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It has long been challenging for researchers to track the crustal thickness and mode(s) of crustal 
modification in ancient convergent margins, limiting evaluation of the tectonic styles and processes 
that modify continental crust during orogenesis. We present trace element igneous geochemical crustal 
thickness proxies that quantitatively track the crustal thickness evolution of the long-lived Proterozoic 
active margin in the southwestern U.S.A. We integrate these results with geobarometric data to constrain 
the mode of crustal modification. The data indicate a complex record of crustal thickness change in space 
and time and evolving orogenic styles. Geochemical proxies at 1.84–1.72 Ga are consistent with 20–40 
km thick magmatic arcs that were locally thickened to ∼50 km during ∼1.75 Ga tectonism. During the 
Yavapai orogeny, 1.72–1.69 Ga, a ∼200-km-wide belt of 50-60 km thick crust extended from southern 
California to northern Colorado and was rapidly thinned and exhumed by ∼1.68 Ga. Crustal thickening 
and thinning during the Yavapai orogeny largely occurred by shortening and exhumation, respectively, in 
the upper 25 km of the crust. Subsequent 1.68–1.60 Ga tectonism involved crustal growth, local crustal 
thickening, and low-P, high-T metamorphism, consistent with extensional accretionary orogenesis. The 
1.47–1.37 Ga Picuris orogeny was associated with 50–60 km thick crust across much of the Southwest 
and involved crustal shortening with ∼10 km of magmatic underplating. Advective heat from the 
emplacement of ferroan granites in the mid-crust likely contributed to elevated geothermal gradients 
and rheologically weakened the crust. Our results suggest evolving orogenic styles in the Southwest 
from 1.75–1.69 Ga short-lived crustal thickening associated with terrane accretion to 1.69–1.60 Ga largely 
extensional accretionary orogenesis, and regional, long-lived crustal thickening at 1.47–1.37 Ga involving 
extensive basaltic underplating. Contrasting with some recent hypotheses, our data document a complex 
middle Proterozoic record for the Southwest that was not orogenically quiescent or tectonically stagnant 
but involved complex mountain building styles.

Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://
creativecommons .org /licenses /by-nc /4 .0/).

1. Introduction

Outstanding questions involving mountain building and tectonic 
processes deep in Earth’s past include the height of past moun-
tain belts, extent and duration of thick continental crust, and the 
nature of processes responsible for changes in crustal thickness 
(Condie, 1982; Karlstrom and Bowring, 1988; Corrigan et al., 2009; 
Weller et al., 2021; Roberts et al., 2022). While some workers 
have hypothesized that orogenic processes since ∼2 Ga are largely 

* Corresponding author.
E-mail address: ihillenbrand@usgs.gov (I.W. Hillenbrand).

uniformitarian (Condie, 1982; Corrigan et al., 2009; Weller et al., 
2021) others have suggested non-uniformitarian models, particu-
larly for the middle Proterozoic (ca. 1.85–0.85 Ga; Roberts et al., 
2022). For example, some workers have suggested that active con-
tinental crust in the middle Proterozoic was significantly thinner, 
and mountain peaks lower, due to either a lack of mountain build-
ing events (Tang et al., 2021; Zhu et al., 2022), a single-lid tectonic 
regime (Stern, 2020), and/or higher geothermal gradients (Spencer 
et al., 2021).

Quantitative constraints on the crustal evolution of Proterozoic 
orogens are fundamental for evaluating proposed secular changes 
in mountain-building processes and the height of past mountain 
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belts. Past episodes of crustal thickening have been traditionally 
inferred from geobarometry and the geometry of metamorphic iso-
grads (Carmichael, 1978; Grambling, 1986; Spear, 1993; Weller et 
al., 2021). These methods reveal the depth to which rocks exposed 
at the modern erosional surface were buried but they are not able 
to resolve the thickness of the entire crustal column (Hillenbrand 
and Williams, 2021; Weller et al., 2021; Luffi and Ducea, 2022).

