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ABSTRACT
Continental arc lower crust and underly-

ing mantle wedge assemblages native to the 
Mojave Desert were dislodged, transported 
eastward during Laramide shallow-angle 
subduction, and attached to the base of the 
Colorado Plateau transition zone (central 
Arizona, USA) and further inboard. We 
identify here two late Oligocene xenolith 
localities from the transition zone (Camp 
Creek and Chino Valley) that likely contain 
remnants of the missing Mojave litho-
sphere. Geochemical, isotopic, and ther-
mobarometric data from garnet clinopy-
roxenite, the dominant xenolith type at 
both studied localities, strongly suggest a 
continental arc residue (“arclogite”) rather 
than a lower plate subduction (“eclogite”) 
origin. Zircon grains extracted from these 
nodules yield a bimodal age distribution 
with peaks at ca. 75 and 150 Ma, overlap-
ping ages of continental arc magmas 
emplaced into the Mojave Desert (the 
southern California batholith) and suggest-
ing a consanguineous relationship. In con-
trast, Mesozoic and early Cenozoic igneous 
rocks from SW Arizona, with age peaks at 
ca. 60 and 170 Ma, do not provide as close 
a match. In light of these results, we sug-
gest that a mafic keel to the southern 
California batholith: (1) formed in two dis-
crete (Late Jurassic and Late Cretaceous) 
pulses; (2) was transported along the Moho 
~500 km eastward along the leading edge 
of the shallowly subducting Farallon plate; 
and (3) was affixed to the base of the crust 
in central Arizona. Titanite U-Pb and gar-
net Sm-Nd ages spanning ca. 60–30 Ma 
suggest that displaced arclogite remained 
at >600 °C for tens of millions of years fol-
lowing its dispersal and until entrainment 
in host latite. The lack of arclogite and 

abundance of spinel peridotite xenoliths in 
ca. 15 Ma and younger volcanic host rocks 
and the presence of a vertical high-seismic-
velocity anomaly beneath the western 
Colorado Plateau suggest that arclogite has 
been foundering into the mantle and being 
replaced by upwelling asthenosphere since 
the early Miocene.

INTRODUCTION AND 
BACKGROUND

The SW North American Cordillera
The Laramide orogeny was a regional 

compressional event that evolved from 
Late Cretaceous–early Paleogene contrac-
tion of the SW margin of North America 
to Eocene–early Oligocene deformation 
up to 2,000 km inboard in the craton inte-
rior (Saleeby, 2003; DeCelles, 2004; 
Copeland et al., 2017). A commonly cited 
mechanism for the orogeny is intensified 
traction and tectonic erosion of the lower-
most crust and upper subcontinental man-
tle lithosphere (LC-SCML) due to flatten-
ing of an ~500-km-wide segment of the 
subducting Farallon plate (Livaccari et al., 
1981; Bird, 1988; Saleeby, 2003; Axen et 
al., 2018). Parts of the central Andean oro-
gen are regarded as the best modern ana-
logue, where shallow slab segments coin-
cide with colliding aseismic ridges and 
oceanic plateaux (e.g., Gutscher et al., 
2000). Analysis of plate reconstructions 
for the Pacific-Farallon ridge led to the 
interpretation that the Laramide orogeny 
resulted from the subduction of conjugate 
massifs to the Hess and Shatsky oceanic 
plateaux (Livaccari et al., 1981; Liu et  
al., 2010). Furthermore, an ~500-km-wide 
Laramide deformation corridor parallels 
the subduction trajectory of inferred Hess 

and Shatsky conjugates, which were em-
bedded in the Farallon plate as they sub-
ducted in Laramide time (Saleeby, 2003; 
Liu et al., 2010). The damage zone con-
sists of the southern California batholith 
(SCB) of the Mojave Desert and the south-
ernmost Sierra Nevada batholith (SNB; 
Fig. 1, inset).

As emphasized below, the impact of oce-
anic plateaux is consistent with evidence 
for the shutdown of arc magmatism, deep 
crustal exhumation, tectonic underplating 
of trench sediments, and—the focus of this 
research—removal of the LC-SCML (e.g., 
Saleeby, 2003; Luffi et al., 2009; Chapman 
et al., 2012; Chapman, 2017; Ducea and 
Chapman, 2018).

