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ABSTRACT
Upper Jurassic strike-slip intra-arc basins formed along the axis of earlier Lower
to Middle Jurassic extensional intra-arc basins in Arizona. These strike-slip basins
developed along the Sawmill Canyon fault zone, which may represent an inboard
strand of the Mojave-Sonora megashear system that did not necessarily produce
large-scale translations. Subsidence in the Lower to Middle Jurassic extensional arc
was uniformly fast and continuous, whereas at least parts of the Upper Jurassic arc
experienced rapidly alternating uplift and subsidence, producing numerous large-scale
intrabasinal unconformities. Volcanism occurred only at releasing bends or stepovers
in the Upper Jurassic arc, producing more episodic and localized eruptions than in the
earlier extensional arc. Sediment sources in the Upper Jurassic strike-slip arc were also
more localized, with restraining bends shedding sediment into nearby releasing bends.
Normal fault scarps were rapidly buried by voluminous pyroclastic debris in the Lower
to Middle Jurassic extensional arc, so epiclastic sedimentary deposits are rare, whereas
pop-up structures in the Upper Jurassic strike-slip arc shed abundant epiclastic sediment into the basins. Three Upper Jurassic calderas formed along the Sawmill Canyon
fault zone where strands of the fault progressively stepped westward in a releasing
geometry relative to paleo-Pacific–North America plate motion.
We hypothesize that strike-slip basins in the Upper Jurassic arc formed in response
to changing plate motions that induced northward drift of North America, causing
sinistral deformation of the paleo-Pacific margin. Drift out of the northern horse latitudes into northern temperate latitudes brought about wetter climatic conditions, with
eolianites replaced by fluvial, debris-flow, and lacustrine sediments. “Dry” eruptions
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of welded ignimbrite were replaced by “wet” eruptions of nonwelded, easily reworked
ignimbrite and phreatoplinian fall. This Late Jurassic transition from hyperarid to
more temperate climatic conditions may thus form a superregional “time line” that ties
the Cordilleran plate margin to events in the interior of the continent.
Keywords: Jurassic, arc, strike slip, continental drift, climate.

INTRODUCTION
Sedimentologic, paleontologic, and paleomagnetic data from
well-studied Jurassic back-arc strata on the present-day Colorado
Plateau indicate that very rapid Late Jurassic continental drift
northward out of the horse latitudes into temperate latitudes
brought about a change from hyperarid conditions to wetter
climatic conditions (May et al., 1989; Blakey, 1996; Steiner and
Marzolf, 1997). These studies have shown that the eolianites that
dominate the Lower to Middle Jurassic section in the western interior (e.g., Navajo and Entrada Sandstones) are largely replaced
by fluvial and lacustrine deposits in the Upper Jurassic section
(Morrison Formation). Turner and Fishman (1991) infer that the
climate may have remained semiarid, as inferred from alkaline
lake deposits in part of the Morrison Formation, but shallow lakes,
streams, and a water table never far below the surface indicate a
wetter climate than envisioned for Early to Middle Jurassic time.
In this paper, we show that intra-arc basins near the plate
margin in southern Arizona (Fig. 1) record a similar climate
change, from eolian-dominated sedimentation in Early to Middle
Jurassic time to fluvially dominated sedimentation in Late Jurassic time. We infer that this climatic change produced a change
in eruptive style (Fig. 2) that influenced sedimentation far into
the plate interior. We also present here a tectonic model for the
Upper Jurassic arc in southern Arizona, in which intra-arc strikeslip basins formed in response to the changing plate motions that
induced northward drift of North America.
We present our tectonic and paleoclimate models first, in
order to provide a coherent framework for the description and
interpretation of structural and stratigraphic data. These data
are described from ten structural blocks in southern Arizona
that straddle the Sawmill Canyon fault zone. This is followed
by a discussion of the controls of climate change on volcanic
styles and super-regional stratigraphy. Last, we present a tectonic
model for the Upper Jurasssic strike-slip arc, contrasting it with
our previously published model for the Lowe to Middle Jurassic
extensional arc.
REGIONAL TECTONIC SETTING
Throughout much of southern Arizona, Upper Jurassic to
lower Cretaceous (?) conglomerates and interstratified volcanic
rocks occur upsection from more dominantly volcanic sections
that are Lower to Middle Jurassic in age (Figs. 1 and 2; Saleeby
and Busby-Spera, 1992). These conglomerates are widely
referred to as the Glance Conglomerate and in many places lie

at the base of Cretaceous nonmarine to marine sections referred
to as the Bisbee Group (Bilodeau, 1979; Jacques-Ayala, 1995;
Lawton and Olmstead, 1995). The Glance Conglomerate is the
basal unit in the Bisbee basin and thus records the tectonic setting during the basin’s initial opening. It occurs as piedmont fan
and canyon fill deposits with locally interbedded lava flows and
ignimbrites in grabens, half grabens, and calderas (Bilodeau,
1979; Dickinson et al., 1987, 1989; Busby and Kokelaar, 1992;
Lipman and Hagstrum, 1992; Bassett and Busby, 1996, 1997;
Lawton and McMillan, 1999; Dickinson and Lawton, 2001a).
Some workers have inferred that the Glance Conglomerate forms part of the Jurassic arc sequence, particularly in areas
where it has abundant interstratified volcanic rocks (Tosdal et
al., 1989). Other workers have suggested it records back-arc
extension (Bilodeau, 1979). Still others have inferred that the
Glance Conglomerate records continental rifting associated
with the opening of the Gulf of Mexico (Dickinson et al., 1986,
1987; Lawton and McMillan, 1999). The main “tug of war” has
occurred between workers placing the Glance Conglomerate
in an arc environment and those placing it in a continental rift
environment. A kind of “fence-sitting” model proposes that the
Glance Conglomerate records a transitional phase, wherein Gulf
of Mexico–related rifts progressively exploited the thermally
weakened, structurally attenuated crust of the Jurassic extensional arc (Busby-Spera et al., 1989; Saleeby and Busby-Spera,
1992; Lawton and McMillan, 1999). Strike-slip tectonics related
to the Mojave-Sonora megashear of Silver and Anderson (1974;
see also Anderson and Silver, this volume) probably influenced
this rifting (Anderson et al., 1995; Bassett and Busby, 1997;
Lawton et al., 1997; Anderson and Nourse, this volume). We propose a different model wherein the Glance Conglomerate records
oblique convergence partitioned between intra-arc strike-slip and
back-arc extension.
The eastern part of the Glance Conglomerate outcrop belt,
which is “inboard” relative to the paleo-Pacific subduction
margin, contains few interstratified volcanic rocks, and these
are mafic in composition (Lawton and Olmstead, 1995; Lawton
and McMillan, 1999). Geochemical data on the mafic volcanic
rocks from the eastern Bisbee basin indicate eruption in a rift
rather than arc environment (Lawton and McMillan, 1999). This
rift was referred to as the “Mexican Borderland rift,” which was
inferred to have been initiated when arc magmatism was abandoned in Arizona (Lawton and McMillan, 1999; Dickinson and
Lawton, 2001a, 2001b).
The Glance Conglomerate on the western, outboard edge of
the Bisbee basin (relative to the paleo-Pacific subduction margin)
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Figure 1. Geologic map of part of southern Arizona, showing Jurassic volcanic, sedimentary, and intrusive rocks, Upper Jurassic–Lower Cretaceous (?) Glance Conglomerate, possible source rocks for the Glance Conglomerate, fault zones that were probably active during Jurassic time
(including the Sawmill Canyon fault zone), and Jurassic calderas along the Sawmill Canyon fault zone. Upper Cretaceous and younger rocks in
the ranges, as well as Holocene basin fills, are shown in white. Caldera I—Montezuma caldera, caldera II—Turkey canyon caldera, and caldera
III—Parker canyon caldera of Lipman and Hagstrum (1992). References for data on Figures 1 and 2: Hayes and Raup (1968), Hayes (1970),
Drewes (1971a, 1971b, 1971c, 1972, 1976, 1981), Simons (1972, 1974), Titley (1976), Bilodeau (1979), Kluth (1982,), Vedder (1984), Bilodeau
et al. (1987), Dickinson et al. (1986, 1987, 1989), Beatty (1987), Asmerom (1988), Busby-Spera (1988), Tosdal et al. (1989), Riggs and Haxel
(1990), Klute (1991), Riggs and Busby-Spera (1990, 1991), Busby and Kokelaar (1992), Lipman and Hagstrum (1992), Riggs et al. (1993), Bassett and Busby (1996, 1997, and this volume), and Busby and Bassett (2005).