We applied whole-rock trace element crustal thickness proxies 
to a large igneous geochemical dataset to quantify the spatial and 
temporal evolution of crustal thickness in the Proterozoic orogenic 
belts exposed in the Southwest U.S.A. The data reveal dramatic 
spatial and temporal changes associated with orogenic pulses cul-
minating at ca. 1.75, 1.70, 1.65, and 1.40 Ga. The nearly continuous 
record of crustal evolution from 1.8–1.6 and 1.5–1.3 Ga supports 
models involving active orogenesis and mountain building in the 
middle Proterozoic but also highlights changing orogenic styles in 
this region. These data, along with geophysical imaging, petrologic 
constraints, and xenolith studies suggest that basaltic underplating 
may have played a key role in Mesoproterozoic crustal thickening, 
the generation and emplacement of ferroan granites, and elevated 
geotherms.

2. Geologic background

Proterozoic rocks exposed in the southwestern U.S.A. are inter-
preted to have formed along the leading edge of the supercon-
tinent Nuna (Columbia) between 1.8 and 1.3 Ga (Condie, 1982, 
2013; Whitmeyer and Karlstrom, 2007; Mitchell et al., 2021). 
This 1000-km-wide system of orogenic belts has been consid-
ered to be a classic example of the growth and stabilization of 
continental lithosphere through accretionary orogenesis (Condie, 
1982, 2013; Karlstrom and Bowring, 1988; Whitmeyer and Karl-
strom, 2007). The rocks are interpreted to record multiple tectono-
thermal events and several crustal provinces have been defined on 
the basis of geochronologic and isotopic data (Condie, 1982; Ben-
nett and DePaolo, 1987; Karlstrom and Bowring, 1988; Bowring 
and Karlstrom, 1990; Bickford et al., 2015; Lund et al., 2015) 
(Fig. 1).

The Mojave Province is composed of ∼1.8–1.7 Ga igneous and 
metasedimentary rocks and is characterized by evolved Nd, Hf, and 
Pb isotopic signatures (Bennett and DePaolo, 1987; Wooden and 
Miller, 1990; Holland et al., 2018) (Fig. 1). The Mojave Province 
may have developed on older, Paleoproterozoic to Archean crustal 
block(s) or represent a younger arc that incorporated fragments 
of Archean lithosphere (Wooden and Miller, 1990; Whitmeyer and 
Karlstrom, 2007; Holland et al., 2018).

The Yavapai Province is made up of 1.8–1.7 Ga igneous and 
metasedimentary rocks interpreted to represent juvenile crust 
formed in an arc-related setting (Condie, 1982; Whitmeyer and 
Karlstrom, 2007; Jones et al., 2011) (Fig. 1). The formation of the 
Yavapai Province likely involved multiple phases of arc forma-
tion and rollback in Colorado and southern Wyoming (Jessup et 
al., 2005; Jones et al., 2011; Baird et al., 2022). The 1.78–1.76 Ga 
Green Mountain arc accreted to the margin of the Wyoming craton 
along the Cheyenne Belt in the 1.76-1.74 Ga Medicine Bow orogeny 
(Chamberlain, 1998; Jones et al., 2011). Tectono-metamorphism 
recorded by deformational fabrics and monazite geochronology at 
generally the same time elsewhere in the Yavapai Province is inter-
preted to reflect more localized collisions between other arc and/or 
back-arc terranes outboard of the Wyoming craton (Duebendor-
fer et al., 2001; Jessup et al., 2005; Hillenbrand et al., 2023). The 
1.72–1.69 Ga Yavapai orogeny is interpreted to represent the accre-
tion of the Yavapai and Mojave Provinces to the southern margin 
of the Laurentian craton (Karlstrom and Bowring, 1988; Bowring 
and Karlstrom, 1990; Hawkins et al., 1996; Holland et al., 2018) 
and was contemporaneous with the deposition of 1–2 km thick 

successions of quartzite and pelite along the southern margin of 
the Yavapai Province (Jones et al., 2009; Karlstrom et al., 2017; 
Hillenbrand et al., 2023) (Fig. 1).

