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Xenolith and seismic studies provide evidence for tectonic erosion and eastward displacement of lower 
crust-subcontinental mantle lithosphere (LC-SCML) underlying the Mojave Desert Region (i.e. southern 
California batholith (SCB)). Intensified traction associated with the Late Cretaceous flattening of the 
subducting Farallon plate, responsible for deforming the SW U.S., likely played a key role in “bulldozing” 
the tectonically eroded LC-SCML ∼500 km eastwards, to underneath the Colorado Plateau Transition 
Zone (CPTZ) and further inboard. The garnet clinopyroxenite xenoliths from two CPTZ localities, Chino 
Valley and Camp Creek (central Arizona), provide a rare glimpse of the material underlying the CPTZ. 
Thermodynamic modeling, in addition to major and trace element thermobarometry, suggests that 
the xenoliths experienced peak conditions of equilibration at 600-900 ◦C and 12-28 kbar. These peak 
conditions, along with the composition of the xenoliths (type “B” garnet and diopsidic clinopyroxene) 
strongly suggest a continental arc residue (“arclogite”), rather than a lower plate subduction (“eclogite”), 
origin. A bimodal zircon U-Pb age distribution with peaks at ca. 75 and 150 Ma, and a Jurassic Sm-Nd 
garnet age (154 ± 16 Ma, with initial εNd value of +8) overlaps eastern SCB pluton ages and suggests a 
consanguineous relationship. Cenozoic zircon U-Pb ages, REE geochemistry of zircon grains, and partially 
re-equilibrated Sm-Nd garnet ages indicate that displaced arclogite remained at elevated PT conditions 
(>700 ◦C) for 10s of Myr following its dispersal until late Oligocene entrainment in host latite. With 
a ∼100 Myr long thermal history overlapping that of the SCB and the CPTZ, these assemblages also 
contain evidence for late-stage hydration (e.g. secondary amphibole), potentially driven by de-watering 
of the Laramide slab.
In light of these results, we suggest that the CPTZ arclogite originates from beneath the eastern half 
of the SCB, where it began forming in Late Jurassic time as mafic keel to continental arc magmas. 
The displacement and re-affixation of the arclogites further inboard during the Late Cretaceous flat slab 
subduction, might have contributed to the tectonic stability of the Colorado Plateau relative to adjacent 
geologic provinces through Laramide time and likely preconditioned the region to Cenozoic tectonism, e.g. 
present-day delamination beneath the plateau, high-magnitude extension and formation of metamorphic 
core complexes.
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1. Introduction

The Late Cretaceous-early Paleogene Laramide Orogeny resulted 
in deformation of the southwest North American craton edge. A 
plate tectonic trigger for the orogeny is intensified traction and tec-
tonic erosion of the lower crust-subcontinental mantle lithosphere 
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Fig. 1. Fence diagram showing idealized lithospheric structure for beginning of Cenozoic time. Parallel sections across Sierra Nevada batholith (SNB) - Great Valley forearc 
and southern California batholith (SCB) - Colorado Plateau transition zone (CPTZ), and a linking section across the southern Sierra subduction megathrust lateral ramp. 
Locations of the sections shown on inset. Note the position of missing arc-root (marked by X) and hypothesized location of displaced LC-SCML (orange and pink) in the SCB 
cross section. Modified from Chapman et al. (2020). (For interpretation of the colors in the figure the reader is referred to the web version of this article.)
(LC-SCML) as a response to unusually shallow and flat-slab subduc-
tion of the Farallon plate (Livaccari et al., 1981; Bird, 1988; Saleeby, 
2003; Liu et al., 2010). The principal plate edge damage zone as-
sociated with the orogeny consists of the ∼500 km long Laramide 
deformation corridor — the southern California batholith (SCB), ly-
ing primarily in the Mojave Desert region, and the southernmost 
Sierra Nevada Batholith (SNB). In contrast to the SNB to the north 
and the Peninsular Ranges batholith to the south, much of the SCB 
is rootless. Structural and petrologic relations preserved in the SCB 
and southernmost SNB indicate that the base of the batholith and 
underlying LC-SCML was sheared off at 30-35 km depths and un-
derplated by subduction accretion assemblages (e.g. Rand and San 
Emigdio schists in the Mojave Region) that were transported in-
board by shallow subduction (Jacobson et al., 1988; Barth et al., 
2008; Grove et al., 2003; Saleeby, 2003; Luffi et al., 2009; Chap-
man et al., 2012; Ducea and Chapman, 2018; Chapman et al., 2019, 
2020).

In this study, we focus on the tectonic evolution of the SW 
Cordillera LC-SCML, specifically the fate of the missing sub-SCB 
LC-SCML, by integrating new and existing (e.g. Esperanca et al., 
1988; Smith et al., 1994; Erdman et al., 2016) petrogenetic and 
geo-thermochronologic studies of LC-SCML xenoliths. We assess 
the hypothesis that the shallow-angle subduction episode respon-
sible for Laramide deformation, also “bulldozed” the SCB LC-SCML 
fragment ∼500 km to the east and re-affixed (e.g. Axen et al., 
2018; Chapman et al., 2019, 2020) it under the Colorado Plateau 
Transition Zone (CPTZ) in central Arizona (Fig. 1). This displaced 
LC-SCML fragment might also provide an intriguing explanation for 
the strength of the Colorado Plateau relative to adjacent geologic 
provinces (e.g., Morgan and Swanberg, 1985; Bashir et al., 2011; 
Erdman et al., 2016) and may have also preconditioned the region 
to Cenozoic tectonism, e.g. high-magnitude extension and forma-
tion of metamorphic core complexes and delamination beneath the 
plateau (e.g., Levander et al., 2011; Erdman et al., 2016; Chapman 
et al., 2019, 2020).