contains abundant rhyolitic, dacitic, and andesitic volcanic and
volcaniclastic deposits interstratified with boulder breccia-conglomerates. The reported compositions of these volcanic rocks is
based largely on phenocryst mineralogy (Hayes and Raup, 1968;
Hayes, 1970; Drewes, 1971c; Kluth, 1982; Lipman and Hagstrum, 1992). Geochemical analyses on volcanic rock samples
from the Canelo Hills region (Fig. 1) show light rare earth element (LREE) enrichment, Th enrichment, and a strong negative
Eu anomaly interpreted to record a variation on continental rift
volcanism (Krebs and Ruiz, 1987); however, we believe the
compositions indicate a volcanic arc setting (using criteria of
Saunders and Tarney, 1984). Geochemical analyses on volcanic
rock samples from the Santa Rita Mountains (Basett and Busby,
this volume) show large ion lithophile elements (LILE) enrichment, high field strength element (HFSE) depletion, a strong Ta
negative anomaly, and shoshonitic composition, all typical of

continental arc volcanism (Bassett and Busby, this volume). Volcanic rocks in the western Glance outcrop belt were erupted by
a wide variety of eruptive mechanisms, including silicic plinian
and phreatoplinian fall, andesitic vulcanian explosions, rhyolitic
to dacitic lava dome extrusion and collapse into hot block-andash flows, dacitic to andesitic flow brecciation, and effusion of
coherent (nonbrecciated) basaltic andesite lava flows (Fig. 2;
Hayes and Raup, 1968; Hayes, 1970; Drewes, 1971c; Kluth,
1982; Krebs and Ruiz, 1987; Lipman and Hagstrum, 1992; Bassett and Busby, 1996 and this volume; Busby and Bassett, 2005).
This wide range in compositions and eruptive behaviors does
not support the interpretation of Lawton and McMillan (1999)
that volcanic rocks interstratified with Glance Conglomerate are
bimodal in composition and restricted to caldera-forming silicic
eruptions associated with basalt lava flows, in a manner typical
of continental rift settings. Nor do we agree with Dickinson and
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Figure 2. Generalized lithostratigraphic columns showing Lower to Middle Jurassic extensional arc volcanic deposits (Mount Wrightson Formation, tuff of Cobre Ridge, and Canelo Hills volcanics) overlain by Upper Jurassic Glance Conglomerate and interstratified andesitic, dacitic,
and rhyolitic volcanic rocks (Glance Conglomerate, “Glance tuffs,” and “Glance volcanics”). These columns are hung on the base of the Glance
Conglomerate. At most localities the Glance Conglomerate rests on densely welded Middle Jurassic ignimbrites and interstraified eolian quartz
arenites (Mount Wrightson Formation—MWF, tuff of Pajarito, and Canelo Hills Volcanics ignimbrites I, II, and II). The Glance Conglomerate
contains three types of volcanic units that we correlate from range to range, labeled: (1) nonwelded rhyolite ignimbrites, (2) nonwelded dacite
block-and-ash-flow tuffs, and (3) andesite lava flows and flow breccias.

Lawton’s (2001a, 2001b) intrepretation that volcanic rocks interstratified with the Glance Conglomerate in the western Bisbee
basin represent “post-arc rift volcanics.” We interpret the western
(outboard) part of the Glance Conglomerate belt to represent
intra-arc basins, which formed along strike-slip faults (discussed
further below).
USEFULNESS OF IGNIMBRITE STRATIGRAPHY
FOR REGIONAL-SCALE CORRELATIONS
The stratigraphic, volcanological, tectonic, and paleoclimatic interpretions presented in this paper take advantage of
the widespread nature of ignimbrites. Ignimbrites are defined
as pumiceous, ash-rich pyroclastic flow deposits, which may or
may not be welded; some other workers use the term “ash-flow
tuff” ignimbrites (Sparks et al., 1973; Freundt et al., 2000). We
use distinctive characteristics of ignimbrites for purposes of correlation between ranges, including phenocryst abundance and
types, color, degree of welding, lithic contents and compositions,
and vertical and lateral organization of depositional structures

in the ignimbrites, as well as the nature of distinctive enclosing
strata. Using our data and building upon previous work cited in
Figure 1, we propose a correlation of Jurassic ignimbrites across
a large part of southern Arizona, through ten structural blocks
(Fig. 2), described below. This work demonstrates the usefulness of ignimbrite stratigraphy in making correlations between
widely separated ranges, despite postdepositional events including Jurassic strike-slip dismemberment, late Mesozoic to early
Cenozoic Laramide shortening, and middle to late Cenozoic
Basin and Range extension, as well as emplacement of plutons
and attendant alteration throughout much of the Mesozoic and
Cenozoic.
PROPOSED TECTONIC MODEL
We propose that Upper Jurassic basins of the western belt
of Glance formed as intra-arc strike-slip basins along the Sawmill Canyon fault zone (Fig. 1), at the same time that the eastern
(inboard) part of the belt experienced back-arc extension, due to
strain partitioning along an obliquely convergent margin. The
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Sawmill Canyon fault zone is the widest and longest fault zone in
the Bisbee basin, and it formed an important conduit for andesitic
to rhyolitic magmas throughout the Jurassic (Riggs and BusbySpera, 1990; Busby and Kokelaar, 1992; Bassett and Busby, 1996
and this volume; Busby and Bassett, 2005). We propose that the
Sawmill Canyon fault zone also controlled the siting of at least
three calderas identified by Lipman and Hagstrum (1992); these
straddle the Sawmill Canyon fault zone (Fig. 1) and erupted
ignimbrite units I, II, and III of the Canelo Hills volcanics (Fig. 2;
Lipman and Hagstrum, 1992; Busby and Kokelaar, 1992).
The Sawmill Canyon fault zone and related NW-trending,
steeply dipping faults form a regional lineament inherited from
Precambrian basement and reactivated in Mesozoic and Cenozoic
times (Fig. 1; Titley, 1976; Drewes, 1981). The Jurassic movement history of the Sawmill Canyon fault zone has been variably
interpreted as normal, dextral, or sinistral (Drewes, 1972; Titley,
1976; Bilodeau, 1979; Drewes, 1981; Busby and Kokelaar, 1992;
Lipman and Hagstrum, 1992). This fault marks the northeastern
structural boundary of thick Lower to Middle Jurassic arc volcanic successions, interpreted to form the fill in one segment of a
1000-km-long extensional arc graben depression that extended
semicontinuously from Sonora, Mexico, to northern California
and Nevada (Busby-Spera, 1988). Evidence for movement on the
Sawmill Canyon fault zone in Late Jurassic time includes large
slabs of shattered rock interbedded with the Glance Conglomerate in the Mustang Mountains, the Huachuca Mountains, and the
Canelo Hills (Fig. 1; Hayes and Raup, 1968; Davis et al., 1979;
Bilodeau, 1979) as well as along the southern extension of the
Sawmill Canyon fault zone into Mexico (McKee and Anderson,
1998). These are widely agreed to represent megabreccias that
avalanched off fault scarps. In this paper we present evidence that
the Sawmill Canyon fault zone was active as a strike-slip fault
during deposition of the Glance Conglomerate and interstratified
volcanic rocks.
Upper Jurassic strike-slip intra-arc basin deposits contrast
with Lower to Middle Jurassic extensional intra-arc basin deposits in several ways (Table 1). Subsidence in the Lower to Middle
Jurassic extensional arc was uniformly fast and continuous along
syndepositional normal faults (Busby-Spera, 1988; Busby-Spera
et al., 1990; Riggs and Busby-Spera, 1990; Riggs et al., 1993;

Haxel et al., this volume). In contrast, at least parts of the Upper
Jurassic arc experienced rapidly alternating uplift and subsidence, producing numerous large-scale unconformities, as well
as intrabasinal reverse and normal faults (Bassett and Busby,
this volume). We interpret this “porpoising” to be the result of
temporal alternations between subsiding releasing bends and
uplifting restraining bends along the Sawmill Canyon fault
zone, and we propose that restraining bends were sites of sediment production. High rates of extension in the Middle to Upper
Jurassic arc resulted in high rates of magma production so that
basin-bounding fault scarps were buried by pyroclastic deposits,
leading to a general lack of talus cones and alluvial fan deposits
(Fig. 2), similar to the modern Taupo Volcanic zone. In contrast,
Late Jurassic volcanism was more restricted in volume, space,
and time (Figs. 1 and 2) so that fault scarps were fringed with
breccia-conglomerate units (Glance Conglomerate), in place of
being buried by pyroclastic debris. Furthermore, erosion of popup structures along restraining bends contributed to the epiclastic
sediment supply.
PROPOSED CLIMATIC CONTROLS ON STYLES OF
VOLCANISM AND SEDIMENTATION
A super-regional “time line” controlled by climate change
may be represented by a contact between: (1) sections with
welded ignimbrites, and (2) sections with nonwelded ignimbrites
and associated phreatoplinian fall deposits. In southern Arizona,
this contact coincides approximately with the base of the Glance
Conglomerate (Fig. 2). We do not regard this as a coincidence but
rather a fundamental change in tectonic style that accompanied
the very rapid northward drift of North America (Table 1).
Lower to Middle Jurassic rocks of the southwestern United
States record hyperarid conditions. In the extensional arc of
southern Arizona, this is recorded by eolian quartz arenites
interstratified with strongly welded ignimbrites with a rarity
of fluvial deposits and total lack of lake deposits (e.g., Mount
Wrightson Formation and tuff of Cobre Ridge, Fig. 2; Riggs and
Busby-Spera, 1990, 1991). The high emplacement temperatures
required for strong welding indicates that the eruptions were
“dry” (i.e., no interaction with surface water). All of the glass