The Mazatzal Province lies to the south of the Yavapai Province 
(Fig. 1) and is interpreted as a continental margin arc that devel-
oped on the previously assembled Yavapai Province at 1.7–1.6 Ga 
(Karlstrom et al., 2016; Holland et al., 2020). Gradational changes 
in Nd and Pb isotopic data suggest a transitional boundary zone 
between the Yavapai and Mazatzal Provinces (Shaw and Karlstrom, 
1999; Holland et al., 2020). The 1.68–1.60 Ga Mazatzal orogeny 
involved relatively low grade metamorphism, with high temper-
atures near syn-tectonic intrusions (e.g. Williams et al., 1999; 
Duebendorfer et al., 2015). Alternating periods of episodic ex-
tension, basin development, and subsequent inversion between 
1.68 and 1.60 Ga have been interpreted to reflect changes in 
the subduction slab-dip angle (Jones et al., 2009; Holland et al., 
2020). The period following the Mazatzal orogeny, 1.6–1.5 Ga, was 
characterized by a lull in magmatism and tectono-metamorphism 
(Karlstrom et al., 2004). It also included the local deposition of 
<1.55–1.45 Ga sedimentary successions (Fig. 1) (Doe et al., 2012; 
Daniel et al., 2013; Jones and Daniel, 2023).

The 1.47–1.37 Ga Picuris orogeny (Daniel et al., 2013) was as-
sociated with the widespread emplacement of dominantly ferroan 
granitic plutons and relatively high temperature, moderate pres-
sure pluton-enhanced regional metamorphism (Williams and Karl-
strom, 1996; Williams et al., 1999; Frost et al., 2001; Shaw et al., 
2005; Daniel et al., 2023). Regional penetrative deformation, fold-
ing, and thrusting associated with the Picuris orogeny occurred in 
New Mexico and southern Colorado (Shaw et al., 2005; Daniel et 
al., 2013). Kinematically similar deformation at the same time in 
Arizona and central to northern Colorado was more localized and 
included the (re-)activation of shear zones (McCoy et al., 2005; 
Shaw et al., 2005). Petrogenetic models for the generation of ∼1.4 
Ga ferroan granites involve mafic underplating, magmatic differen-
tiation, and partial melting of underplated basalts, their differenti-
ated equivalents, and their host rocks in the lower crust (Frost and 
Frost, 1997, 2023; Frost et al., 2001). Proposed tectonic models in-
clude shallow subduction under Laurentia and/or the accretion of 
the 1.5–1.3 Ga Shawnee Province (Bickford et al., 2015; Holland 
et al., 2020; Daniel et al., 2023). The Shawnee Province (Lund et 
al., 2015) lies south of the Mazatzal Province and the isotopically-
defined “Nd line” which separates the more isotopically evolved 
rocks with model ages >1.55 Ga to the north from juvenile rocks 
with 1.5–1.3 Ga Nd and Hf model ages to the south (Van Schmus 
et al., 1996; Barnes et al., 1999; Bickford et al., 2015) (Fig. 1).