Lower crust and upper mantle xenoliths erupted within ca. 25 
Ma Sullivan Buttes Latite (e.g., Arculus and Smith, 1979) in Chino 
Valley and correlative latite at Camp Creek, both exposed in cen-
tral Arizona (detailed field observations in Chapman et al. (2020)
Supplement), provide a rare glimpse of the deep lithosphere un-
derlying the CPTZ (Fig. 1 and 2). If LC-SCML was indeed displaced 
eastwards from beneath the hot SCB (marked X in Fig. 1) to the 
colder craton interior (CPTZ) under similar lithospheric depths, the 
displaced material should record near isobaric cooling and con-
tain an array of ages overlapping those of the SCB. In an effort to 
test the hypothesis delineated above, we constrain the pressure-
temperature-time evolution of the sampled CPTZ xenoliths.
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Fig. 2. Simplified geologic map and field images of the study region. (a) Simplified geologic map of Arizonan granite outcrops and sample locations (stars), modified from 
the Geologic Map of Arizona. Gray color from dark to light shades the physiographic provinces: the Colorado Plateau (dark), the Colorado Plateau Transition Zone (CPTZ), and 
the Basin and Range (light). (b) Block of lava latite hosting several smaller xenoliths (marker for scale); (c) Fist-sized hand sample of a rounded arclogite xenolith (finger for 
scale).
2. Background

2.1. SW Cordillera and the Laramide deformation

The deformation associated with the Laramide tectonics—
westward breachment of the SCB segment of the Cordilleran 
batholith belt above the underplated schists—is much more ge-
ographically focused relative to the remainder of the Cordilleran 
margin (Saleeby, 2003). Plate kinematic reconstructions for the 
Pacific-Farallon ridge has led to the interpretation that the ge-
ographically restricted Laramide deformation resulted from the 
subduction of conjugate massifs to the Hess and Shatsky large ig-
neous provinces, two oceanic plateaux residing in the SW Pacific 
(Livaccari et al., 1981; Liu et al., 2010). The initial impact of the 
Shatsky conjugate is consistent with evidence for widespread duc-
tile thrusting within the SCB, deep crustal exhumation, shallow-
angle tectonic underplating of schists (subduction accretionary 
assemblage), and - the focus of this paper— removal and displace-
ment of the underlying LC-SCML (e.g. Saleeby, 2003; Luffi et al., 
2009; Chapman et al., 2012, 2019, 2020).

The plate edge domain is underlain by trench assemblages (the 
Rand and related schists in the Mojave-southern Sierra Nevada-
Salinia region) transported inboard by shallow-angle subduction 
(Jacobson et al., 1988; Grove et al., 2003; Porter et al., 2011; Chap-
man, 2017; Ducea and Chapman, 2018). These schists are exposed 
in the footwall of the shallowly dipping and regionally extensive 
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). These struc-
tural 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 sediments and frag-
ments of Farallon lithosphere (Grove et al., 2003; Saleeby, 2003; 
Chapman, 2017). Despite the LC-SCML removal from beneath the 
SCB, and the subsequent tectonic underplating of schist, the base 
of the lithosphere in the Mojave region currently exceeds ∼60 km 
depth (e.g. Luffi et al., 2009), implying that the mantle lithosphere 
beneath the schists was rebuilt in the latest Cretaceous-Cenozoic 
time.

2.2. Xenolith constraints on SW Cordillera LC-SCML

Colorado Plateau Region: The presence of Proterozoic upper 
mantle-lower crustal xenoliths within the Colorado Plateau, in con-
junction with Nd isotopic data on widely dispersed mafic volcanic 
rocks (e.g. Livaccari and Perry, 1993) record the preservation of 
LC-SCML beneath the region through Laramide time. Lawsonite 
eclogitic xenoliths retrieved from the Four Corners region (Navajo 
Volcanic Field) of the Colorado Plateau (Fig. 2, Usui et al., 2003; 
Smith et al., 2004) suggest subduction underplating of Farallon 
mafic crust along the ancient ∼100 km deep lithospheric lid 
(25-50 kbar conditions). The peridotites at Cemetery Ridge and 
Plomosa Mountains (Fig. 2) further point towards underlying frag-
ments of forearc/arc mantle wedge (Haxel et al., 2014), perhaps 
transported inboard on the leading edge of the flat slab.

Mojave Desert Region: Geo-thermochronologic and isotopic sig-
natures of peridotites from the Pliocene-Quaternary Cima cones 
suite (e.g. Lee et al., 2001) and the Quaternary Dish Hill cone (Luffi 
et al., 2009) in the east-central Mojave Desert (Fig. 1) are similar 
to those of nearby Precambrian basement rocks (Bennett and De-
Paolo, 1987). This evidence for underlying remnants of Archean(?)-
Proterozoic LC-SCML suggests that the ancient LC-SCML was not 
entirely sheared off in Laramide time.

Sierra Nevada Batholith (SNB): Remnants of pre- to syn-Laramide 
mantle lithosphere that constituted the arc root for the SNB are 
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present in late Miocene xenolith suites from the central SNB (e.g. 
Big Creek locality in Fig. 1; Ducea and Saleeby, 1998; Ducea, 
2001; Chin et al., 2012). Thermobarometric data from these rocks 
have been used to construct an ∼125 km deep mantle wedge 
“lithostratigraphy” (Ducea and Saleeby, 1998; Saleeby et al., 2003); 
with peridotites dominating the base of the section, grading up-
ward into garnet websterite, followed by a ∼45 km thick zone 
of abundant garnet clinopyroxenite (arclogites), which transitions 
into garnet granulite at ∼1.2 GPa conditions (∼40 km paleodepth). 
Geochronologic and trace element and isotopic analysis indicates 
that the garnet clinopyroxenites are partial melt residues, or deep 
level cumulates, linked to the overlying SNB (e.g. Ducea and 
Saleeby, 1998; Ducea, 2001). These garnet clinopyroxenites contain 
clinopyroxene with diopsidic (not jadeitic) compositions, Type-B 
garnet, accessory hornblende and orthopyroxene, and less com-
monly phlogopite and plagioclase. Given their unique geodynamic 
and petrogenetic significance, instead of “eclogites” (of metamor-
phosed lower plate origin), these rocks are referred to as “arclog-
ites” (Anderson, 2005)—a term that has been adopted in this paper. 
The preservation of this ∼125 km of arc-root assemblage beneath 
the central SNB through Miocene time sharply contrasts with the 
virtual absence of these materials beneath the eastern SCB (Fig. 1).

2.3. Missing SCB lower lithosphere

As to the fate of the missing SCB mantle wedge and arc root 
(i.e., lower lithosphere), intensified traction associated with the 
Late Cretaceous flattening of the subducting Farallon plate under-
neath the Mojave Desert area probably played a key role in “bull-
dozing” the tectonically eroded LC-SCML ∼500 km eastward, to the 
CPTZ and beyond (Livaccari et al., 1981; Bird, 1988; Saleeby, 2003; 
Liu et al., 2010; Axen et al., 2018).