TABLE 1. CONTRASTING VOLCANIC, STRUCTURAL, AND CLIMATIC CONTROLS ON THE FILL
OF EARLY TO MIDDLE JURASSIC VERSUS LATE JURASSIC INTRA-ARC BASINS, ARIZONA
Early to Middle Jurassic extensional arc

Late Jurassic strike-slip arc

Volcanic controls

More voluminous, widespread, and continuous eruptions
=> scarps buried by pyroclastic deposits

More restricted eruptions in space and time, episodic
=> scarps eroded, shedding sediments into the canyons

Structural controls

Uniformly fast and continuous subsidence
=> unconformities rare

“Porpoising” on all scales, local regions of uplift within basins
=> numerous big unconformities intrabasinal highs shed
sediment

Climatic controls

Hyperarid: eolianites

Wetter climate: sheetwash and channelized
hyperconcentrated flood flow and dilute flow
=> “wet” eruptions of nonwelded tuffs, plinian, and
phreatoplinian fall

=> “dry” eruptions of welded tuffs, most rheomorphic
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shards in these ignimbrites are bubble-wall shards produced by
magmatic vesiculation. They lack blocky shards, which are produced by fragmentation upon contact with surface water (Heiken
and Wohletz, 1985).
As the climate grew wetter in late Middle to Late Jurassic
time, eolian quartz sands were reworked as fluvial deposits (for
example, fluvial quartz arenites interstratified with Canelo Hills
volcanics and basal “Glance tuffs,” Fig. 2). Finally, the climate
became wet enough for surface and groundwater to collect in and
around vent areas, and the style of volcanism changed dramatically, generating nonwelded to weakly welded ignimbrites and
associated phreatoplinian fallout. Nonwelded ignimbrites and
phreatoplinian ashes are friable, very easily remobilized pyroclastic deposits. Increased rainfall remobilized this pyroclastic
debris by fluvial processes, including channelized stream flow
and sheetflood, as well as by debris-flow processes (e.g., Glance
Conglomerate, central and southern Santa Rita Mountains,
Fig. 2; Bassett and Busby, this volume).
Phreatomagmatic eruptions commonly result in nonwelded
ignimbrites, together with widespread and voluminous fall
deposits (plinian and phreatoplinian) and surge deposits. They
typically occur where lakes or shallow embayments of the sea lie
above vents in downsagged areas of caldera evacuation or structurally controlled extension or transtension (Wilson et al., 1995).
Ignimbrites generated from phreatomagmatic eruptions are
nonwelded, with blocky shards as well as bubble-wall shards,
and commonly lack carbonized plant material, due to cooling
of pyroclasts during eruption through water (Self, 1983; Heiken
and Wohletz, 1985; McPhie et al., 1993; Bryan et al., 2000; De
Rita et al., 2002). Silicic magmatic explosions enhanced by
steam explosions produce the highest eruption columns, which
provide the momentum to make phreatoplinian ignimbrites the
most mobile pyroclastic flows on Earth (Self, 1983; Houghton
et al., 2000a).
Phreatoplinian fallout tuffs can be enormously widespread,
with thicknesses generally <3–4 m but extending for many hundreds of kilometers in both upwind and downwind directions,
with very little change in grain size with distance (Self, 1983).
Phreatoplinian ash fall is extremely fine grained and well sorted,
with deformational structures typical of water-saturated, cohesive soft sediment, e.g., convolute lamination and plastering of
vertical surfaces (Self and Sparks, 1978; Self, 1983; Wilson et al.,
1995; De Rita et al., 2002). Phreatoplinian tuffs occur in thin to
very thin beds (~1–5 cm) that are tabular to convolute and mantle
topography; they are composed largely of blocky glass shards,
in addition to bubble-wall shards, and may preserve horizons of
accretionary lapilli (Heiken and Wohletz, 1985; McPhie et al.,
1993; Morissey et al., 2000; Houghton et al., 2000a; JuradoChichay and Walker, 2001). The very thin tabular beds in phreatoplinian ash fall suggest intermittent explosions from highly
vesiculated magma interacting with surface water (Houghton
et al., 2000a). Phreatoplinian tuffs are commonly interstratified
with plinian pumice fall deposits; these are recognized as wellsorted pumice accumulations that mantle topography in thin beds

(Fisher and Schminke, 1984; Houghton et al., 2000b). The alternation of plinian and phreatoplinian tuffs results from variability
in water influx to the vent (Wohletz, 1986; Jurado-Chichay and
Walker, 2001). Phreatoplinian tuffs that lack nonjuvenile rock
fragments are more typical of interaction with surface water,
rather than aquifers (De Rita et al., 2002).
The pyroclastic rocks interstratified with the Glance Conglomerate are dominated by nonwelded rhyolitic to andesitic phreatomagmatic ignimbrites, with lesser phreatoplinian rhyolitic tuffs
and phreatomagmatic andesitic tuffs (Fig. 2). We speculate that the
change in eruptive style recorded in the western belt of the Glance
Conglomerate was the result of climate change from hyperarid to
wetter conditions, induced during rapid northward drift of North
America out of the horse latitudes into more temperate latitudes.
To summarize, our new correlations of widespread ignimbrites across ten structural blocks straddling the Sawmill Canyon
fault zone (Figs. 1 and 2) permit the following interpretations
for Jurassic time: an earlier stage of “dry” ignimbrite eruptions
(Lower to Middle Jurassic Mount Wrightson Formation, overlain
by Middle Jurassic tuff of Pajarito and Middle Jurassic Canelo
Hills volcanics) was succeeded across the region by a later
stage of dominantly “wet” ignimbrite eruptions (Upper Jurassic
“Glance Conglomerate and volcanics” and “Glance tuffs”). This
climatically controlled transition in eruptive style coincides with
a tectonically controlled change in sedimentological style, characterized by deposition of compositionally and texturally immature, locally sourced conglomerates (Glance Conglomerate).
PALEOMAGNETIC EVIDENCE FOR VERY RAPID
NORTHWARD DRIFT OF NORTH AMERICA IN LATE
JURASSIC TIME
Southwestern North America resided in equatorial latitudes
from the mid-Pennsylvanian (Supai Group) through the Early
Jurassic (~Pliensbachian Kayenta Formation), shown in Figure 3A.
For reference, the center of the plateau (e.g., Four Corners area) lay
at paleolatitudes of 4°–7° N through the Early Jurassic.
For the end of the Early Jurassic and most of the Middle
Jurassic (Toarcian–Bathonian), no paleomagnetic data are available to define the paleolatitude of North American, but by latest
Middle Jurassic time (upper Callovian Summerville Formation),
the Plateau center lay at 21° N. Paleomagnetic poles with ages
within that time gap have been determined (Kluth et al., 1982;
May et al., 1986) and lie in sequential relative positions between
the Kayenta and Summerville paleopoles, but their reliability is
questionable because they come from sites in the block-rotationprone Basin and Range province. If these sites have not been
subject to rotation, a more refined estimate of northward motion
versus age can be made. Nevertheless, at this stage of our knowledge, an ~15° northward shift of North America occurred during
the Middle Jurassic (Fig. 3A), between ca. 185 Ma and 160 Ma
(using the time scale of Gradstein et al., 2004).
The North American Plate apparently exhibited little motion
with respect to the geomagnetic pole between the latest Callovian
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and late Oxfordian (ca. 155–150 Ma; Fig. 3B), demonstrated by
statistically identical paleopoles from the Summerville and overlying lower Morrison Formations. This “stillstand” of the plate
is indicated from data at locations on both the Colorado Plateau
and the craton. The J-5 unconformity, which formed in this time
frame, may therefore have encompassed little time, consistent
with its only intermittent presence and aerially restricted nature
(Imlay, 1980).
Paleomagnetic data suggest that a second period of northward drift of North America and the plateau, of more rapid
nature, occurred in the Late Jurassic, after deposition of the lower
sand-dominated (Salt Wash) member of the Morrison Formation
and prior to the deposition of the variegated tuffaceous claystones
of the Brushy Basin member. This shift was ~13° northward
(Fig. 3). In addition, between deposition of the two members,
the Colorado Plateau was rotated 4°–5° clockwise relative to
cratonic North America. No field evidence of a hiatus has been
observed, but the two very different paleopole positions require
one. The change in sedimentary facies across the unconformity
may be indicative of the tectonic event that caused rotation of
the Colorado Plateau. We infer that abundant ashes above the
unconformity record a climatically controlled transition in eruptive style in the arc, i.e., progressively “wetter,” as North America
drifted into temperate latitudes. The age of the postulated hiatus
is between ca. 152 and 150 Ma, estimated from a comparison
of the magnetostratigraphy to the seafloor record (Steiner, 1998)
and from 40Ar/39Ar dating of tuffs in the formation (Kowallis et
al., 1998; Gradstein et al., 2004).
In summary, southwestern North America was translated
~15° northward from equatorial latitudes between ca. 185 and
160 Ma and even more rapidly, another ~13° further northward,
between ca. 152 Ma and 150 Ma.
LITHOSTRATIGRAPHY OF STRUCTURAL BLOCKS
STRADDLING THE SAWMILL CANYON FAULT ZONE
We summarize stratigraphic and structural data that support
the tectonic and paleoclimatic models presented above (Table 1
and Fig. 4); for more complete reviews of the Jurassic arc and the
Glance Conglomerate in southern Arizona, see Dickinson et al.
(1986, 1987, 1989), Bilodeau et al. (1987), Busby-Spera (1988),
Tosdal et al. (1989), Saleeby and Busby-Spera (1992), and Dickinson and Lawton (2001a).
We make stratigraphic correlations between ranges (Fig. 2)
on the basis of lithologic similarities, using outcrop and thin
section characteristics. Lithologic correlations are more convincing where two or more lithologically distinct units occur
in stratigraphic succession. The correlations presented here are
based largely on our reconnaissance mapping, using published
maps and papers cited in the caption for Figure 1; we have not
made our own detailed maps, cross sections, and measured sections of most of these ranges, except in the Santa Rita Mountains
(Bassett and Busby, this volume; Riggs and Busby-Spera, 1990)
and the Pajarito Mountains (Riggs and Busby-Spera, 1991). The

