interpretations suggest that ac-
cretion was complete by the end of Middle Jurassic
time (e.g., Dilek et al. 1988; Sharp 1988; Dilek 1989;
Edelman and Sharp 1989; Herzig and Sharp 1992;
Girty et al. 1995; Miller and Saleeby 1995; Godfrey
andDilek 2000; SnowandScherer 2006; Snow2007).
In particular, the most outboard Sierran terrane, the
Western belt, is interpreted to have been sutured to
North America specifically by ca. 160 Ma (Day and
Bickford 2004). Accretion of the Wallowa terrane

(and the previously amalgamated BMP) was part of
pre–Late Jurassic regional accretion recorded through-
out the western United States.

Prior interpretations of initial BMP terrane ac-
cretion at ∼118 Ma (Lund and Snee 1988) and 135–
130 Ma (Fleck and Criss 1985; Criss and Fleck
1987; Snee et al. 2007) are based on 40Ar/39Ar ages
in hornblende and biotite in the Salmon River belt
and likely represent metamorphic cooling ages (see
Selverstone et al. 1992). They do not constrain the
timing of terrane accretion but instead record stages
in the metamorphic evolution of the Salmon River
fold-thrust belt during Sevier-age crustal deforma-
tion and orogenesis. In our interpretation, garnet core
zones that permit an early metamorphic event at
144–136 Ma (Getty et al. 1993) represent postcolli-
sional events associated with growth and early evo-
lution of the nascent western US ocean-continent
subduction system.

Arc-continent collision is not recorded by pene-
trative deformation in exposed rocks of the Wal-
lowa terrane, which were in a supracrustal, fluvial-
to deep-marine setting during accretion or in rocks
of the adjacent Salmon River belt, which have been
strongly altered by subsequent magmatism, thrust-
ing, and dextral shear. Analysis of BMP data in a re-
gional context suggests that pre–Late Jurassic ac-
cretion of terranes by back-arc closure is recorded
in rocks of northern Nevada (Black Rock terrane
and Auld Lang Syne Group), and rocks of the BMP
were subsequently translated ∼400 km north dur-
ing Late Cretaceous time (e.g., Oldow 1984; Wyld
andWright 2001;Wyld 2002;Wyld et al. 2003, 2006;
Dorsey and LaMaskin 2007; LaMaskin et al. 2011a).

Gray and Oldow (2005) recognized the pre-
Cretaceous accretion of theWallowa terrane but sug-
gested that the earliest deformation of Wallowa ter-
rane rocks (interpreted to include the CHF) occurred
between ca. 157Ma (i.e., post-Oxfordian) and ca. 145
Ma. In contrast, we find that pre–Late Jurassic de-
formation of the Wallowa terrane is recorded by
the regional angular unconformity beneath the CHF
and that this regional deformationoccurred between
ca. 197 and 160 Ma. The most conservative inter-
pretation of our detrital zircon data requires that
deformation of the CHF into broad-to-tight, open-
to-overturned folds (see Schmidt et al. 2009) oc-
curred after 1485 1Ma (Tithonian; oldestmaximum
depositional age estimate from our youngest sam-
ple). Using the age constraints of Gray and Oldow
(2005), postaccretion deformation may have oc-
curred during a brief interval ca. 148–145 Ma, con-
sistent with garnet growth ages in the adjacent
Salmon River belt (Getty et al. 1993). We also note
that deformation may have been continuous with
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CHF deposition ca. 160–150 Ma. Schmidt et al.
(2009) note extreme southward thickening of the
CHF, and we suggest that syndepositional defor-
mation of the CHF may represent inboard defor-
mation during closure of Late Jurassic suprasub-
duction basins.

Implications for Western US Plate Margin Evolution.
The nature of the plate interactions that controlled
the development of the western US plate margin
from Permian to Cretaceous time has been the sub-
ject of much debate over decades of research. In the
Sierra Nevada and Klamath Mountains, numerous
authors recognize a major change in plate margin
dynamics from a series of multiple trenches, mi-
croplates, fringing arcs, and basins in Early–Middle
Jurassic time to a single-trench, east-dipping sub-
duction system sometime in the Late Jurassic–Early
Cretaceous periods, signaling the onset of an inte-
grated, Andean-type geodynamic system (e.g., Mon-
ger and Price 1979; Jordan 1981; Harper and Wright
1984;Oldow et al. 1989; Burchfiel et al. 1992;Wright
and Fahan 1988; Saleeby and Busby-Spera 1992;
Coney and Evenchick 1994; Dickinson et al. 1996;
DeCelles 2004; Ernst 2012; many others). However,