The lower crust—upper mantle xenolith assemblages from the 
Laramide interior can be utilized to reconstruct tectonic displace-
ments in the LC-SCML. The ca. 25 Ma Sullivan Buttes Latite crops 
out in Chino Valley, Arizona (Fig. 1, 2) and adjacent areas and 
includes numerous garnet-pyroxene-amphibole rocks, garnet gran-
ulites, supracrustal rocks, and subordinate peridotites (e.g. Arculus 
and Smith, 1979; Esperanca et al., 1998; Smith et al., 1994). The 
nearby Camp Creek (Esperanca et al., 1988; Erdman et al., 2016) lo-
cality (Fig. 1, 2) includes similar xenoliths. These assemblages, pos-
sibly the entrained remnants of the displaced lower lithosphere, 
may be thought of as mantle xenolith “piercing points” that can 
provide insights into the tectonic erosion and translation of the 
mantle wedge and arc root. While arclogitic and garnet-websterite 
xenoliths are present at Camp Creek and Chino Valley, no schist 
equivalent felsic xenoliths such as those as Cemetery Ridge and 
Plomosa Mountains are observed at either locations.

If indeed the advancing flat slab bulldozed the SCB LC-SCML 
eastwards, the remnants of this material, once attached to the base 
of the SCB, should (1) record isobaric cooling associated with the 
displacement form hot arc to cooler craton interior under simi-
lar lithospheric depths and (2) retain the high-temperature por-
tion of the thermal history of the Mojave Desert (Chapman et 
al., 2019, 2020), with possible overprints of the late stage (post-
Laramide?) thermal evolution of the CPTZ. The Mojave Desert re-
gion is chiefly underlain by Jurassic (ca. 160-140 Ma) and Late Cre-
taceous (90-70 Ma) arc plutonic assemblages with relatively small 
amounts of Mesozoic to Neoproterozoic sedimentary protoliths, 
now exposed as metamorphic pendant rocks within batholithic as-
semblages (Wells and Hoisch, 2008; Barth et al., 2008; Needy et 
al., 2009; Chapman et al., 2018). If the xenoliths recovered from 
the CPTZ are indeed consanguineous with the SCB, the xenoliths 
should chiefly yield Late Cretaceous and Jurassic ages that closely 
match those of the SCB.
3. Metamorphic petrology

Major element concentrations of minerals (Appendix D1) were 
determined using a JEOL 6610 LV Scanning Electron Microscope 
(Energy Dispersive Spectrometry (EDS)) and modal abundance 
maps of the mineral phases present were obtained using an M4 
Tornado Micro X-Ray Fluorescence Spectrometer at Macalester Col-
lege (Appendix B). For X-ray imaging of Fe, Mg, Ca and Mn distri-
bution in garnet, electron microprobe analyses (EPMA) were con-
ducted with JEOL JXA-8900R electron microprobe at University of 
Minnesota. Maps were processed to enhance zonation features us-
ing imagesc (MATLAB).

The studied xenoliths from Chino Valley and Camp Creek, 
primarily garnet clinopyroxenites (Appendix D2), contain 45-
75% modal abundance of almandine garnet and 20-45% diopside 
clinopyroxene (Appendix B). Rutile (2-3%) occurs as inclusions in 
garnet and clinopyroxene, and commonly contains variably tex-
tured ilmenite exsolution lamellae and patches (Fig. 3c-d). Other 
mineral phases include apatite, zircon and 5-10% amphibole. The 
rocks contain Type-B garnet (30-35% pyrope), diopsidic clinopyrox-
ene, and lack phlogopite and plagioclase, except when injected by 
host latite.

Garnet grains, typically subhedral with kelyphitic rims, range 
in diameter from ∼1-6 mm and show subtle zonation (Appendix 
C). In samples extensively altered by lava intrusions, some gar-
nets have been completely altered to kelyphite (Fig. 3). The garnet 
core composition (from sample 16CV2C) is approximately 38 mol% 
almandine, 35 mol% pyrope, 26 mol% grossular and 1 mol% spes-
sartine (Alm38Py35Gr26Sp1). The rim is slightly enriched in both 
almandine and grossular components and has a lower pyrope com-
ponent (Alm39Py31Gr29Sp1). Garnet zonation profiles (Fig. 4) are 
similar to those observed by Smith et al. (1994) in Chino Val-
ley rocks, and further reveal a monotonic decrease in the Mg# 
(Mg/(Mg+Fe)) from core to rim.

Matrix clinopyroxene is mainly diopsidic (unzoned) ranging 
from ∼70 to 90 mol% diopside (average ∼78 mol%) across differ-
ent samples. A significant amount of clinopyroxene in the Camp 
Creek samples has been altered to plagioclase, biotite, K-feldspar, 
and epidote, presumably during invasion of latite lava (Fig. 3). The 
rocks also contain up to ∼5–10% modal abundance of secondary 
amphibole (dominantly pargasistic/edenite hornblende) as a late 
textural replacement of clinopyroxene. In some cases, the amphi-
bole overprint also preserves the clinopyroxene cleavage habit with 
two distinctive planes intersecting at ∼90◦ angle (Fig. 3e-f).

4. Temperature and pressure estimates

To estimate peak conditions of equilibrium, we constructed 
a bulk-composition specific equilibrium phase diagram (pseudo-
section) for the xenoliths and applied major element (garnet-
clinopyroxene Fe-Mg exchange) and trace element (Ti-in-zircon 
and Zr-in-rutile) thermometry. Previous studies estimated temper-
ature and pressure for Chino Valley garnet clinopyroxenite samples 
at 600-850 ◦C and 12-28 kbar (Smith et al., 1994; Erdman et al., 
2016). The high-pressure constraint (∼28 kbar) in these studies 
have been computed from websterites (i.e. quenched mantle melts 
instead of arcologitic residues; Chapman et al., 2019), and hence 
we consider them as upper bound on peak pressures for garnet 
clinopyroxenites. Another study (Esperanca et al., 1988) estimated 
similar temperatures for Camp Creek xenoliths at 600-900 ◦C and 
constrained the pressure of one plagioclase bearing sample from 
the same xenolith suite at ∼10 kbar. For plagioclase-absent as-
semblages studied here, this calculated pressure (perhaps a result 
of late stage equilibration between plagioclase rich melt and the 
garnet-clinopyroxene phases) provides a low-pressure constraint.
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Fig. 3. Xenolith petrography. (a) A pocket of lava consisting of plagioclase, epidote, potassium feldspar and biotite (xpl); 16CC2C. (b) Amphibole altering to plagioclase 
in lava intruded sample (ppl); (c) Rutile inclusion in a garnet grain (xpl); 16CC2C. (d) ilmenite-rutile exsolution lamellae (white: ilmenite, gray: rutile). (e) Clinopyroxene 
being replaced by amphibole (ppl); 16CV2FF. (f) Secondary amphibole with preserved clinopyroxene ∼90◦ cleavage (ppl); 16CV2FF. Abbreviations as follows: grt, garnet; cpx, 
clinopyroxene; amph, amphibole; ksp, potassium feldspar; alt, altered; bt, bitotite; plg, plagioclase; ep, epidote; ppl, plane-polarized light; xpl, cross-polarized light.
4.1. Petrogenetic modeling