lithostratigraphic columns are generalized, composite sections
intended to summarize the predominant and lithologically distinctive units used for correlation in this paper, and are by no means
detailed or exhaustive. We intend for these correlations and the
model that results from them to be tested by future workers using
geochemistry, geochronology, and additional field mapping.
Generalized lithostratigraphic columns of Figure 2 are hung
on the base of the Glance Conglomerate. This rests on densely
welded Middle Jurassic ignimbrites and interstratified eolian
quartz arenites at most localities, and correlations between these
ignimbrites are summarized in Figure 2, as well as the types of
volcanic units correlated from range to range in the Glance Conglomerate. The columns are arranged in a manner that makes it
easiest to see the correlation of units between structural blocks of
the present-day Basin and Range topography, rather than being
arranged in any consistent fashion relative to the various strands
of the Sawmill Canyon fault zone. The northern Santa Rita
Mountains and the Mustang Mountains lie northwest of all proposed traces of the Sawmill Canyon fault zone, and the Pajarito
and Patagonia Mountains lie southwest of all proposed traces.
We propose that all the other ranges lie between various strands
of the fault zone (Fig. 1), including the central and southern Santa
Rita Mountains, the northern and southern Canelo Hills, and the
Huachuca Mountains.
Santa Rita Mountains, Northern Block
The northern Santa Rita Mountains structural block is
bounded to the south by the Sawmill Canyon fault zone (Fig. 1)
and is further subdivided into two structural blocks by a Laramide
(Upper Cretaceous–lower Tertiary) thrust fault. Glance Conglomerate in the north sub-block overlies the Cambrian Bolsa
Quartzite and the Precambrian Continental Granodiorite, and
in the south sub-block it rests on Paleozoic carbonates (Fig. 2;
Drewes, 1972, 1976). The Glance Conglomerate passes upward
from carbonate clast-dominated conglomerate to granodioriteclast-dominated conglomerate, recording the stripping of Paleozoic cover down to basement. There are no Lower to Middle
Jurassic volcanic rocks below the Glance Conglomerate here, but
an andesite lava flow lies within it (Fig. 2).
Precambrian to Paleozoic source rocks for the Glance Conglomerate are abundant northwest of the Sawmill Canyon fault
zone and absent south of it. This is probably because they are
deeply buried under the Lower to Middle Jurassic extensional
arc graben depression of California and Arizona (Busby-Spera,
1988). This is the reason Dickinson and Lawton’s (Fig. 7 in
Dickinson and Lawton, 2001a) NW-SE trending boundary
between volcanic-clast-dominated and limestone-clast-dominated Glance Conglomerate coincides with the Sawmill Canyon
fault zone of Figure 1.
The lack of Lower to Middle Jurassic volcanic rocks in the
northern Santa Rita structural block is consistent with the interpretation that the Sawmill Canyon fault zone formed the northeastern boundary of the extensional arc graben depression shown
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Figure 3. Changes in paleolatitude and paleoorientation of the North American continent during the Jurassic for the times during which data is available. Chartreuse: Sinemurian-Pliensbachian, or ca. 185 Ma (Kayenta Formation); green: upper Callovian–lower Oxfordian, ca. 160–155 Ma (Summerville Formation); blue: upper Oxfordian–lower Kimmeridgian, ca. 155–152 Ma (lower Morrison Formation); red: upper Kimmeridgian–lower
Tithonian, 150–148 Ma (Upper Morrison Formation). The heavy line designates the equator, and paleolatitude is shown in 5° increments.
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in Figure 4, perhaps representing an area of footwall uplift at that
time. The Mustang Mountains (Fig. 1; discussed below) is the only
range northeast of the Sawmill Canyon fault zone that contains a
section of Lower or Middle Jurassic volcanic rocks, and these are
relatively thin caldera outflow ignimbrites (described below).
Santa Rita Mountains, Central and Southern Block
Jurassic strata of the central and southern Santa Rita Mountains include (Fig. 2): (1) the Lower to Middle Jurassic Mount
Wrightson Formation, described in detail by Riggs and BusbySpera (1990), and (2) the Upper Jurassic Temporal, Bathtub, and
Glance Formations of Drewes (1971a), redefined as the Santa
Rita Glance Conglomerate and described in detail by Bassett and
Busby (this volume).
The Lower to Middle Jurassic Mount Wrightson Formation
records hyperarid conditions, with eolian quartz arenites and a
total lack of fluvial or lacustrine deposits, an eruptive style that
was “dry,” with all of the ignimbrites strongly welded, and a
complete lack of phreatoplinian or phreatomagmatic tuff (Riggs
and Busby-Spera, 1991). This is in strong contrast with the Upper
Jurassic Santa Rita Glance Conglomerate, which has abundant
fluvially reworked tuffs and mudflow deposits and an eruptive
style that was “wet,” with predominantly nonwelded ignimbrites
interstratified with phreatoplinian rhyolite tuffs and ignimbrites,
as well as phreatomagmatic andesite tuffs and reworked tuffs
(described in detail by Busby and Bassett, 2005). Another major
difference between the Mount Wrightson Formation and the
Santa Rita Glance Conglomerate is that the Mount Wrightson
Formation lacks the boulder breccia-conglomerates that dominate the Santa Rita Glance Conglomerate adjacent to the Sawmill Canyon fault zone (Fig. 2). We attribute this to a change in
tectonic style along the Sawmill Canyon fault zone, from extensional in the Early to Middle Jurassic (Busby-Spera, 1988; Riggs
and Busby-Spera, 1990) to strike slip in the Late Jurassic (Bassett
and Busby, this volume).
The most distinctive feature of the Lower to Middle Jurassic
Mount Wrightson Formation, densely welded purple-red dacite
ignimbrites, is emphasized in Figure 2, and we correlate these
with ignimbrites in the Northern Canelo Hills and the Pajarito
Mountains of Arizona and Sonora (Fig. 2 and described below).
These ignimbrites are distinctive not only for their color and
dense welding but also for their lack of quartz phenocrysts,
which are commonly present in other Lower to Middle Jurassic
continental arc ignimbrites of Arizona and California. However, in addition to the distinctive ignimbrites, in the Santa Rita
Mountains the Mount Wrightson Formation contains a diverse
array of volcanic lithofacies that represent a complex of multiple
small intermediate to silicic eruptive centers, referred to as a
“multivent complex” (Riggs and Busby-Spera, 1990). There,
rapid intra-arc subsidence resulted in a complex juxtaposition of
vent proximal, medial, and distal facies, because vent areas were
buried by volcanic/volcaniclastic material derived from adjacent
vents in the multivent complex. Rapid intra-arc subsidence also