3. Methods

Correlations between the whole rock geochemistry of igneous 
rocks, crustal thickness, and surface elevation have been inter-
preted to reflect the stability and depth-sensitivity of residual min-
erals such as plagioclase, garnet, and amphibole during magma 
generation and differentiation near the Moho, as well as the ex-
tent of melting (Profeta et al., 2015; Turner and Langmuir, 2015; 
Luffi and Ducea, 2022 and references therein). The trace element 
ratios Sr/Y and La/Yb were developed as quantitative paleo-crustal 
thickness proxies (chemical mohometers) in intermediate compo-
sition igneous rocks (55–68 wt% SiO2; 0–4 wt% MgO, 0.05–0.2 
Rb/Sr), albeit with significant uncertainties on the order of 10-
15 km (e.g. Profeta et al., 2015). Luffi and Ducea (2022) built on 
this approach and calibrated 41 “chemical mohometers” involv-
ing the abundances and ratios of major and trace elements. These 
calibrations, based upon a global dataset of ∼35,000 samples, ac-
count for igneous differentiation using MgO and SiO2, are applica-
ble to a wider range of mafic and felsic compositions (45–80 wt% 
SiO2; 0–10 wt% MgO), and individual mohometers yield a preci-
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Fig. 1. Simplified geologic map of the Southwest modified from Shaw and Karlstrom (1999), Whitmeyer and Karlstrom (2007), Daniel et al. (2013), Bickford et al. (2015), 
Holland et al. (2020) and references therein. The age and interpreted extent of Proterozoic basins are from Whitmeyer and Karlstrom (2007), Jones et al. (2009), Jones and 
Daniel (2023), and Daniel et al. (2013, 2023). AZ – Arizona, CA – California, CO – Colorado, NM – New Mexico, NV – Nevada, TX – Texas, UT – Utah, WY – Wyoming. Mtns – 
Mountains. Inset: Simplified map of Laurentian crustal age provinces after Whitmeyer and Karlstrom (2007).

sion of ∼5 km (Luffi and Ducea, 2022). The application of multiple 
mohometers (multiproxy chemical mohometry) utilizes the differ-
ent sensitivity ranges of individual proxies to enhance accuracy 
and further reduce uncertainties (Luffi and Ducea, 2022). Chemi-
cal mohometry paired with geochronologic data offers the ability 
to reconstruct time resolved records of crustal thickness across the 
lifespan of convergent margins (Profeta et al., 2015; Hillenbrand 
and Williams, 2021, 2022).

We applied multiproxy chemical mohometry to a newly com-
piled geospatial database of igneous whole rock chemical analy-
ses from the Southwest U.S.A. Geochemical data from Proterozoic 
igneous rocks were compiled from published sources and georef-
erenced following Hillenbrand and Williams (2021, 2022). Crustal 
thickness estimates were calculated in the MATLAB-based Geo-
chemical Arc Moho Estimator (GAME) program of Luffi and Ducea 

(2022). We note that as the calibration of Luffi and Ducea (2022)
is based on modern samples, deep time applications require an as-
sumption of similar petrogenetic processes. This assumption has 
been supported by indication of broadly similar extents of melting 
and partitioning coefficients since 2.6-2.5 Ga (Keller and Schoene, 
2018). We evaluate this assumption for our dataset by compar-
ing multiproxy mohometry with independent geobarometric con-
straints in Section 5 and discuss this further in section 6.4. Altered 
samples were removed using the criteria of du Bray et al. (2015): 
SiO2 >80 weight %, Na2O >6.5% or <0.5%, K2O >10%, CO2 >0.35%, 
and/or total volatile concentrations >3% (see also Fig. S1). Indi-
vidual mohometers with a root mean square error (RMSE) of >3 
km were culled as they represent poor fits to the mohometer cal-
ibration (Luffi and Ducea, 2022). Outliers were removed using the 
modified Thompson tau statistical method (Profeta et al., 2015). 

3
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Samples with less than three mohometers that yielded an RMSE <3 
and/or mohometer standard deviations >10 were eliminated. Fil-
tering reduced the number of samples considered from more than 
4,000 to 1,167. Crustal thickness estimates for individual samples 
were based upon the median of the mohometers that passed the 
filters (Luffi and Ducea, 2022). The weighted mean and 2σ uncer-
tainty of each unit was calculated from using the median value and 
standard deviation of individual samples. Data from units were uti-
lized in time series analysis to minimize sampling bias (Turner and 
Langmuir, 2015; Hillenbrand and Williams, 2021, 2022).