Pressure-temperature (PT) field: In the pseudosections constructed 
for the xenoliths, the assemblage garnet (almandine, grossular, py-
rope) + clinopyroxene (diopside) + ilmenite + rutile is stable 
over a wide range of temperature (>550 ◦C) and pressure from 
∼12 kbar to >30 kbar (Fig. 5). Compositional isopleths calculated 
for almandine (Alm) and pyrope (Py) components of garnet do 
not intersect at any single point on any phase diagram at val-
ues corresponding to those measured. Nevertheless, the general 
trend of isopleths in the stable P-T field for pyrope mol% decreases 
and almandine mol% increases (also observed in garnet core to 
rim zonation profiles; Fig. 4) as the temperature decreases. These 
observations strongly suggest that garnet growth occurred during 
cooling. Given the near vertical slope of the isopleths (low sensi-
tivity of the garnet composition with respect to pressure) in the 
stable PT field, a better constraint cannot be imposed on the peak 
pressure experienced by the arclogites. Additionally, the grossu-
lar content of garnet is not accurately modeled (observed values 
not present in the stable PT field). These inconsistencies (e.g. no 
point of intersection of the observed compositional isopleths) are 
possibly due to inaccurate assumptions about bulk composition, 
modification (e.g., by diffusion at high temperature) of mineral 
compositions, or problems with the solution models (the solid 
solutions are at or near the end-member (maximum range) com-
positions; e.g., pyrope and grossular in garnet).

Addition of H2O: Studied xenoliths contain up to ∼10% modal 
abundance of texturally late amphibole replacing clinopyroxene in 
the assemblage. Secondary amphibole is generally more abundant 
in highly altered Camp Creek and Chino Valley xenoliths, compris-
ing up to 30% by mode (Fig. 3 e-f). Modeling in theriak (Appendix 
A) for a range of P-T conditions suggests that the xenoliths ab-
sorbed at least ∼0.2 w.t.% H2O (2000 ppm) with respect to solid 
phases present for the bulk compositions specific to these samples 
(Fig. 6). Modeled amphibole modal abundance and composition 
(hornblende and pargasite) are consistent with the petrographic 
observations. The results also show that addition of more than 
0.5 w.t.% H2O with respect to solid phases stabilizes chlorite in 
the assemblage and given the absence of secondary chlorite in the 
studied xenoliths, it follows that the rocks experienced moderate 
late stage hydration (<0.5 w.t.% H2O with respect to solid phases).

4.2. Major and trace element thermometry

Garnet–clinopyroxene Fe–Mg – Various calibrations for the CPTZ 
arclogites for garnet-clinopyroxene compositions, over a range of 
pressure (12 kbar to 28 kbar), yield equilibration temperatures of 
700–850 ◦C (e.g., Nakamura, 2009). These estimates are similar to 
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Fig. 4. Growth zonation profiles in arclogite garnet in sample 16CV2C. Location of the zonation profile is shown in Supplementary Fig. 2 (16CV2C Grain 1). (a) Monotonic 
decrease in Mg# from core to rim (∼6 mm). (b) Increase in Ca and decrease in Mg concentration from core to rim. (c) Slight increase in Fe concentration from core to rim. 
(d) No zonation with respect to Mn in garnet.
Fig. 5. Psuedosections calculated for 16CV2C using Theriak-Domino. Stable Pres-
sure Temperature (PT) field shown for Chino Valley Arclogites. Garnet almandine 
(red) and pyrope (blue) isopleths overlays in the stable PT fields, show a general 
trend of increase in almandine component and decrease in pyrope component with 
decrease in temperature. Abbreviations as follows: grt, garnet; py, pyrope; alm, 
almandine; cpx, clinopyroxene; omph, omphacite; do, diopside; rt, rutile; ilm, il-
menite; plag, plagioclase; sph, sphene (titanite); sp, spinel; cor, cordierite. See text 
for discussion. Method details in Appendix A.

Fig. 6. Influence of H2O on the arclogite assemblage. Addition of ∼2000 ppm (0.2 
wt.%) H2O (w.r.t to solid phases) to the acrologite mineral assemblage results in 
∼10% modal abundance of amphibole (as observed petrographically). More than 
∼0.45 wt.% H2O results in the addition of chlorite phase, which is not observed 
in the studied arclogites. Modeled in Theriak-Domino.
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Fig. 7. Zircon U-Pb age distribution and Ti-in-zircon thermometry trend over time. (a) A probability density diagram of U-Pb zircon ages of the samples (data from Chapman 
et al., 2019). Note two age peaks at ca. 150 Ma and ca. 70 Ma. (b) Ti-in-zircon thermometry (Watson et al., 2006) showing elevated temperatures (>650 ◦C) from Jurassic 
through Cenozoic time. See text for discussion. Method details in Appendix A. (c) Zircon Hf evolution diagram comparing Chino Valley and Camp Creek arclogite xenoliths 
with Mojave Desert plutons (data for the latter from Fisher et al., 2017 and Chapman et al., 2018). Group 1 arclogite are foliated, low-MgO, amphibole-rich, and clinopyroxene-
poor; group 2 arclogite are equigranular, high-MgO, amphibole-poor, and clinopyroxene-rich. (Chapman et al., 2019).
those of Smith et al. (1994), Esperanca et al. (1988) and Erdman et 
al. (2016).

Zr-in-rutile – Rutile grains from Chino Valley samples have 
a typical composition ranging between ∼850-1550 ppm Zr, and 
those from Camp Creek range from ∼650-1350 ppm Zr. One Juras-
sic sample from Chino Valley sample (sample 16CV2.5F; Sm-Nd 
age ∼153.3 ± 3.1 – Section 5.2) has lower Zr concentration (∼290-
450 ppm) as compared to all other samples. Temperatures calcu-
lated using Zr-in-rutile thermometry range from ∼730 to 800 ◦C in 
Chino Valley samples and ∼710 to 785 ◦C in Camp Creek samples 
(average ∼750 ◦C).

Ti-in-zircon – Zircon Ti concentrations of the samples range 
from ∼3 to 100 ppm, yielding temperatures from ∼650 to 900 ◦C. 
In conjunction with existing zircon U-Pb ages (summarized in sec-
tion 5.1 below; Chapman et al., 2020), thermometry results reveal 
over ∼100 Myr of high temperatures from Jurassic time (average T 
∼720 ◦C) through the Late Cretaceous (average T ∼750 ◦C; Fig. 7).