resulted in repeated burial of vent areas (and other environments)
by eolian quartz arenites equivalent in age to major ergs on the
Colorado Plateau (Riggs et al., 1993). The distinctive purple-red
dacite ignimbrites of the Mount Wrightson Formation basin
accumulated as outflow ignimbrites presumably erupted from an
unidentified caldera/caldera complex elsewhere in the arc (Riggs
and Busby-Spera, 1991).
The Upper Jurassic Santa Rita Glance Conglomerate
unconformably overlies the underlying Lower to Middle Jurassic Mount Wrightson Formation and is similar in that both are
largely composed of silicic to intermediate composition multivent complexes preserved in a basin that also accumulated and
preserved outflow ignimbrites erupted elsewhere (Bassett and
Busby, this volume; Busby and Bassett, 2005). We consider it
very significant that multivent complexes formed in the area of
the present-day Santa Rita Mountains throughout the Early, Middle, and Late Jurassic. We interpret this to reflect proximity to a
continuously active fault zone (Sawmill Canyon), with strands
of the fault frequently plumbing small batches of magma to the
surface. We propose that multivent volcanic complexes should
be common along major fault zones, be they normal faults (e.g.,
Mount Wrightson Formation) or strike-slip faults (e.g., Santa
Rita Glance Conglomerate).
We interpret the Santa Rita Glance Conglomerate as the
fill of an intra-arc strike-slip basin (Bassett and Busby, this
volume). Evidence for an intra-arc, rather than rift, setting for
this basin includes: (1) a wide compositional range and relative proportions of those compositions (~30% andesitic, ~25%
dacitic, and ~45% rhyolitic), (2) a wide range in eruptive styles,
and (3) strong LILE enrichment, HFSE depletion, a strong Ta
negative anomaly, and shoshonitic composition, all typical of
continental arc volcanism (Basett and Busby, this volume). The
Sawmill Canyon fault zone was the master fault for the intraarc strike-slip basin, as shown by lithofacies distribution, basin
asymmetry, vent locations, structural style, and the geometry of
intrabasinal unconformities. A less regionally significant fault
zone lay along the south end of the basin, and we name this fault
the Gringo Gulch fault zone (Fig. 1). The basin also contains
numerous intrabasinal syndepositional high-angle faults, which
alternated in space and time between normal-slip and reverseslip separation. The basin fill thickens dramatically away from
subordinate basin-bounding faults (“shallow” end) toward the
master strike-slip fault (“deep” end) where subsidence was
greatest. Talus cone-alluvial fan deposits (Glance Conglomerate
sensu stricto) are largely restricted to the master fault–proximal
(deep) end of the basin. Nearly all of the proximal extrabasinal
volcanic rocks were erupted from the master fault zone, where
they became trapped in the deep end of the basin, and most of the
intrabasinal volcanic rocks were erupted from vents along splays
of the master fault and trapped in the deep end. These processes
kept the deep (master fault–proximal) end of the basin overfilled,
so that it could not provide accommodation for the reworked
tuffs and extrabasinally sourced ignimbrites that dominate the
shallow (underfilled) end of the basin. This pattern of basin fill
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contrasts markedly with that of nonvolcanic strike-slip basins
on transform margins, where clastic sedimentation commonly
cannot keep pace with subsidence in the master fault–proximal
end (Busby and Bassett, 2005). Eight large-scale unconformable
surfaces occur within the basin. Five are asymmetrical and show
extreme vertical relief (460–910 m) with very high paleoslope
gradients (40°–71°) that dip away from the master fault. We
interpret these as fault scarps or paleoslide scars produced during
basin uplift events at restraining bends along the master fault. The
other three unconformities are symmetrical and less steep, with
vertical relief of 200–600 m and paleoslope gradients of 20°–25°.
We interpret these surfaces to be the walls of steep paleocanyons
(Bassett and Busby, this volume).
The structural style and the unconformities recorded in the
Upper Jurassic Santa Rita Glance Formation are typical of basins
affected by both releasing bends and restraining bends along
strike-slip faults (Bassett and Busby, this volume). Alternating
reactivation of normal faults as reverse faults, and vice versa, is
a distinguishing feature of releasing-bend strike-slip basins that
have been affected by restraining bends, either simultaneously
or successively through time (Crowell, 2003; Link, 2003; Nilsen
and Sylvester, 1995). When a strike-slip fault system is slightly
transtensional, the sizes of the restraining bends (where reverse
faulting occurs) are less than the size of the releasing bends
(where normal faulting occurs); therefore, net subsidence over
time will result in partial preservation of the basin fill (Cowan et
al., 1989; Cowan and Pettinga, 1992; Cowan et al., 1989; Wood et
al., 1994). We infer that the deep unconformities in the Santa Rita
Glance Formation were created during uplift at small restraining
bends, leaving most of the releasing bend basin deposits undeformed (Bassett and Busby, this volume).
Patagonia Mountains, Bagby Ranch Block
Jurassic strata of the Patagonia Mountains occur in two
structural blocks, separated by a fault zone of uncertain age and
amount and sense of offset (Simons, 1972). The fault zone cuts
the top of the Bagby Ranch block and the base of the Corral Canyon block section (Fig. 2). We correlate red beds at the top of the
Bagby Ranch block with red beds in basal strata of the Corral
Canyon block and interpret them as fault-distal facies of Glance
Conglomerate (Fig. 2). This interpretation is supported by the
volcanic stratigraphy of the two blocks, which we correlate with
units in the Santa Rita Mountains (Fig. 2), discussed here.
Basal strata of the Bagby Ranch block consist of a very thick
(~200 m) texturally and compositionally mature quartz arenite
with trough cross-lamination, ripple cross-lamination, planar
lamination, and cut and fill structures. We interpret this to record
fluvial reworking of eolian sands. This is overlain by a distinctive phenocryst-poor rheomorphic rhyolite ignimbrite. This very
densely welded ignimbrite is pale tan to gray, containing less
than 10% small phenocrysts of quartz and feldspar and abundant
distinctive spherulitic and lithophysal crystallization textures. It
is identical to the “rhyolite lava” member of the Canelo Hills

Volcanics of Hayes (1970), which was reinterpeted to be a “lavalike” or ultrawelded ignimbrite by Lipman and Hagstrum (1992).
They correlated this ignimbrite (unit II of Canelo Hills Volcanics,
Fig. 2) from the southern Huachuca Mountains through the
Canelo Hills to the Mustang Mountains and inferred that it was
erupted from the Turkey Canyon caldera (caldera II, Fig. 1) sited
along the Sawmill Canyon fault zone. We extend this correlation
to the Patagonia Mountains (Fig. 2). Our correlation is supported
by the presence of Canelo Hills Volcanics unit III on top of unit
II in the Patagonia Mountains (Fig. 2). This is a phenocryst-rich
welded ignimbrite characterized by abundant quartz and feldspar,
referred to as the “welded tuff member” of the Canelo Hills Volcanics of Hayes (1970); like unit II, it was correlated from the
southern Huachuca Mountains through the Canelo Hills to the
Mustang Moutains by Lipman and Hagstrum (1992), who identified and named the Parker Canyon caldera (caldera II, Fig. 1) as
its source. This in turn is overlain by red sandstones and siltstones
whose stratigraphic position directly above the Canelo Hills Volcanics is similar to that of the Glance Conglomerate in three other
structural blocks (Hayes and Raup, 1968; Vedder, 1984; Lipman
and Hagstrum, 1992). Therefore, we infer that these red beds
represent a fault-distal, fluvial facies of the Glance Conglomerate, similar to fluvial redbeds in the master fault–distal part of the
Santa Rita Mountains. These are in turn overlain by dacite blockand-ash-flow tuffs (Fig. 2).
Dacite block-and-ash-flow tuffs in the Bagby Ranch block
of the Patagonia Mountains (Fig. 2) appear identical to those of
the Santa Rita Mountains except that they are more fine grained.
They are gray, massive, monomict, poorly sorted matrix-supported tuff breccia and lapilli tuff. They are composed of ~75%
nonvesiculated (dense) dacitic blocks and lapilli in a matrix of
ash-sized fragments of the same composition and shape. Pumice
is absent. In both the Santa Rita and the Patagonia Mountains,
the dacite block-and-ash-flow tuffs have ~15%–30% crystals,
mostly plagioclase with lesser biotite and quartz, with a higher
crystal content in the matrix than the clasts, probably due to loss
of vitric component during flow. In the Santa Rita Mountains,
these deposits coarsen dramatically toward the Sawmill Canyon
fault zone, and they are inferred to have been generated by collapses on lava domes sited along the fault (Busby and Bassett,
this volume).
Several features of the dacite block-and-ash-flow tuffs in
the Patagonia Mountains indicate they are distal equivalents of
the those of the Santa Rita Mountains. They are predominately
lapilli tuffs rather than tuff breccias; they occur in flow units
1–2 m thick rather than tens of meters thick; there are only a few
of them rather than dozens of flow units; and they lack the delicate, plastically deformed “amoeboid” clasts that occur (although
rarely) in the Santa Rita Mountains. The present-day distance of
the block-and-ash-flow deposits from their proximal equivalents
in the Santa Rita Mountains (~25 km) is a rather long one for
block-and-ash flows to travel. Perhaps there was enough relief on
the Sawmill Canyon fault zone to generate the momentum necessary to drive block-and-ash-flows that far; the enormous scale of
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buried fault scarps and slide scars in the Santa Rita section suggests there may have been. Alternatively (or in addition), the two
basins may have been originally closer to each other, if they were
subsequently offset in a sinistral sense by the Gringo Gulch fault
(Fig. 1), which was active during deposition of the Santa Rita
Glance Conglomerate (decribed above; Bassett and Busby, this
volume). This fault reconstruction would also restore Jurassic
intrusions of the two ranges (Fig. 1) to closer proximity.
Dacite block-and-ash-flow tuffs occur within unconformity-bounded sequences 4 and 5 (out of 8) in the Santa Rita
Mountains, indicating that the top of the Bagby Ranch block
section is correlative with the middle of the Santa Rita Glance
Conglomerate.
Patagonia Mountains, Corral Canyon Block
We correlate strata of the Corral Canyon block with the
upper part of the Santa Rita Glance Conglomerate, using a distinctive pale greenish white nonwelded ignimbrite that occurs
near the top of the Corral Canyon section (Fig. 2) and also in
unconformity-bounded sequence 6 (out of 8) in the Santa Rita
Mountains (Bassett and Busby, this volume).
The basal unit of the Corral Canyon block consists of
red siltstone, conglomerate, and sandstone beds that we refer
to as Glance Conglomerate. Most show cut and fill structures
and stratification/cross stratification typical of fluvial deposits,
although some are massive, matrix-supported beds typical
of debris flows. Fault talus breccias are absent. We therefore
interpret these redbeds to represent fault-distal to fault-medial
facies of the Glance Conglomerate. The conglomerate clasts
are largely volcanic, and the granitoid clasts that are present
in most conglomerate beds in the Santa Rita Mountains are
absent, although many conglomerate beds in the Santa Rita
Mountains have 100% volcanic clasts. Siltstones in the middle
of the red bed unit have a single interbed of algal limestone,
less than a meter thick, which may represent the deposit of a
shallow lake.
The Glance Conglomerate is overlain by two ignimbrites
that we have not yet recognized in other ranges, separated by a
few meters of bedded sandstone. These are in turn overlain by
another section of Glance Conglomerate with sandstone and
siltstone, in turn overlain by a distinctive pale greenish white
ignimbrite that we recognize in unconformity-bounded sequence
6 of the Santa Rita Mountains (labeled 1 on Fig. 2; Bassett and
Busby, this volume). This is a pale greenish white nonwelded
pumice-rich rhyolite tuff. Pumices are abundant and flattened in
a white to pink aphyric matrix of vitric tuff, composed of blocky
or splintery shards and bubble-wall shards. The matrix is crystal
poor, with less than 10% crystals of plagioclase, quartz, biotite,
and traces of potassium-feldspar. Similar nonwelded ignimbrite
are also present in the southern Canelo Hills block (labeled 1 on
Fig. 2 and discussed below). The top of the section consists of a
third ignimbrite we have not recognized in other ranges, partly
intruded out along an andesite sill.