apparent differences in the Late Jurassic geology be-
tween the Sierra Nevada, Klamath Mountains, and
Blue Mountains have prevented development of a
unified model for plate margin development. Rec-
ognition that theCHF formed in a Late Jurassic supra-
subduction extension-related marginal basin directly
ties the BMP to the Klamath Mountains during the
time 160–150Ma andfills a critical gap in our knowl-
edge of plate interactions that controlled the de-
velopment of the western US plate margin.
By 165–160 Ma, arc accretion had ended in all

major terranes of the western United States (Harper
and Wright 1984; Coleman et al. 1988; Wright and
Fahan 1988; Hacker et al. 1995; Barnes et al. 2006;
Dorsey and LaMaskin 2007), and a period of post-
accretionary subduction and extensional trench re-
treat began ca. 160–155 Ma (fig. 16), when subduc-
tion along the western margin of the Klamath belts
may have permitted plate convergence to continue
following closure of the former back-arc region to
the east and north (cf. the section titled “Back-
arc Geodynamics” in Dickinson 2006, p. 360–362).
Upper-plate extension rifted the Rogue-Chetco arc
away from the Laurentian margin, forming the Jo-

Figure 16. New model for Jurassic tectonic setting and evolution of the Blue Mountains province (BMP). Early–
Middle Jurassic accretion of the previously collided BMP terranes to the western North American margin was
accomplished by closure of a marginal basin. Postaccretion tectonics include an early phase ca. 160–150 of trench
retreat and associated mantle-derived magmatism, followed by trench advance and subsequent formation of an in-
tegrated, Andean-type geodynamic system (modified from Dorsey and LaMaskin 2007, 2008; LaMaskin et al. 2008a,
2011a, 2011b; LaMaskin 2012). B p Baker terrane; FTB p fold-thrust belt; OF p Olds Ferry terrane; Wa p Wallowa
terrane.
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sephine ophiolite and overlying marine Galice For-
mation in the Klamath Mountains as well as the
coeval Smartville ophiolite in the Sierra Nevada.

In the Blue Mountains, the Late Jurassic period
of trench retreat is recorded by the lower CHF, and
a remnant arc is represented by the Olds Ferry–
Izee arc stranded to the east (fig. 16). In contrast
to the Klamath Mountains and the Sierra Nevada,
the Blue Mountains lack a Late Jurassic ophiolite
succession, and the CHF does not show evidence for
Late Jurassic penetrative deformation, as is seen in
the Galice Formation. We do note that Late Juras-
sic deformation is widely recognized in other parts
of the Blue Mountains (e.g., Avé Lallemant 1995;
Schwartz et al. 2010, 2011a, 2011b), and deforma-
tion may have been continuous with CHF deposi-
tion. We propose that suprasubduction extension
was less pronounced in the north than in more
southerly locations and that the Coon Hollow basin
may have occupied amore inboard location than the
Galice-Ingalls basin. As a result, the BlueMountains
lack a Late Jurassic ophiolite, and the CHF was not
penetratively affected by outboard Nevadan defor-
mation.

In this scenario, mantle-derived plutons ca. 162–
157Ma in the BlueMountains (Schwartz et al. 2011a,
2014) and the KlamathMountains (Allen and Barnes
2006; Barnes et al. 2006) were emplaced during the

Late Jurassic retreating phase, stitching the previ-
ous late Middle Jurassic deformation (Saleeby et al.
1992; Barth et al. 2012). Trench retreat was closely
followed by trench advance during the Nevadan
orogeny (sensu stricto), which resulted in closure
of suprasubduction zone extensional back-arc ba-
sins and the cessation of sedimentation in the Blue
Mountains. Initiation of the Great Valley forearc
ca. 150 Ma in central California and southeastern
Oregon suggests that a coherent forearc was estab-
lished by early Late Jurassic time immediately fol-
lowing the Nevadan orogeny (sensu stricto; Inger-
soll 1983; Surpless et al. 2006; Wright and Wyld
2006). Subsequent crustal melts ca. 150–145 Ma in
the Blue Mountains (Schwartz et al. 2011a, 2014)
and theKlamathMountains (Allen and Barnes 2006;
Barnes et al. 2006) represent crustal thickening as-
sociatedwith development of the nascent, integrated,
Andean-type geodynamic system (fig. 16).