5. Geochronology and zircon trace element analysis

5.1. Zircon U-Pb and trace element analysis

Detailed analysis and discussion of Camp Creek and Chino Val-
ley xenolith U-Pb zircon ages is given in Chapman et al. (2020)
and summarized in Fig. 7. With the exception of a small number 
(<10% of analyzed grains; Chapman et al., 2019, 2020) of latest 
Cretaceous-early Cenozoic grains, the age distribution of the zircon 
grains shows two prominent peaks – at ca. 150 Ma (Jurassic) and 
75 Ma (Late Cretaceous), suggesting over a ∼100 Myr long history 
of formation/growth.

Zircon REE analyses were done on dated zircon grains by LA-
ICP-MS at Rice University, using the same conditions as those 
described in section 4.2 (Fig. 8). Chondrite-normalized REE pat-
terns show shallow HREE slopes (LuN/DyN = 4.53 to 13.7; av-
erage = 7.47). The zircon grains show negative Eu anomalies 
(Eu/Eu∗ = Eu/

√
SmN · GdN . = 0.14 to 0.82; average = 0.35) that in-

crease (i.e. become more negative) from Jurassic to Late Cretaceous. 
The zircons also exhibit high positive Ce-anomalies (Ce/Ce∗ =
Ce/

√
LaN · PrN ; ranging from ∼3.49 to 262.67) with ∼70% of the 

analyzed grains exhibiting Ce/Ce∗ > 50.

5.2. Garnet Sm-Nd geo-/thermochronology

Two-point Sm-Nd garnet and whole-rock isochrons were calcu-
lated from 11 samples (Fig. 9). Analytical methods are in Appendix 
A. Six samples yield ages and 2σ uncertainties ranging from 33.2 
± 2.4 Ma to 40.1 ± 4.7 Ma and four samples span the range 47.7 ±
1.8 Ma to 59.9 ± 3.1 Ma. The whole rock initial εNd value ranges 
between −5 and −9 (similar to Esperanca et al., 1998), except for 
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Fig. 8. Chondrite normalized REE plot and Eu-anomalies (Eu/Eu*) for dated zircons. (a) Trends showing the range of REE concentrations and the average in Early Jurassic and 
Late Cretaceous-Cenozoic periods. Note the positive Ce-anomalies and negative Eu-anomalies. (b) Average Eu anomalies (Eu/Eu∗) in the dated zircons showing an increasing 
trend from Early Jurassic to Late Cretaceous time. See text for discussion; Eu/Eu∗ = Eu/

√
SmN · GdN .
one Chino Valley sample (16CV2.5F), which yields a Jurassic age of 
153.3 ± 3.1 Ma and initial whole rock εNd of +8.

6. Discussion

6.1. Evolution of the arclogitic xenoliths

Thermobarometric constraints on the CPTZ xenoliths bracket 
the peak conditions of equilibration between 12-28 kbar and 650 
– 900 ◦C, which along with the arclogitic composition of the xeno-
liths (type “B” garnet and diopsidic clinopyroxene) strongly sug-
gests the origin of these rocks as continental arc residues, much 
like xenoliths recovered from the central SNB. Zircon REE signa-
ture, such as HREE depletion, is typically interpreted to indicate 
the presence of garnet during zircon crystallization, i.e. in eclogite-
facies conditions (Rubatto, 2002), also similar to those in which 
arclogites form. Studied CPTZ arclogites do not contain any pla-
gioclase in the primary mineral assemblage, however the zircons 
exhibit negative Eu-anomalies. Though the anomalies could be in-
herited directly from the protolith or source (Rubatto, 2002), the 
magnitude of the Eu-anomalies increase over time, which in the 
absence of plagioclase can be explained by Eu being partly reduced 
(e.g. Tang et al., 2019). Recent studies show that the evolving re-
dox conditions, such as simultaneous oxidation and iron-depletion 
under reduced conditions (driven by garnet fractionation) in arc 
magmas, influence the redox-sensitive behavior of Eu resulting 
in negative Eu anomalies (Tang et al., 2019). Other mechanisms 
such as initial formation of plagioclase-rich melt and its progres-
sive extraction from the arc-root with plagioclase-free partial melt 
residue or deep level cumulates left behind (Ducea, 2001; Tang 
et al., 2019) could have also contributed to the increase in Eu 
anomalies over time. Interestingly, zircons also exhibit large pos-
itive Ce-anomalies (Ce/Ce*); the typical Ce-anomaly of igneous zir-
con is about ∼105 (Vetrin and Skublov, 2015; Rubatto, 2002) and 
the anomalies calculated for studied zircons are up to 200. Similar 
to Eu, the behavior of Ce also depends on the redox conditions 
during zircon crystallization; however, unlike Eu-anomalies, Ce-
anomalies increase with the increase in oxygen activity (e.g. Vetrin 
and Skublov, 2015). The increase in oxidation state of arc magmas 
is usually attributed to either (1) addition of volatile-rich oxidizing 
components derived from subducted sediments and oceanic crust 
to the sub-arc mantle (e.g. Kelley and Cottrell, 2009); and/or (2) 
oxidation caused by magma differentiation associated with crys-
tallization and chemical interactions with pre-existing crust (e.g., 
Tang et al., 2019). Both processes, the contamination of the sub-
arc mantle with volatiles such as hydrous melts and Ce-rich fluids 
sourced from the subducting slab and/or from underplated schists 
and the evolving redox conditions of the arc-magma itself (e.g. 
Tang et al., 2019), could have contributed to the high positive Ce 
anomalies observed in the zircons.

Our hypothesis that these arclogites formed as residues to east-
ern SCB arc magmas and were subsequently bulldozed during the 
Late Cretaceous flat slab advance, has twofold requirements: first, 
the thermal evolution of these rock should overlap that of the SCB, 
with possible post-dispersal thermal overprints and second, the ar-
clogites should record near isobaric cooling associated with the 
displacement from beneath the hot arc to a colder craton under 
similar lithospheric depths. The zircon U-Pb ages (Fig. 7) indicate 
that the lower crust-upper mantle currently underlying the CPTZ 
formed in two major pulses at ∼150 Ma and ∼75 Ma, with the 
bulk of it forming during Late Cretaceous time (Chapman et al., 
2020). A detailed analysis of these zircon U-Pb ages in Chapman et 
al. (2020) clearly shows that the middle Jurassic igneous rocks and 
early Cenozoic Laramide porphyry copper deposits in SW Arizona 
with age peaks at ca. 60 and 170 Ma (e.g., Chapman et al., 2018), 
do not provide as close a match to the CPTZ zircon age distribu-
tion. Conversely, the CPTZ xenolith ages more closely overlap with 
Jurassic plutonism in the SCB associated with subduction of the 
Farallon Plate beneath North America (Barth et al., 2008; Needy et 
al., 2009; Chapman et al., 2018) and Late Cretaceous arc magma-
tism prior to and during shallowing of the angle of the down-going 
plate (Wells and Hoisch, 2008; Needy et al., 2009; Chapman et al., 
2018).