Overview of the SCB Domain of the 
Laramide Corridor

The formerly contiguous SNB–SCB–
Peninsular Ranges batholithic belt was a 
>2000-km-long NNW-trending granitic 
arc emplaced largely during three mag-
matic “flare-up” events at ca. 230–210 Ma, 
ca. 160–150 Ma, and ca. 100–75 Ma (e.g., 
Ducea, 2001). In contrast to the SNB to the 
north and the Peninsular Ranges batholith 
to the south (Fig. 1), much of the ~500-km-
long SCB is rootless, lying tectonically 
above underplated trench assemblages (the 
Rand and related schists) that were trans-
ported inboard by shallow-angle subduc-
tion (Jacobson et al., 1988; Grove et  
al., 2003; Chapman, 2017; Ducea and 
Chapman, 2018). These schists are exposed 
in the footwall of the shallowly dipping 
Rand fault, interpreted as a remobilized 
subduction megathrust (e.g., Cheadle et al., 
1986; Chapman, 2017), beneath deep 
crustal level SCB assemblages and the 
southern SNB (Fig. 1).
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The SNB is tilted into a southward deepen-
ing section spanning paleodepths of ~10–35 
km (e.g., Nadin and Saleeby, 2008). Structural 
and petrologic relations in the SCB and 
southernmost SNB indicate that the base of 
the batholith and underlying LC-SCML was 
sheared off at 30–35 km depth and replaced 
with trench materials (Grove et al., 2003; 
Saleeby, 2003; Chapman, 2017).

What was the fate of the sub-SCB 
LC-SCML? Do remnants of the displaced 
material exist, and if so, what is the rela-
tionship between LC-SCML remnants 
and underplated schist? Seismic data and 
receiver function analysis provide some 
answers to these questions, linking sur-
face exposures of schist directly to a 
regional flat fabric with NE-SW seismic 
anisotropy beneath thin (~30 km) Mojave 
crust (Cheadle et al., 1986; Porter et al., 
2011). Additional constraints from geo-
chemical data reveal an ~N-S–trending 
boundary at ~116°W, west of which lacks a 
lithospheric isotopic fingerprint and sug-
gests the presence of underplated schists 
(Miller et al., 1996). Collectively, these 
studies reveal a major compositional 
boundary within the mid- to deep crust of 

the central Mojave demarcating a western 
schist-bearing domain, and an eastern 
domain lacking significant schist and con-
taining remnants of ancient LC-SCML 
(Fig. 1).

Laramide Imprints in Xenoliths
Xenolith suites of the SW Cordillera 

record development of the LC-SCML prior 
to, during, and following the Laramide 
event. Proterozoic upper mantle and lower 
crustal xenoliths in the Colorado Plateau 
and vicinity, in conjunction with Nd isoto-
pic data on mafic volcanic rocks of  
the region, record local preservation of 
LC-SCML beneath the region through 
Laramide time (Livaccari and Perry, 1993).

Xenolith suites from the eastern and cen-
tral Mojave region also provide evidence for 
underlying remnants of ancient LC-SCML. 
First, spinel peridotites from the Pliocene–
Quaternary Cima cones yield Re-Os model 
ages of 1.8–3.4 Ga (Fig. 1; Lee et al., 2001), 
overlapping ca. 2.0 Ga Sm-Nd model ages 
on nearby Precambrian basement rocks 
(Bennett and DePaolo, 1987). Second, a 
subordinate group of peridotite xenoliths 
from the Quaternary Dish Hill cone yield 

eNd = −6.4 to −13.0 (Fig. 1; Luffi et al., 
2009). These data indicate that ancient 
LC-SCML was not entirely sheared off 
from beneath the eastern to central Mojave 
region by Laramide flat-slab subduction.