Temporal trends were assessed using a locally estimated scat-
terplot smoothing (LOESS) running mean with a 30 m.y. moving 
window. Uncertainty was estimated via bootstrap resampling with 
replacement 10,000 times (Hillenbrand and Williams, 2022). The 
moving window interval was selected based upon the precision of 
available geochronologic dates and sensitivity testing to over and 
undersmoothing (Hillenbrand and Williams, 2022). Spatial trends 
in the dataset were evaluated using nearest neighbor interpolation, 
raster to contour, and raster math tools in ArcMap 10.8 (Kirkland 
et al., 2011; Hillenbrand et al., 2021; Hillenbrand and Williams, 
2021). Nearest neighbor is an interpolation method that finds the 
closest subset of input samples to a query point and weights them 
on proportionate areas (Sibson, 1981). This method was utilized 
because it adapts locally to the structure of the input data, works 
equally well with regularly and irregularly distributed data, and 
preserves the values where there are data limiting interpolation 
artifacts (Sibson, 1981).

4. Results

Crustal thickness estimates were obtained from 1,167 samples 
from 392 igneous rock units. The samples are largely from the two 
major Proterozoic outcrop belts in the Southwest, one trending N-S 
from southern Wyoming to New Mexico and one trending NW-SE 
from eastern California to southern New Mexico (Fig. 1). Between 
these belts samples are scarcer and are largely derived from xeno-
liths and drill core. All data are tabulated in the Supplementary 
Material (see also Premo et al., 2023). Calculated standard devia-
tions range from 1 to 10 km with a median of 5 km. We present 
the data as (1) time series organized by crustal province and (2) 
maps at specific time periods corresponding to regional geologic 
events, and (3) maps of changes in crustal thickness between time 
slices. These complementary approaches facilitate investigation of 
crustal thickness changes across space and time.

4.1. Time series analysis by province

Crustal thickness estimates were calculated for 58 igneous rock 
units from the Mojave Province and the Mojave-Yavapai transition 
zone (Fig. 2A). The 1.840 ± 0.001 Ga Elves Chasm gneiss, the old-
est exposed rock in the Southwest (Hawkins et al., 1996; Holland 
et al., 2018), yielded an estimate of 21 ± 3 km (Fig. 2A). The data 
suggest variations in mean crustal thickness from 30 ± 7 km at 
∼1.76 Ga to 49 ± 10 km at ∼1.75 Ga to 40 ± 6 km at ∼1.73 Ga 
and a peak of 55 ± 6 km at 1.71-1.69 Ga. This was followed by de-
creases in crustal thickness to 42 ± 6 km at ∼1.68 Ga and 38 ±
10 km at ∼1.65 Ga (Fig. 2A). Due to the paucity of 1.60–1.50 Ga ig-
neous rocks in the Southwest during the magmatic lull (Karlstrom 
et al., 2004), we are not able to estimate crustal thickness in this 
interval. The data suggest mean crustal thicknesses of 48 ± 3 to 
50 ± 3 km between 1.45 and 1.37 Ga (Fig. 2A).

Multiproxy chemical mohometry data were obtained from 206 
units in the Yavapai Province (Fig. 2B). A decrease in mean crustal 
thickness is indicated from 35 ± 4 km at ∼1.78 Ga to 25 ± 4 
km by ∼1.72 Ga followed by a sharp increase to 58 ± 5 km at 
1.71–1.69 Ga. Subsequently, the data suggest a decrease to 46 ±

Fig. 2. Crustal thickness time series with LOESS running mean and bootstrapped 
uncertainty (95% confidence interval) for the Mojave Province and Mojave-Yavapai 
transition zone (A), Yavapai Province (B), Yavapai-Mazatzal transition zone (C), and 
Mazatzal Province (D). The path is dashed at 1.6-1.5 Ga due a paucity of data asso-
ciated with the magmatic gap (Karlstrom et al., 2004). Data points show weighted 
mean values and 2σ uncertainties for each igneous rock unit.
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8 km at ∼1.68 Ga and to ∼34 km at ∼1.63 Ga (Fig. 2B). No data 
are available in the interval 1.63–1.47 Ga. Mesoproterozoic mean 
crustal thickness in this province varied from 43 ± 7 km at ∼1.47 
Ga to 56 ± 4 km at ∼1.45 Ga and 50 ± 7 km at ∼1.40 Ga 
(Fig. 2B).