The Jurassic garnet-whole rock Sm-Nd age of 153.3 ± 3.1 Ma 
of Chino Valley sample 16CV2.5F is interpreted to be a quenched 
peridotite-derived melt in the mantle. An initial εNd of +8, 
strongly suggests derivation from a recently depleted mantle, likely 
associated with Jurassic magmatism in the Mojave Desert re-
gion. Alternatively, the sample could also have been derived from 
the oceanic Farallon crust, however, sample 16CV2.5F (and other 
similar samples from Chino Valley and Camp Creek) contains or-
thopyrexene, i.e. it is a websterite. The sample also contains type 
B garnet (Smith et al., 1994) and diopsidic clinopyroxene which is 
more compatible with a mantle derived melt (for Farallon crust de-
rived sample, we would expect omphacitic clinopyroxene instead). 
The zircons extracted from Camp Creek garnet-clinopyroxenite 
xenoliths also yield low negative εHf values (−3 to −13), time-
corrected to corresponding U-Pb ages (Fig. 7c). A significant Pre-
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Fig. 9. (a) Sm-Nd garnet-whole rock geochronology. One Chino Valley sample 
16CV2.5F records a Jurassic age. Remaining samples yield Late Cretaceous–Early 
Cenozoic ages, suggesting partial re-equilibration of the samples with host latite. 
(Chapman et al., 2019). (b) Sr and Nd isotopic compositions for Chino Valley (CV, 
filled) and Camp Creek (CC, unfilled) xenoliths compared to plutonic rocks of the 
Mojave Desert (shaded pink). Data from Esperanca et al. (1998), Smith et al. (1994), 
Miller et al. (1996), and this study (shaded blue, note Sr isotopic data are not avail-
able for this study). Intersecting axes are “bulk earth” values. Epsilon values and Sr 
ratios are initial values for xenoliths; values from Mojave Desert plutons are age-
corrected for 90 Ma.

cambrian lower lithosphere component is required to explain low 
negative εNd and εHf values from these nodules. Zircon εHf values 
from plutons of the Mojave Desert (Fisher et al., 2017; Chapman 
et al., 2018) overlap those of Arizona arclogite xenoliths, further 
corroborating the assertion that Arizona arclogites represent mafic 
restites/cumulates genetically related to the SCB (Chapman et al., 
2019).

In addition to the high-temperature portion of the thermal his-
tory of the Mojave Desert Region, these xenoliths also contain evi-
dence for possible overprints of the late stage (syn/post-Laramide) 
thermal evolution of CPTZ. Garnet-whole rock Sm-Nd ages range 
from ∼33 to 60 Ma and yield low negative initial εNd values (−5 
to −9), precluding derivation from oceanic crust or young depleted 
mantle and instead requiring extraction from Precambrian lower 
crust (and/or mantle material). The closure temperature, calculated 
at ∼725 ◦C for a 1 mm garnet, is similar to the peak estimates 
from garnet-clinopyroxene thermometry (∼700–850 ◦C). Addition-
ally, titanite derived from multiple samples of Chino Valley garnet 
clinopyroxenite yields an age of ca. 57 Ma that overlaps garnet-
whole rock ages at the 1σ level (Erdman et al., 2016). Considering 
that arclogitic nodules equilibrated at temperatures overlapping 
garnet Sm-Nd and titanite U-Pb closure temperatures, the observed 
Cenozoic spread in garnet and titanite ages suggests that these 
rocks were at or above Sm-Nd garnet closure temperatures for a 
protracted interval of time (Chapman et al., 2020). The elevated 
temperatures in the region associated with Eocene to Miocene 
westward sweep of magmatism, including the ca. 25 Ma arclog-
ite xenolith-hosting latite, that accompanied rollback and tearing 
of the Farallon slab (e.g. Coney and Reynolds, 1977), may also be 
responsible for partial re-equilibration of the Sm-Nd systematics in 
the samples relative to the Jurassic Chino Valley sample 16CV2.5F 
(Fig. 9). These data, along with Ti-in-zircon thermometry point 
to long-term (10s of Myr) residence within the lower lithosphere 
at high temperatures (>700 ◦C) and/or incomplete re-equilibration 
with ca. 25 Ma host latite.

The Jurassic to Late Cretaceous-Early Cenozoic thermal history 
of studied xenoliths, in conjunction with the thermobarometric 
data, indicates the growth and/or equilibration of xenoliths over 
∼100 Myr at elevated temperatures (>700 ◦C) and pressures (>12 
kbar). The pressure range of 12-28 kbar (45-100 km depth as-
suming a 2800 kg/m3 overburden density; Smith et al., 1994; 
Esperanca et al., 1988; Erdman et al., 2016) associated with the 
formation of these rocks, is similar to that expected for the sub-
SNB garnet-clinopyroxenite suite (e.g., Ducea and Saleeby, 1998; 
Saleeby et al., 2003; Chin et al., 2012). Pseudosections showing 
nearly isothermal almandine and pyrope garnet isopleths in the 
field of interest further shed light on the general PT evolution of 
the rocks (Fig. 5). The garnet rims are characterized by increas-
ing almandine and decreasing pyrope component, indicating that 
conditions of decreasing temperatures during late stages of garnet 
growth in these bulk compositions (Figs. 6 and 7, Appendix C). The 
garnet grains also exhibit growth related zonation associated with 
a monotonic decrease in the Mg# from core to the rim, recording 
garnet growth during cooling conditions (∼300 ◦C) (Spear, 1993). 
Cenozoic Sm-Nd garnet and U-Pb titanite ages (Esperanca et al., 
1988; Smith et al., 1994; Erdman et al., 2016) indicate that the 
arclogites remained hot (>700 ◦C) through Late Cretaceous until 
Miocene. Thus, it is likely that growth zonation captures the cool-
ing of the LC-SCML in its latest-stages of formation, as it migrated 
eastwards from the hot continental arc (SCB) to colder interior 
craton in Late Cretaceous. Alternatively, it could be argued that iso-
baric cooling occurred following construction of an arclogitic root 
to Laramide porphyry copper deposits. However, the geochrono-
logic relations provided herein render this possibility unlikely.