Remnants of pre- to syn-Laramide man-
tle lithosphere that constituted the mantle 
wedge for the SNB are present in late 
Miocene xenolith suites from the central 
SNB (e.g., Ducea and Saleeby, 1998; 
Ducea, 2001; Chin et al., 2012). Pressure-
temperature-time constraints indicate that 
this fossilized mantle wedge extended to 
~125 km depth and cooled rapidly follow-
ing the Late Cretaceous (Laramide) termi-
nation of magmatism (e.g., Ducea and 
Saleeby, 1998; Saleeby et al., 2003; Chin et 
al., 2012). Peridotites and garnet websterite 
dominate the base of the section and grade 
upward into an ~45-km-thick zone of gar-
net clinopyroxenite followed by garnet 
granulite at ~40 km paleodepth. Trace-
element data and Sm-Nd isochron ages 
indicate that the garnet clinopyroxenites 
are partial-melt residues, or deep level 
cumulates, linked to the overlying SNB 
(Ducea and Saleeby, 1998; Ducea, 2001). 
These garnet clinopyroxenites are com - 

Figure 1. Fence diagram showing idealized lithospheric structure for beginning of Cenozoic time for sections across Sierra 
Nevada batholith (SNB)–Great Valley forearc, southern California batholith (SCB)–Colorado Plateau transition zone, and linking 
section across the southern SNB. Locations of sections shown on inset. Cz—Cenozoic; CO—Colorado; K—Cretaceous; Mz—
Mesozoic; pC—Precambrian; SCML—subcontinental mantle lithosphere.
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monly referred to as eclogites, but contrast 
with classic eclogites by having more Ca- 
and Mg-rich clinopyroxene, more Fe- and 
Ca-rich garnet, and commonly contain 
accessory hornblende. These arc root 
cumulates are commonly referred to as 
“arclogites” (Anderson, 2005).

The preservation of >100 km of central 
SNB lower lithosphere (arc root lower 
crust and upper mantle) contrasts sharply 
with the virtual absence of these materials 
beneath the SCB (Fig. 1). Geochemical 
proxies for crustal thickness (e.g., Sr/Y 
and La/Yb) strongly suggest that a deep 
sub-SCB root indeed existed prior to shal-
low-angle subduction, forming in the Late 
Jurassic and thickening significantly dur-
ing the Late Cretaceous magmatic flare-
up (Howard et al., 2016). We now focus on 
the fate of missing SCB lower lithosphere 
and the regional extent of Farallon plate 
mantle lithosphere underplating beneath 
the “unrooted” SCB.

SCB LOWER LITHOSPHERE 
DISPLACEMENT AND 
RECONSTRUCTION

It is important to reiterate here that 
despite LC-SCML removal from beneath 
the SCB, and subsequent tectonic under-
plating of schist, the lithosphere-astheno-
sphere boundary in the Mojave region cur-
rently lies deeper than ~60 km (e.g., Luffi 
et al., 2009). This profound relationship 
indicates that latest Cretaceous–Cenozoic 
reconstruction of the mantle lithosphere 
beneath the schists must have taken place.

Relationships resolved in Dish Hill and 
Crystal Knob xenolith suites (Fig. 1) indi-
cate that the underlying mantle lithosphere 
was reconstructed by tectonic underplating 
of Farallon plate sub-oceanic mantle 
between 80 and 30 Ma (Luffi et al., 2009; 
Liu et al., 2010; Quinn et al., 2018). 
Considering that eclogitic fragments of the 
Farallon Plate (Usui et al., 2003) plus sig-
nificant amounts of ancient LC-SCML 
both underlie the Laramide interior, the 
lower lithosphere beneath a significant part 
of the Laramide corridor must be a com-
posite of these assemblages. As shown on 
Figure 1, the underplated schists plus 
underlying mantle lithosphere constitute a 
lithosphere-scale accretionary complex 
lying beneath a carapace of SCB granitoids 
that was stripped of most of its underlying 
mantle wedge.