Pajarito Mountains (Arizona and Sonora)
The volcanic section in the Pajarito Mountains is dominated
by the Middle Jurassic tuff of Pajarito, which fills an enormous
composite caldera ~50 km long by 25 km wide, described by
Riggs and Busby-Spera (1991). The tuff of Pajarito is very crystal
rich (50% phenocrysts), with quartz, plagioclase, and potassium
feldspar in equal proportions. It is dated at 169 Ma and contains
interbeds of eolian quartz arenites (variably contaminated by
volcanic detritus) that are age-correlative with the Temple Cap
or Page sandstones on the Colorado Plateau (Riggs et al., 1993).
The caldera-filling tuff of Pajarito is conformably overlain by
caldera moat deposits (Riggs and Busby-Spera, 1991).
The Mount Wrightson Formation lies in the floor of the
caldera in the Las Borregas area of Sonora (Fig. 2; Riggs and
Busby-Spera, 1991). This forms a >1-km-thick section of crystal-poor igimbrites lacking quartz, with lesser eolian sandstone.
The uppermost of these ignimbrites is identical in outcrop and
thin section to crystal-poor, densely welded, reddish purple
ignimbrites of the Lower to Middle Jurassic Mount Wrightson
Formation in the Santa Rita Mountains, which also lack quartz
phenocrysts (Riggs and Busby-Spera, 1990, 1991).
The Glance Conglomerate unconformably overlies the Middle Jurassic volcanic section in the Pajarito Mountains (Knight,
1970; Keith and Theodore, 1975). It lacks volcanic interbeds,
possibly due to its distance from the Sawmill Canyon fault zone,
which appears to have plumbed magmas to the surface in Late
Jurassic time (Fig. 1).
Mustang Mountains
We follow Lipman and Hagstrum’s (1992) stratigraphy for
the Mustang Mountains, consisting of the triparite ignimbrite
sequence, Canelo Hills volcanics units I, II, and III, overlain
by the Glance Conglomerate (Fig. 2). Unit I consists of reddish
brown welded dacite tuff with ~25% phenocrysts of plagioclase,
quartz, and biotite (Lipman and Hagstrum, 1992). In places it
rests on Permian carbonates (Lipman and Hagstrum, 1992), but
we map this contact as a buttress unconformity, where redbeds
intervene between the Paleozoic carbonates and the ignimbrite
(Fig. 2). The redbeds that underlie unit I contain slide blocks of
Paleozoic limestone encased in siltstone. These are interstratified with breccia-conglomerate beds with chert clasts derived
from the Paleozoic limestone as well as volcanic sandstone and
conglomerate and lesser quartz arenite, all showing sedimentary
structures typical of fluvial deposition (e.g., cut and fill structures,
cross-lamination, good sorting). We recognize an angular unconformity of up to 45° between ignimbrite unit I and ignimbrite
unit II, which we attribute to rotation on a syndepositional fault
with a normal component of offset; this fault cuts unit I and is
overlapped by unit II (Fig. 2). We also recognize angular discordance between units II and III, possibly due to rotation on a fault
that cuts both units but does not cut the Glance Conglomerate
(Fig. 2), which overlies unit II with slight angular discordance.
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Canelo Hills volcanics unit II, the crystal-poor ultrawelded
spherulitic rhyolite ignimbrite (Lipman and Hagstrum, 1992),
contains lineations produced during flow that are useful for
determining paleotransport directions. Both units II and III lie
in buttress unconformity against faulted Paleozoic limestone
(Fig. 2), and lineations in unit II are suggestive of transport at a
45° angle to the Sawmill Canyon fault zone; we speculate that
this reflects funneling of flows along paleocanyons controlled by
faults antithetic to the Sawmill Canyon fault zone.
Canelo Hills, Northern Block
The “rhyolite flow member” of the Canelo Hills volcanics
(now referred to as ignimbrite unit II, Fig. 2) was first described
in the northern Canelo Hills by Kluth (1982). This crystal-poor
spherulitic ultrawelded rhyolite ignimbrite overlies quartz arenite
(Fig. 2) with sedimentary structures typical of fluvial deposition
(cut and fill structures and ripple and trough cross-lamination).
This may record fluvial reworking of eolian sands. Downsection
from this, in a section of redbeds, lies a purplish red, densely
welded ignimbrite with plagioclase phenocrysts, which we tentatively correlate with the Mount Wrightson Formation (Fig. 2).
Canelo Hills, Southern and Lone Mountain Blocks
Canelo Hills volcanics unit II in the southern Canelo Hills
and at nearby Lone Mountain is a thick intracaldera accumulation with shattered megablocks (Lipman and Hagstrum, 1992).
Although those megablocks presumably avalanched off caldera
walls, we suggest that the caldera was sited along a fault zone,
because we recognize shattered megablocks in the overlying
carbonate clast-dominated Glance Conglomerate as well. This
passes gradationally upward into the volcanic clast-dominated
Glance Conglomerate, with an andesite lava flow near its base
and three ignimbrites in its upper part (Fig. 2). These ignimbrites
also occur at Lone Mountain. These are nonwelded to weakly
welded, pale gray crystal-poor ignimbrites that we tentatively
correlate with crystal-poor nonwelded ignimbrites of the Patagonia Mountains and Santa Rita Mountains (Fig. 2).
Southern Huachuca Mountains
We follow Lipman and Hagstrum’s (1992) stratigraphy for
the southern Huachuca Mountains, consisting of the triparite
ignimbrite sequence, Canelo Hills volcanics units I, II, and III,
overlain by the Glance Conglomerate (Fig. 2). Unit I here fills
the Montezuma caldera of Lipman and Hagstrum (1992) and
contains abundant megablocks. We map andesitic to dacitic lava
flows and flow breccias interstratified with red beds in the floor
of the caldera. Unit II is relatively thin and discontinuous and
is locally cut out by fluvial channels filled with volcanic lithic
sandstone and reworked tuff. The upper contact of unit III is
irregular and passes gradationally upward into unit III megablocks encased in basal Glance limestone-clast conglomerate.
Above that, cobble-sized clasts of unit II and then unit III appear
in the limestone-clast conglomerate. About halfway through the