Late stage hydration event: Xenolith petrography reveals partial 
replacement of clinopyroxene by amphibole (Fig. 3e, f), raising 
the possibility that these rocks experienced a late-stage hydration 
event. Thermodynamic modeling results show that for the bulk 
composition of studied arclogites, addition of at least 0.2 w.t.% H2O 
(with respect to solid phases present in the samples) is required 
to obtain the amphibole modal abundance and composition (horn-
blende and pargasite) that is consistent with petrographic obser-
vations. Several studies suggest that the flattening of the Farallon 
slab introduced water into the North American lithospheric mantle 
during Late Cretaceous time (e.g. Lee, 2005 and references within). 
The hydration of the LC-SCML driven by dewatering of the sub-
ducting Farallon plate could explain the presence of secondary am-
phibole. Dehydration of subducted sediments (either directly from 
the subducting slab or from the underplated trench-derived mate-
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Fig. 10. Tectonic cartoons illustrating tectonic evolution of the LC-SCML underlying the Mojave Desert region (Jurassic to Early Cenozoic). Key: green, trench sediments; 
pink, maroon and orange drops, magmatism; arrows; inferred mantle-asthenosphere flow/convection. See text for discussion. Modified from Wells and Hoisch (2008) and 
Chapman et al. (2020).
rial dislodged with the sub-SCB arc root, Fig. 10), could have also 
introduced Ce-rich fluids into the LC-SCML contributing to the high 
Ce-anomalies observed in CPTZ arclogite zircons. Alternatively, the 
amphibole formation may be related to magmatism and the main 
formation stage of the arclogites themselves, which is often seen in 
other arclogitic xenoliths from the SNB (Ducea and Saleeby, 1998). 
However, this seems unlikely given the petrographic evidence that 
amphibole in CPTZ arclogites is present as late textural replace-
ment of clinopyroxene (Fig. 3e-f). It could also be argued that hy-
dration of the studied xenoliths was accomplished by interactions 
with high-H2O latite and did not require an earlier phase of hy-
dration. We consider this unlikely given that alteration of arclogitic 
xenoliths by host lavas occurs at a fine scale (e.g., development of 
sub-μm oxide-silicate intergrowths on garnet/clinopyroxene), due 
to the very limited amounts of time xenoliths are exposed to the 
lavas (on the order of days; Heger, 2013 and reference within) 
and does not involve the much larger scale (100s of μm) growth 
of secondary amphibole (Fig. 3e, f). Furthermore, the fluid-fluxed 
growth of amphibole at the expense of clinopyroxene in arclog-
ite should also have been accompanied by the addition of aqueous 
silica (e.g., Manning, 1997), which does not appear to be the case 
in studied arclogite samples. We suggest that any silica migrat-
ing upward from the Farallon slab and/or underplated schist was 
buffered by talc and serpentine within a few km of the subduction 
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megathrust (Manning, 1997), leaving overriding arclogite hydrated 
yet relatively unsilicified.

6.2. Tectonic bulldozing of the LC-SCML

The geo-thermochronologic and geochemical relations together 
indicate that origin of CPTZ xenoliths as continental arc-residues 
with overlapping thermal history with the SNB-Mojave-desert re-
gion. Thermobarometric data consistent with the hypothesized dis-
placement of these rocks, lead us to assert that these arclogitic 
xenoliths are not native to central Arizona and instead represent 
lower crustal-upper mantle materials displaced eastward from be-
neath the SCB and reaffixed beneath the CPTZ region. We now 
focus on the petrologic and tectonic evolution of CPTZ arclogites 
(Fig. 10).

Xenoliths of the CPTZ began forming in the Late Jurassic 
(Fig. 10a) as deep level cumulates/partial melt residues (45-100 
km depth) to continental arc magmas in the Mojave Desert Re-
gion. During Late Cretaceous, the Farallon slab outboard of the 
Mojave Desert Region evolved into a shallow-flat geometry (e.g. Li-
vaccari et al., 1981; Liu et al., 2010). As a result, upper-lower plate 
traction and lateral stresses intensified, destabilizing the LC-SCML 
under the Mojave Desert region, facilitating upwelling of astheno-
sphere and igniting a pulse of Late Cretaceous arc activity (e.g. 
Wells and Hoisch, 2008). It was during this period of increased 
arc magmatism that the sub-SCB root experienced another pulse 
of growth at ca. 80-70 Ma as recorded by the zircon U-Pb ages 
(Wells and Hoisch, 2008; Needy et al., 2009; Chapman et al., 2018, 
2020). As the flat slab continued to advance, the destabilized arc-
root dislodged from the SCB above and underplated schists were 
tectonically bulldozed along the tip of the shallow slab segment 
from its origin to at least ∼500 km further inboard (Fig. 10c) to 
the CPTZ (Chapman et al., 2019, 2020). The arclogite experienced 
cooling as it was displaced from underneath the hot arc to un-
der colder craton as recorded by garnet zonation profiles; however 
the displaced material continued to remain hot (>700 ◦C) for 10s 
of Myr following its dispersal, until eruption in late Oligocene-
Miocene, as indicated by Cenozoic Sm-Nd garnet and U-Pb titanite 
ages (Esperanca et al., 1988; Smith et al., 1994; Erdman et al., 
2016; this study). With continued plate convergence and advance 
of flat slab further inboard with a dislodged LC-SCML at it leading 
edge, the foreland crust thickened significantly, forming a high-
elevation plateau (DeCelles, 2004; Copeland et al., 2017). Magma-
tism also swept inboard at this time, forming ca. 75-55 Ma granitic 
stocks and large calderas and associated copper mineralization in 
the transition zone (e.g., Chapman et al., 2018). As suggested in 
Chapman et al. (2019, 2020), crustal thickening-related radiogenic 
heating and increased magmatic activity in the Colorado Plateau 
region likely precipitated Latest Cretaceous-early Cenozoic zircon 
growth in dislodged arclogite and also partially re-equilibrated the 
garnet Sm-Nd system as well.

Recent geodynamic studies (Axen et al., 2018) modeling the ef-
fects of evolving morphology of the subducting Farallon plate on 
the LC-SCML underneath the S.W. Cordillera are consistent with 
the interpretations above. Following the start of flat-slab subduc-
tion, the thermomechanical models predict underplating of con-
tinental crust with trench-derived sediments (such as the under-
plated San Emigdio schists in the Mojave region; Fig. 10c, d) and 
also the shearing of ∼20-50 km of LC-SCML as a result of the 
shallowing angle of subduction (Jacobson et al., 1988; Barth et 
al., 2008; Grove et al., 2003; Saleeby, 2003; Ducea and Chapman, 
2018; Chapman et al., 2012). In these models the flat slab scrapes 
off or tectonically erodes the LC-SCML, which then migrates ahead 
of the advancing slab, perhaps as far as SW Colorado. In the mod-
els, the displaced LC-SCML resists sinking with the slab, instead 
remains intact underneath the continental crust even after the slab 
roll-back, much like our hypothesized displacement of the sub-
SCB arclogite and trench-derived material and their re-affixation 
beneath the CPTZ and further inboard (Fig. 10c, d).