As to the fate of the displaced SCB 
LC-SCML, we suggest that several latest 
Oligocene lower lithosphere xenolith loca-
tions from the Colorado Plateau transition 
zone contain remnants of the missing litho-
sphere. This assertion predicts that native 
sub-arc materials and displaced equivalents 
should contain similar arrays of rock types. 
This is indeed the case, as ca. 25 Ma latite at 
Camp Creek and Chino Valley localities 
each contain abundant nodules of, in order 
of decreasing abundance, garnet-pyroxene 
rocks, garnet granulite, peridotite, and 
quartzofeldspathic gneiss (Schulze and 
Helmstaedt, 1979; Arculus and Smith, 1979; 
Smith et al., 1994; Esperança et al., 1988, 
1997; Erdman et al., 2016). As with the sub-
SNB suite, garnet clinopyroxenite xenoliths 
from Chino Valley and Camp Creek are 
arclogitic in composition, and equilibrated 
between 600 and 900 °C and 12–28 kbar 
(45–100 km depth assuming a 2800 kg/m3 
overburden density; Smith et al., 1994; 
Esperança et al., 1988; Erdman et al., 2016). 
Furthermore, high field strength element 
compositions and major element systemat-
ics of Arizona xenoliths balance those 
expected from calc-alkaline magmatic dif-
ferentiation (Tang et al., 2018, 2019). Finally, 
Mesozoic plutons of the Mojave Desert and 
arclogite recovered from Chino Valley and 
Camp Creek all share similar isotope sys-
tematics, with 87Sr/86Sr and eNd values rang-
ing from 0.706 to 0.711 and −2 to −10, 
respectively (Esperança et al., 1988; Smith 
et al., 1994; Miller et al., 1996). These rela-
tions point to a thick sub-SCB residue, 
rather than a lower plate, origin.

This assertion also predicts that materi-
als once attached to the base of the SCB 
should share the early thermal history of 
the Mojave Desert. For example, the 
Mojave Desert is underlain chiefly by 
Middle Jurassic–Early Cretaceous (ca. 
160–140 Ma) and Late Cretaceous (90–70 
Ma) arc plutonic assemblages with rela-
tively small amounts of Mesozoic to 
Neoproterozoic metasedimentary rocks 
(Wells and Hoisch, 2008; Barth et al., 2008; 
Needy et al., 2009; Chapman et al., 2018). 
Hence, if xenoliths recovered from Chino 
Valley and Camp Creek localities are 
indeed consanguineous with the SCB, the 
xenoliths should yield chiefly Late 
Cretaceous and Late Jurassic ages. If 
instead the xenoliths are native to the 
Colorado Plateau transition zone, which 

exposes mainly 1.6–1.8 Ga Yavapai-
Mazatzal basement overlain by Proterozoic 
to Mesozoic strata, much older ages are 
expected. It should be noted that ca. 70–55 
Ma porphyry copper deposits and a ca. 
190–160 Ma magmatic arc crop out a few 
tens of kilometers SW of the studied xeno-
lith localities (GSA Data Repository Fig. 
DR11; e.g., Vikre et al., 2014; Tosdal and 
Wooden, 2015; Chapman et al., 2018). 
Hence, Latest Cretaceous–early Cenozoic 
and Early–Middle Jurassic xenolith zircon 
ages, readily distinguishable from Late 
Cretaceous and Late Jurassic ages expected 
from the Mojave Desert, may point to a SW 
Arizona origin.

NEW RESULTS AND 
INTERPRETATIONS

A small percentage (~5%) of garnet-clino-
pyroxenite-amphibole xenoliths contains 
trace amounts of zircon. Zircon separated 
from host xenoliths were analyzed via laser 
ablation–multi-collector inductively coupled 
plasma–mass-spectrometry (LA-MC-ICP-  
MS)  at the Arizona LaserChron Center (see 
footnote 1).