Glance Conglomerate is the “Glance andesite” of Hayes and
Raup (1968), which consists of a chaotic mixture of andesite
lava flow and flow breccia with shattered limestone and silicic
volcanic megablocks. We interpret these as a rock avalanche
deposit, synchronous with (perhaps triggered in some way by?)
andesite effusive magmatism. Upsection from this, the Glance
Conglomerate contains clasts of Canelo Hills volcanics unit I as
well as clasts derived from the redbed section in the floor of the
unit I caldera. To summarize, the Glance Conglomerate in the
Huachuca Mountains records stripping of Canelo Hills volcanics
units III, then II, and then I from a source area that also continuously exposed Paleozoic carbonates.
Summary of New Correlations
Our new correlations across the strands of the Sawmill
Cayon fault zone include the following.
1. The Mount Wrightson Formation is correlated from the
Santa Rita Mountains into the northern Canelo Hills, where it
lies downsection from the Canelo Hills volcanics. It was also
previously correlated to the southern extension of the Pajarito
Mountains in the Borregas area, where it underlies the tuff of
Cobre Ridge (Riggs et al., 1993).
2. Welded ignimbrite units II and III of the Canelo Hills
volcanics in the Huachuca Mountains, Mustang Mountains,
and southern Canelo Hills blocks (correlatons of Lipman and
Hagstrum, 1992) are correlated into the northern Canelo Hills
and Patagonia Mountains blocks. These all underlie Glance Conglomerate.
3. Nonwelded gray dacite block-and-ash-flow deposits in the
Santa Rita Mountains are correlated into the Bagby Ranch block
of the Patagonia Mountains. These are all interstratified with
Glance Conglomerate.
4. Nonwelded to very weakly welded white rhyolite ignimbrites and interstratified phreatoplinian tuffs in the Santa Rita
Glance Conglomerate are correlated with nonwelded to weakly
welded pink to white rhyolite ignimbrites in the Canelo Pass
block and Lone Mountain block (both in the southern Canelo
Hills) and with white nonwelded rhyolite ignimbrites in the Patagonia Mountains block. These are all interstratified with Glance
Conglomerate.
IMPLICATIONS OF “WET” ERUPTIONS FOR
STRATIGRAPHY OF THE WESTERN UNITED STATES
The great volume of ash in the Upper Jurassic Morrison
Formation (Peterson, 1988), relative to older Jurassic strata, is
commonly attributed to prevailing winds blowing toward the
ENE (Poole, 1962; Peterson, 1988; Turner and Fishman, 1991).
We suggest that another factor must be considered, and that is
the style of volcanism produced in a more humid climate where
transtensional basins may collect water. Kowallis et al. (2001)
used new and previously published age data from ash beds in the
western interior to infer two periods of Jurassic volcanism: the
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first in the Middle Jurassic Carmel and Temple Cap Formations
and a second “apparently more extensive record” in the Upper
Jurassic Morrison Formation (p. 383). They suggested that the
section we refer to as the Santa Rita Glance Conglomerate may
have been the source for at least some of the Upper Jurassic ash
beds (see “Temporal-Bathtub Formation” of their Fig. 14). We
agree with this correlation. We further propose that phreatoplinian (“wet”) eruptions recorded by the “Glance volcanics” and
“Glance tuffs” in southern Arizona were particularly effective
at dispersing ash into the back-arc region during accumulation
of the Morrison Formation. We predict that evidence of phreatomagmatic eruptions will be found in other segments of the
Upper Jurassic arc in Arizona and southern California.
The presence of nonwelded ignimbrites and phreatoplinian
tuffs suggests standing water above vent areas, but do Upper
Jurassic lake deposits exist in southern Arizona? The Apache
Canyon Formation of the Bisbee basin is interpreted to be the
deposit of a shallow- to deep-water permanent lake that formed
within a half graben (Soreghan, 1998). These lake deposits are
presently exposed to the north of the Sawmill Canyon fault
zone, in the Empire and Whetstone Mountains (Fig. 2). Klute
(1991) considered these lakebeds to be Early Cretaceous in age,
but existing fossil age data permit a Late Jurassic age (Soreghan,
1998). Several features of the lakebeds are more consistent with
deposition in a Upper Jurassic graben, rather than in a Cretaceous posttectonic thermal downsag, as discussed by Soreghan
(1998). The lacustrine facies distribution as well as beveling of
older strata indicate deposition in a deep half graben. The lakebeds interfinger with Glance Conglomerate alluvial fan deposits. Blocks of distinctive laminated lacustrine limestone of the
Apache Canyon Formation were resedimented into the Glance
conglomerate, indicating syntectonic reworking of partially
lithified lake deposits onto alluvial fans, presumably along
graben boundary faults. Other evidence of an active tectonic
environment includes slumps, subaqueous debris-flow deposits,
and conglomerate turbidite channels. The lake was “long lived”
and deep, with laminated beds indicative of an anoxic environment that would provide an excellent paleoclimate record if the
strata were better dated. This is consistent with deposition in a
faulted basin rather than a thermal downsag. Plant fragments
concentrated on bedding planes suggest a humid environment
with riverine input. Soreghan (1998) interprets siliceous layers
in the laminated carbonates to represent ashes washed into the
lake, and he reports the presence of at least two tuffs, as well as
horizons of silicic volcanic rocks fragments. We are not aware
of any tuffs in dated Cretaceous strata of the Bisbee basin.
Magnetostratigraphic work could potentially resolve the Cretaceous versus Jurassic age of the Apache Canyon Formation (M.
Soreghan, 2003, personal commun.) since reversals occurred
in the Jurassic but not in the Early Cretaceous. Other poorly
dated lacustrine deposits in southern Arizona that may be Upper
Jurassic include those in the Amole Arkose near Tucson (Risley, 1987) as well as possible lakebeds in Sonora (T.F. Lawton,
2003, personal commun.).