6.3. Implications for Cenozoic tectonism in SW U.S.

Strength of the Colorado Plateau relative to adjacent provinces: The 
tectonic stability of the Colorado Plateau through the Laramide 
contractile and Cenozoic extensional deformation in SW U.S. re-
mains a longstanding enigma in Cordilleran tectonics (e.g., Morgan 
and Swanberg, 1985). A commonly cited reason is the strength of-
fered by the cold and thick lithosphere of the Colorado Plateau (e.g. 
Lee et al., 2001). However, various seismic and isotopic studies in-
dependently indicate that the lithosphere of the Colorado Plateau 
mantle lithosphere was neither stronger nor thicker than that of 
the adjacent Basin and Range, prior to Mesozoic and later defor-
mation events (e.g., Bird, 1988; Livaccari and Perry, 1993). Instead, 
Bashir et al. (2011) suggests that a mafic layer, presumably the dis-
placed arclogite material, underlies most of the Colorado Plateau 
at ∼30-40 km depth. This mechanically strong mafic keel might 
have provided additional support for the Colorado Plateau to re-
main stable relative to adjacent geologic provinces (Bashir et al., 
2011). Late Cretaceous displacement and attachment of arclogite 
to the base of the Colorado Plateau in Late Cretaceous time are 
compatible with this view. We speculate that the addition of LC-
SCML material in the region had an “armoring/hardening” effect, 
further contributing to the stability of the region and producing 
the tectonomorphically distinct plateau, until (as discussed below) 
these dense materials began to founder in middle Cenozoic time 
(e.g. Levander et al., 2011; Erdman et al., 2016).

Post-Laramide extensional regime: The Colorado Plateau and ad-
jacent transition zone, the inferred location of displaced arclog-
ite, has undergone significant post-Laramide extensional tectonism. 
Re-affixation of a foreign LC-SCML from a region of high arc mag-
matism (SCB) to underneath the Colorado Plateau region, might 
have preconditioned the region to Oligocene-Miocene regional ex-
tension, formation of Cordilleran core complexes and post-Miocene 
delamination. Vertically dipping seismically fast features and the 
presence of a “double Moho” within the CPTZ (Levander et al., 
2011; Erdman et al., 2016) and the abundance of spinel peridotite 
xenoliths (instead of arclogites) in Miocene and younger volcanic 
host rocks, suggests that these dense materials began to founder 
and be replaced by upwelling asthenosphere in middle Cenozoic 
time, at ∼12 Ma and perhaps as early as 25 Ma, e.g. (Levan-
der et al., 2011; Erdman et al., 2016). The timing of arclogite 
delamination overlaps that of the onset of extension and devel-
opment of the southern belt (i.e., California, Arizona, and Sonora) 
of Cordilleran metamorphic core complexes (e.g., Dickinson, 2009) 
suggesting a possible genetic relationship. The post-Laramide roll-
back of the Farallon slab and associated influx of asthenosphere 
destabilized and led to the foundering of the foreign mafic keel 
of the Colorado Plateau (rather than native cratonic lithosphere 
e.g., Levander et al., 2011), leaving the overlying crust exposed to 
asthenospheric upwellings. Ensuing flow in the weakened lower 
crust facilitated the localized surface extension and further crustal 
thinning in the upper crust, ultimately resulting in the preva-
lence of an extensional regime; i.e. the formation of southern belt 
of Cordilleran metamorphic core complexes. Meanwhile, the inte-
rior of the Colorado Plateau appears to be underlain by a thick 
lithospheric mantle, composed of cratonic material and underlying 
mafic (arclogitic?) layer which, we speculate, continues to protect 
the crust from deep convecting mantle, contributing to the tectonic 
stability of the plateau.
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7. Conclusion

We have integrated new and existing (e.g. Esperanca et al., 
1988; Smith et al., 1994; Erdman et al., 2016) petrogenetic and 
geo-thermochronologic studies of LC-SCML xenoliths to understand 
the tectonic evolution of the SW Cordillera lower lithosphere, 
specifically the fate of missing sub-SCB materials. Arclogitc com-
positions of these rocks at high PT conditions of equilibration 
(600-900 ◦C, 12-28 kbar) and a bimodal U-Pb zircon age distribu-
tion overlapping that of the Mojave Desert region strongly implies 
the formation of these rocks as a continental arc root to the SCB. 
Titanite ages and Cenozoic Sm-Nd whole rock-garnet ages point 
toward post-displacement thermal overprints, perhaps a result of 
long-term (10s of Myr) residence within the lower lithosphere 
and/or incomplete re-equilibration with ca. 25 Ma host latite in 
CPTZ region. Zircon REE abundances suggest concurrent growth of 
garnet and zircon, while garnet zonation patterns record growth 
during cooling, likely related to the >500 km displacement from 
the hot SCB to colder CPTZ. Negative Eu-anomalies and positive 
Ce-anomalies observed in the zircons could be a product of evolv-
ing redox conditions in the arc system itself (e.g. Tang et al., 2019) 
and/or contamination of the arc magmas by volatiles from the sub-
ducted oceanic crust and/or underplated schists.

The petrologic and tectonic relations presented herein lead us 
to assert that arclogitic xenoliths are not native to central Arizona 
and instead represent LC-SCML fragments displaced eastward from 
beneath the SCB and reaffixed beneath the CPTZ (Axen et al., 2018; 
Chapman et al., 2019, 2020). This displaced LC-SCML fragment 
might also have provided the ballast necessary for the strength of 
the Colorado Plateau relative to adjacent geologic provinces, pro-
viding an intriguing explanation for the tectonic stability of the 
region through Late Cretaceous and Cenozoic deformation events 
(e.g., Morgan and Swanberg, 1985; Bashir et al., 2011; Erdman et 
al., 2016). Destabilization of this foreign mafic keel under the Col-
orado Plateau ensuing the Farallon slab-roll back, may have also 
preconditioned the region to Cenozoic tectonism e.g. active delam-
ination, high-magnitude extension and formation of metamorphic 
core complexes (e.g., Levander et al., 2011; Erdman et al., 2016; 
Chapman et al., 2020).
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