Three xenolith groups were identified, 
based on lithologic relations and U-Pb zir-
con ages. Group 1 xenoliths contain a sig-
nificant modal proportion of amphibole 
(>10%), which overprints the primary 
arclogite assemblage, and are extensively 
injected and altered by host latite. Zircon 
grains extracted from these nodules yield a 
bimodal age distribution consisting chiefly 
of Late Jurassic (kernel density estimate 
peak at ca. 150 Ma) ages with a lower pro-
portion (~25%) of Late Cretaceous–early 
Cenozoic (peak at ca. 70 Ma) grains (Fig. 
2). The second group of xenoliths consists 
of relatively fresh arclogite (i.e., less 
injected with melt and containing less sec-
ondary amphibole). These samples contain 
zircon that yield a unimodal spread of con-
cordant Cretaceous to early Cenozoic ages 
ranging from ca. 100–50 Ma with a peak 
centered at ca. 75 Ma (Fig. 2). A final group 
of mid- to deep-crustal foliated granitic 
gneiss is less abundant than its deep-crust/
upper mantle arclogite counterparts and 
yields concordia ages of ca. 1.7 Ga (Fig. 
DR7 [see footnote 1]). These nodules are 
interpreted as Proterozoic assemblages 
native to central Arizona.

Our new results indicate that studied 
arclogitic xenoliths are coeval with the 

1GSA data repository item 2019368, field observations, sample descriptions, analytical methods, and zircon U-Pb data, is online at www.geosociety.org/datarepository/2019.
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SCB and, with the exception of a small pro-
portion (<10% of analyzed grains) of Latest 
Cretaceous–early Cenozoic grains, are 
older than Arizona porphyry copper depos-
its (Vikre et al., 2014; Chapman et al., 2018; 
Fig. 2). Furthermore, Late Jurassic zircon 
populations in group 1 xenoliths overlap 
Mojave Desert pluton emplacement ages 
and are younger than those expected from 
the Early–Middle Jurassic magmatic arc of 
SW Arizona (Fig. 2). These relations lead 
us to assert that arclogitic xenoliths are not 
native to central Arizona and instead repre-
sent LC-SCML fragments displaced east-
ward from beneath the SCB and reaffixed 
beneath the transition zone.

We propose the following model for the 
petrologic and tectonic evolution of Colorado 
Plateau transition zone arclogite (Figs. 3 and 
4). In Late Jurassic time, group 1 (i.e., amphi-
bole-rich arclogite) xenoliths began forming 
as a mafic keel to continental arc magmas 

Figure 2. Non-normalized kernel density esti-
mates with 10-m.y. bandwidth comparing U-Pb 
zircon ages from Colorado Plateau transition zone 
(CPTZ; Chino Valley and Camp Creek localities) 
xenoliths with pluton ages from the Mojave Desert 
(Barth et al., 2008; Wells and Hoisch, 2008; Needy 
et al., 2009; Chapman et al., 2018) and the CPTZ 
(Vikre et al., 2014; Tosdal and Wooden, 2015; 
Chapman et al., 2018). N—number of analyzed 
samples; n—number of analyzed grains.

Figure 3. SW U.S. plate tectonic reconstruction for (A) middle Jurassic, (B) Early Cretaceous, (C) Late 
Cretaceous, (D) Latest Cretaceous, (E) late Cenozoic, and (F) Recent time (modified after DeCelles, 
2004; Saleeby and Dunne, 2015). Farallon/Pacific plate trajectories from Engebretsen et al. (1985). 
Surface outline of lowermost crust and upper subcontinental mantle lithosphere (LC-SCML) foun-
dering from Levander et al. (2011) and Erdman et al. (2016). Core complex and schist kinematics from 
Dickinson (2009) and Chapman (2017), respectively. See text for details. CC—Camp Creek; CV—Chino 
Valley; MTJ—Mendocino triple junction; POR—Pelona-Orocopia-Rand schist; RTJ—Rivera triple 
junction; SC—San Carlos; Gdl—Guadalupe plate.
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emplaced into the central and eastern Mojave 
Desert crust (Barth et al., 2008; Needy et al., 
2009; Chapman et al., 2018). Following an 
Early Cretaceous lull in arc activity, the sub-
SCB root experienced a Late Cretaceous 
pulse of growth associated with increased 
magmatism in the SCB (Wells and Hoisch, 
2008; Needy et al., 2009; Chapman et al., 
2018), as recorded by ca. 80–70 Ma zircon 
ages in group 1 and 2 xenoliths. These Late 
Cretaceous additions to existing SCB root 
material and concomitant plutonism at higher 
levels of the crust likely resulted from delam-
ination and foundering of LC-SCML, desta-
bilized by slab shallowing-related lateral 
stresses, and ensuing upwelling of hot asthe-
nosphere (Leventhal et al., 1995; Wells and 
Hoisch, 2008).