Geochemical data from 42 units in the Yavapai-Mazatzal transi-
tion zone were used to constrain crustal thickness between ∼1.76 
and 1.36 Ga. The proxies suggest a moderately thin crust between 
∼1.76 and ∼1.63 Ga, yielding mean values of 26 ± 5 km at ∼1.76 
Ga, 34 ± 3 km at ∼1.75 Ga, 29 ± 4 km at ∼1.71 Ga, and 35 ± 5 
km at 1.70-1.63 Ga (Fig. 2C). The data suggest greater mean values 
of 49 ± 4 km at ∼1.47 Ga, 52 ± 5 at ∼1.44 Ga, and 44 ± 8 km at 
∼1.41 Ga (Fig. 2C). The 1.362 ± 0.007 Ga San Isabel Granite (Bick-
ford et al., 2015) yielded a 52 ± 3 km crustal thickness estimate 
(Fig. 2C).

Crustal thickness estimates from the Mazatzal Province (n=58 
units) indicate a mean crustal thickness of 33 ± 3 at ∼1.68 Ga 
with a minor decrease to 29 ± 2 km by ∼1.62 Ga (Fig. 2D). The 
data suggest a mean crustal thickness of 33 ± 6 km at ∼1.48 Ga, 
an increase to 39 ± 8 km at 1.46-1.44 Ga, and a decrease to 32 ±
2 km by ∼1.37 Ga.

Crustal thickness estimates from the Shawnee Province (Fig. 2D) 
gave a mean of 30 ± 3 km at 1.4 Ga (n=11). No time series was 
constructed due to the limited availability and range of U-Pb dates 
in this region (Van Schmus et al., 1996; Barnes et al., 1999; Bick-
ford et al., 2015).

4.2. Time slice maps

To further investigate time-space variations in crustal thickness 
we constructed orogen-scale maps at geologically significant time 
periods (Kirkland et al., 2011; Mole et al., 2019; Hillenbrand and 
Williams, 2021). The maps (time slices) in Figs. 3 and 4 were in-
formed by, and designed to investigate, time periods previously re-
ported to correspond to significant geologic events (see section 2; 
cf., Whitmeyer and Karlstrom, 2007 and references therein). Maps 
were constructed with nearest neighbor interpolation and incorpo-
rate all geochemical data points that passed filters.

Fig. 3 shows geochemical crustal thickness proxies at 1.84–1.76 
Ga (Fig. 3A), 1.76–1.74 Ga (Fig. 3B), and 1.74–1.72 Ga (Fig. 3C). The 
oldest time slice (Fig. 3A) suggests crustal thickness on the or-
der of ∼30-40 km in northern Colorado and southern Wyoming 
and ∼25–30 km in central Colorado, northern New Mexico, and 
Arizona. Chemical mohometric data for 1.76-1.74 Ga (Fig. 3B) indi-
cate 25–35 km crustal thickness estimates in northern New Mexico 
and Colorado, ∼35 km near Four Corners, ∼45 km in the Grand 
Canyon, and ∼50–55 km in northwestern Arizona and eastern Cal-
ifornia. Chemical mohometric constraints from the 1.74-1.72 Ga 
interval suggest 25–40 km mean values for most of the Mojave and 
Yavapai Provinces and Yavapai-Mazatzal transition zone (Fig. 3C). 
The greatest mean estimates (40–50 km) at this time are in north-
ern Colorado and eastern California (Fig. 3C).

Fig. 4A shows geochemically-derived crustal thickness estimates 
in the 1.72–1.69 Ga age range (i.e. the Yavapai orogeny; Karlstrom 
and Bowring, 1988). The figure shows a region of ∼50–60 km thick 
crust that extends from California to Grand Canyon and across 
Four Corners to central and northern Colorado in the Mojave and 
Yavapai Provinces (Fig. 4A). To the south (present coordinates), the 
data suggest crustal thicknesses on the order of 30–40 km in the 
Yavapai-Mazatzal transition zone (Fig. 4A).