As shown by LaMaskin (2012), numerous ter-
rane assemblages of the western United States re-
cord this succession of tectonomagmatic events
in sedimentary provenance, but recognition of the
CHF as correlative to the Galice Formation requires
a reinterpretation of the tectonic controls on sed-
iment provenance (fig. 17). Early–Middle Jurassic
sediments were derived from both craton and plate
margin arc sources and were deposited in basins

Figure 17. Chronostratigraphic distribution of Jurassic and earliest Cretaceous detrital zircon facies in western
North American terranes (modified from LaMaskin 2012). The presence of Triassic–Jurassic facies defined by a
dominant Middle–Late Jurassic (ca. 175–145 Ma) age distribution, with variable quantities of Triassic (ca. 250–220
Ma) and a general lack of Precambrian ages, is here interpreted to represent basin isolation due to slab rollback and
formation of suprasubduction zone basins represented by the Galice Formation, Coon Hollow Formation, Fidalgo
Complex, Lummi Formation, Constitution Formation, and Easton Metamorphic Suite. EFLCI p Easton-Fidalgo-
Lummi-Constitution; GVG p Great Valley Group. A color version of this figure is available online.
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associated with a marginal basin regime (i.e., mixed
Precambrian and Phanerozoic facies; LaMaskin
2012). The Late Jurassic (ca. 160 Ma) provenance
change to platemargin arc-only sources (i.e., Triassic-
Jurassic facies; LaMaskin 2012) is interpreted here
to record topographic isolation and sediment over-
whelming of the suprasubduction zone Galice–
Ingalls–Coon Hollow basin along a rapidly retreat-
ing plate margin (cf. LaMaskin 2012). Latest Jurassic
to early Cretaceous sediments of the Basal Great
Valley Group record a ca. 150–145 Ma return to
both craton-derived and plate margin arc sources
during initial Farallon plate subduction along the
nascent Andean-type margin. Subsequent massive
growth of the Sierran magmatic arc ca. 120 Ma iso-
lated the forearc region from the craton, yielding a
record of arc-region-derived sand (DeGraaff-Surpless
et al. 2002; Barth et al. 2011). The integrated Andean-
type geodynamic system underwent numerous cy-
cles of advance and retreat (DeCelles et al. 2009) and
lasted until ca. 20 Ma with initiation of the San
Andreas transcurrent regime due to Farallon spread-
ing center subduction (Atwater 1970; Dickinson
2008).

Summary and Conclusions

The CHF is a regional Late Jurassic sedimentary
overlap assemblage that is not correlative with
Middle Jurassic rocks of the John Day region. The
radioisotopic provenance of the CHF indicates deri-
vation from a Late Jurassic juvenile arc system and
is virtually identical to the provenance of numer-
ous other basins of a similar age along the western
US Cordillera. Recognition of a North American
provenance in the CHF shows that the Wallowa
terrane substrate was accreted to western North
America by or before ca. 160 Ma. The accreted lith-
osphere and superposed marine basin were part of a
long belt of regional Late Jurassic (ca. 160–150 Ma)
postaccretionary basins that formed during a brief
period of trench retreat and suprasubduction zone

extension immediately prior to establishment of the
integrated, Andean-type convergent margin.
Recognition of a North American source for Late

Jurassic sedimentary rocks in the Blue Mountains
provides a critical link between the allochthonous
Wallowa terrane and western North America and
between the BlueMountains and the KlamathMoun-
tains and Sierra Nevada. Our observations clarify
the timing (pre–Late Jurassic; ca. 160 Ma) and the
nature (postaccretion trench retreat and advance) of
the complex transition from an Early–Middle Ju-
rassic marginal basin system to a post-150 Ma, in-
tegrated, Andean-type convergent margin. In the
Blue Mountains region, westward expansion of
Laurentia was accomplished by pre–Late Jurassic
accretion of previously amalgamated pericratonic
and intraoceanic arc terranes. The similarity of Late
Jurassic sedimentary rocks in the BMP to numerous
other western US basins suggests a margin-wide re-
sponse to changing tectonic boundary conditions in
an evolving convergent-margin setting.
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