Shallow-angle subduction likely com-
menced at the plate margin in the ca. 90–75 
Ma time interval, based on plate motion 
modeling and the timing of schist under-
plating (e.g., Grove et al., 2003; Liu et al., 
2010; Chapman, 2017). The leading edge of 
the shallowly subducting segment likely 
reached the central Mojave Desert, then 
~500 km inboard from the margin, no later 
than 70 Ma, assuming an orthogonal con-
verge rate of 100 km/m.y. (Engebretson et 
al., 1985; Copeland et al., 2017). At this 
point, schist underplating continued while 
the slab shallowed quickly, shutting off 
magmatism in the SCB, dislodging its 
LC-SCML, and tectonically bulldozing 
these materials along the Moho and up to 
~500 km farther inboard to the Colorado 
Plateau transition zone (Axen et al., 2018). 
In the process, strong coupling along the 
subduction interface drove significant 
thickening of foreland crust and the forma-
tion of a vast orogenic plateau (DeCelles, 
2004; Henry et al., 2012; Copeland et al., 
2017; Chapman et al., 2018). (It should be 
noted that lower lithosphere is intact NE of 
the Colorado Plateau transition zone; 
hence, deformation along the Laramide 
corridor as far inboard as the Black Hills of 
South Dakota was likely due to horizontal 
end-loading, as suggested by Livaccari and 
Perry [1993].) Meanwhile, magmatism 
swept inboard, forming ca. 75–55 Ma gra-
nitic stocks and associated copper mineral-
ization in the transition zone (Coney and 
Reynolds, 1977; Vikre et al., 2014). We 
suggest that the combination of magma-
tism and crustal thickening–related radio-
genic heating precipitated Latest Cre-
taceous–early Cenozoic zircon growth in 
dislodged arclogite.

A LASTING SCAR: CENOZOIC 
DELAMINATION AND EXTENSION 
IN THE SW UNITED STATES

Xenolith garnet Sm-Nd and titanite U-Pb 
ages span the entire Paleogene, indicating 
that displaced arclogite remained hot (>600 
°C) for tens of millions of years following 
its dispersal (Dodson, 1973; Esperança et 

al., 1988; Erdman et al., 2016). This obser-
vation is readily explained by the well- 
documented Eocene to Miocene westward 
sweep of magmatism (e.g., Coney and 
Reynolds, 1977; Copeland et al., 2017), 
including the ca. 25 Ma arclogite xenolith-
hosting latite, that accompanied rollback 
and tearing of the Farallon slab. This time 
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also marked a shift from convergent to 
extensional tectonism in the SW United 
States, including the initiation of the south-
ern belt (i.e., California, Arizona, and 
Sonora) of Cordilleran metamorphic core 
complexes (Dickinson, 2009) and exhuma-
tion across the schist outcrop belt (e.g., 
Chapman, 2017).

The lack of arclogite and abundance of 
spinel peridotite xenoliths in ca. 15 Ma and 
younger volcanic host rocks of the transi-
tion zone (e.g., the San Carlos locality; 
Nealey and Sheridan, 1989), in conjunction 
with a vertical high-seismic-velocity 
anomaly and the presence of a “double 
Moho” within the Colorado Plateau transi-
tion zone (Levander et al., 2011; Erdman et 
al., 2016), suggest that arclogite has been 
foundering into the mantle and being 
replaced by upwelling asthenosphere since 
early Miocene time. We speculate that 
post-Laramide rollback and tearing of the 
Farallon slab and associated influx of 
asthenosphere destabilized the foreign 
mafic keel of the Colorado Plateau, leading 
to its removal and heating of overlying 
material. Ensuing flow in the weakened 
lower crust, which remained feebly cou-
pled to the upper crust, facilitated the local-
ized surface extension that ultimately 
resulted in the southern belt of Cordilleran 
metamorphic core complexes.
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