MODEL FOR THE BISBEE BASIN AS A STRAINPARTITIONED ARC–BACK-ARC SYSTEM
Our interpretation of the Glance Conglomerate as intra-arc
strike-slip basin deposits appears to be in conflict with recently
published models for postvolcanic arc opening of the Bisbee
basin (Lawton and McMillan, 1999; Dickinson and Lawton,
2001a, 2001b). Geochemical analyses from mafic lava flows
in the Chiricahua Mountains (80 km east of the Santa Rita
Mountains, just east of the Dragoon Mountains, Fig. 1) and the
Huachuca Mountains (Fig. 1) show no evidence of slab involvement and are interpreted as continental rift volcanics erupted in a
post-arc transtensional borderland (Lawton et al., 1997; Lawton
and McMillan, 1999; Dickinson and Lawton, 2001a). The mafic
lava flows in the Chiracahua Mountains lie above the Glance
Conglomerate within a marine section bearing Upper Jurassic
(Kimmeridgian) fossils, and in the Huachuca Mountains they are
interbedded with the Glance Conglomerate (Lawton and Olmstead, 1995; Olmstead and Young, 2000; Dickinson and Lawton,
2001a). The mafic lava flows are far less voluminous and make
up a very small proportion of the eastern Bisbee deposits relative
to andesitic to rhyolitic volcanics of the western Bisbee basin
(Fig. 1). The tectonic model presented in Dickinson and Lawton
(2001b) calls on slab rollback as the driving force for continental
extension in the Bisbee basin (their Figs. 5 and 8b). However,
slab rollback cannot exist without subduction (Marsaglia, 1995),
which implies the presence of a volcanic arc. If the arc existed,
then it would be located on the outboard side of the continental
extension. We argue that the Upper Jurassic strata along the
Sawmill Canyon fault zone (Fig. 1) represent that arc, and we
propose here that strain partitioning caused intra-arc strike-slip
faulting along the western edge of the Bisbee basin and back-arc
transtensional faulting along the eastern edge (Fig. 4). A slightly
different model invoking widely distributed sinistral transtension
is proposed by Anderson et al. (1995) and Anderson and Nourse
(this volume), who argue that Upper Jurassic pull-apart basins
developed across a broader region encompassing the Jurassic
arc, the Bisbee basin, and Chihuahua Trough. In both models
presented in this volume, strike-slip tectonics are important.
Our evidence for intra-arc strike-slip faulting along the
Sawmill Canyon fault zone suggests that plate convergence was
oblique (Jarrard, 1986). Oblique convergence is far more common
than orthogonal convergence, and at most continental arcs, an
obliquity of only 10 degrees off orthogonal results in the formation
of strike-slip faults in the upper plate (Fitch, 1972; Jarrard, 1986;
McCaffrey, 1992). These faults commonly form in the thermally
weakened crust of the arc, particularly on continental crust, which
is weaker and better coupled to the subducted slab than oceanicarc crust (Dewey, 1980; Jarrard, 1986; Ryan and Coleman, 1992;
Smith and Landis, 1995). Strike-slip faults, transtensional faults,
and block rotations play an important role in modern volcanic
arcs; examples include the Central American arc (Burkhart and
Self, 1985; Jarrard, 1986; Weinberg, 1992); the Trans-Mexican
Volcanic belt (Israde-Alcantara and Garduno-Monroy, 1999);
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the Andean arc of southern Chile and Patagonia (Cembrano et
al., 1996; Thomson, 2002); the Sumatra arc (Bellier and Sebrier,
1994); the Aeolian arc (Gioncada et al., 2003); the Calabrian arc
(Van Dijk, 1994); the Aleutian arc (Geist et al., 1988); the Taupo
Volcanic Zone (Cole and Lewis, 1981); the central Philippine arc
(Sarewitz and Lewis, 1991); and others. Strike-slip basins are
the most tectonically active type of basin (Nilsen and Sylvester,
1995), so the effects of strike-slip faulting on the development of
volcanic successions within arcs must be profound.
We propose that transtensional stresses in the overriding
plate resulted in partitioned strain within the Bisbee basin, where
a back-arc continental rift formed behind (northeast of) a continental arc dominated by strike-slip deformation (Fig. 4). In this
model, strain partitioning would have allowed coeval back-arc
extension and intra-arc strike-slip deformation in the thermally
weakened arc axis. In addition, much of the strike-slip motion
from the oblique plate convergence could have been taken up by
smaller, nonparallel faults (Klute, 1991) in a probably transtensional back-arc Bisbee basin.
Strain partitioning is more commonly discussed for transpressional settings (de Saint Blanquat et al., 1998), but there are
examples of strain partitioning in transtensional settings (Acocella
et al., 1999; Marra, 2001; Wesnousky and Jones, 1994). Strain partitioning in transtensional settings appears to be controlled by the
relative strengths of faults and spatial or temporal changes in the
regional stress field (Wesnousky and Jones, 1994). The presence
of arc magmatism clearly affects relative fault strengths, especially
at depth (de Saint Blanquat et al., 1998), providing the mechanism
for strain partitioning in a transtensional convergent margin.
A possible modern analogue for a strain-partitioned, transtensional arc is the syn-arc back-arc rifting of the Andaman Sea
at the obliquely convergent Sumatran-Andaman plate boundary
(Curray et al., 1978; Maung, 1987). High obliquity reduces the
volume of volcanism occurring within the arc itself as total rates
of convergence decrease. Oblique convergence is strain-partitioned into intra-arc and accretionary wedge strike-slip faults
and back-arc transtensional rifts. The back-arc rifting is highly
oblique, with basin-bounding faults and volcanism obscured by
a large sediment supply. Volcanism within the arc includes dome
chains erupted along the master strike-slip fault, as well as calderas erupted from strike-slip stepover zones (Bellier and Sebrier,
1994; Bellier et al., 1999).
Our detailed studies in the Santa Rita Mountains show
that unconformities and sequences developed synchronously
with high-angle faults with normal- and reverse-slip separation
that alternated in space and time and controlled the positions of
grabens and arches. This structural style is typical of alternating
restraining-releasing bend strike-slip basins. In this setting, small
polygenetic, multivent volcanic complexes form along strands of
the master fault.
We speculate that the Montezuma, Turkey Canyon, and
Parker Canyon calderas of southern Arizona (from oldest to
youngest, Fig. 1) formed at releasing stepovers in a sinistral fault
system that progressively stepped left (to the southeast) with

time. Our model makes use of three previously mapped strands
of the Sawmill Canyon fault zone (Hayes and Raup, 1968), plus
two strands hypothesized here (the strands that lie furthest to the
northeast and the southwest on Fig. 1). The northeastern of the
two hypothesized strands is entirely buried due to Tertiary Basin
and Range extension. Sinistral slip on this hypothesized fault
would restore the Canelo Hill Volcanics in the Mustang Mountains closer to their source calderas and provide a master fault for
antithetic faults that control the orientation of paleocanyons filled
by the ignimbrites in the Mustang Mountains. This hypothesized
fault would control the northwestern margin of the oldest caldera.
The southwestern of the two hypothesized strands is the Gringo
Gulch fault (Fig. 1), the syndepositional fault we have mapped in
the Santa Rita Mountains (described above; also see Bassett and
Busby, this volume). We speculatively extend the Gringo Gulch
fault to the southwestern margin of the youngest caldera (Fig. 1).
We agree with Dickinson and Lawton (2001a, p. 485) that
“the influence of regional tectonics on local caldera collapse cannot be excluded” for the Cobre Ridge caldera, although it is not
sited on the Sawmill Canyon fault zone or any other recognized
regional structures (Fig. 1). Regional fault controls on the siting
of the caldera sources for the Canelo Hills volcanics (I, II, and
II) are much more obvious (Fig. 1). The Canelo Hills volcanics
source calderas were not only sited along strands of the Sawmill
Canyon fault zone, they were dismembered by it, so their original
shapes (circular versus rectangular) are not easily discerned. We
suggest that the calderas, which were postulated by Lipman and
Hagstrum (1992) to have been circular (Fig. 1), may have instead
been more rectilinear features bounded to the northeast and
southwest by strike-slip faults with a normal component of slip
and to the northwest and southeast by normal faults with a strikeslip component of slip. The geometry of these would be similar
to Pliocene transtensional basins on the Baja California margin
of the Gulf of California (Umhoefer et al., 2002). Extension in
pull-apart basins may control the location and geometry of calderas, making them more elongate and rectangular in shape than
the classic circular caldera structure (Ventura, 1994; Bellier et al.,
1999). Caldera collapse occurs in the area of maximum extension
rather than over the basin as a whole (Bellier and Sebrier, 1994),
and the volume of eruptive material isn’t enough to account for
the volume of the basin, clearly indicating that subsidence is more
controlled by fault kinematics than by magma withdrawal (Bellier and Sebrier, 1994; Ventura, 1994). Lipman’s (1997) review of
the geometries of calderas indicates that no large-volume pyroclastic eruptions have been proven to cause subsidence along a
regional graben. Instead, subequant calderas with polygonal fault
boundaries may be influenced by regional structures, although
“drastic elongation of…subsidence structures along regional
structural trends seems rare” (Lipman, 1997, p. 208).
The erosional unconformity between the Canelo Hills volcanics and the overlying Glance Conglomerate in the Huachuca
Mountains (described above) has been interpreted to record a
change in tectonic regime (Dickinson and Lawton, 2001a). As
discussed above, however, angular (and erosional) unconformi-

spe393-13

page 373

Climatic and tectonic controls on Jurassic intra-arc basins related to northward drift of North America

373

ties occur between each of the Canelo Hills volcanics units (I, II,
and II) as well as between the top volcanic unit and the overlying Glance Conglomerate in the Mustang Mountains. Furthermore, angular and erosional unconformities are well developed
throughout the Santa Rita Glance Formation. We interpet these
unconformities to record ongoing intra-arc deformation along
strike-slip faults.
None of the Upper Jurassic rocks in modern ranges along
the Sawmill Canyon fault zone have yet been mapped in as much
detail as the Santa Rita Glance Formation. Nor have we yet
identified distinctive piercing points across the various strands
of the fault zone. However, the widespread occurrence of large
slide masses in upper Middle to Upper Jurassic strata along the
Sawmill Canyon fault zone (absent from Lower to Middle Jurassic strata, except within calderas) suggests a change in tectonic
style. Furthermore, the possibility of sinistral strike-slip control
on the development of the three upper Middle Jurassic calderas
shown on Figure 1 is tantalizing. Therefore, we extend our robust
interpretation of Late Jurassic strike-slip tectonics in the Santa
Rita Mountains to other ranges along the Sawmill Canyon fault
zone and suggest that future detailed basin analysis work will
support this interpretation.
CONCLUSIONS
We propose that a transition from dominantly welded (i.e.,
DRY) ignimbrite eruptions to dominantly nonwelded (i.e., WET)
ignimbrite eruptions occurred in late Middle to Late Jurassic
time in the southwestern United States, in response to climate
change (Table 1, Figs. 2 and 4). At the same time, eolianites were
replaced by fluvial, debris-flow, and lacustrine deposits. This was
not only the direct result of a wetter climate, due to greater availability of running water, but also the indirect result of a wetter climate, since “wet” eruptive products are more easily resedimented
than “dry” eruptive products. “Wet” explosive eruptions produce
extremely widespread ash falls and these likely influenced sedimentation far into the plate interior. We further propose that rapid
northward drift of North America, shown by paleomagnetic data,
produced this change in climate, and was also responsible for a
change in tectonic style within the arc, from dominantly extensional in Early to Middle Jurassic time, to sinistral oblique convergence in late Middle to Late Jurassic time. This resulted in the
formation of intra-arc strike-slip basins in southern Arizona.
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