Crustal thickness estimates at 1.69–1.60 Ga, the time period 
generally corresponding with the Mazatzal orogeny (Duebendor-
fer et al., 2015), range from ∼25 km to ∼45 km (Fig. 4B). Sam-
ples from the Mojave and Yavapai Provinces yielded crustal thick-
ness estimates on the order of ∼40–45 km (Fig. 4B). Geochemical

Fig. 3. Time slice maps of crustal thickness at 1.84-1.76 Ga (A), 1.76-1.74 Ga (B), 
and 1.74-1.72 Ga (C). Present day basement exposures and boundaries of crustal 
provinces are shown for reference. Note: contour lines are dashed where the dataset 
is more limited.
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Fig. 4. Time slice maps of crustal thickness during at 1.72-1.69 Ga (A), 1.69-1.60 Ga (B), and 1.47-1.37 Ga (C). Present day basement exposures and boundaries of crustal 
provinces are shown for reference. Note: contour lines are dashed where the dataset is more limited.

proxy data from the Yavapai-Mazatzal transition zone and Mazatzal 
Province in southern Arizona, southern Colorado, and New Mexico 
yielded thinner estimates, on the order of 25–40 km (Fig. 4B).

Samples dated to 1.47–1.37 Ga (i.e. Picuris orogeny; Daniel et 
al., 2013) indicate a broad region with crustal thickness estimates 

on the order of 50–60 km from northern Colorado to central New 
Mexico and eastern California (Fig. 4C). Marginal to this region, 
in southern Wyoming, central Arizona, southern and eastern New 
Mexico, and the Shawnee Province, the chemical mohometry sug-
gests thinner crust, on the order of ∼30–40 km (Fig. 4C).

6
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4.3. Results of spatial changes in crustal thickness

We calculated the magnitude of crustal thickness changes be-
tween time slices with the raster math tool in ArcMap 10.8 (Hil-
lenbrand and Williams, 2021). Comparison of the 1.74–1.72 Ga and 
1.72-1.69 Ga time slices (Fig. 5A) suggests 10–25 km of crustal 
thickening from Grand Canyon through Four Corners to northern 
Colorado in the Mojave and Yavapai Provinces. This is consistent 
with the region of ≥50 km thick crust in the same region shown 
in Fig. 4A. In contrast, between 10 km of crustal thickening and 5 
km of crustal thinning are indicated in the Yavapai-Mazatzal tran-
sition zone (Fig. 5A).

Fig. 5B shows changes between the 1.72–1.69 Ga and 1.69–1.60 
Ga time slices. The map indicates 5-10 km of crustal thinning in 
a NE-SW trending belt of north of the Yavapai-Mazatzal transition 
zone in eastern California, Grand Canyon to Four Corners, and cen-
tral to northern Colorado. The area of thinning corresponds to the 
region of 50–60 km thick crust at 1.72–1.69 Ga (Fig. 4A). In the 
Yavapai-Mazatzal transition zone the data indicate relatively mini-
mal changes in crustal thickness and suggest as much as ∼5 to 10 
km of local crustal thickening in northern New Mexico and west-
ern Arizona (Fig. 4B).

Comparison of the 1.69–1.60 Ga and 1.45–1.37 Ga time slices 
(Fig. 5C) suggests an 5–20 km increase in crustal thickness across 
much of Colorado, and no resolvable change in crustal thick-
ness in west-central Arizona. The broadest region of 15–20 km 
crustal thickening is within the Yavapai-Mazatzal transition zone 
and Mazatzal Province in southern Colorado to central New Mex-
ico (Fig. 5C).

5. Synthesis of geochemical and geobarometric data

Igneous geochemical data from the Southwest provide a nearly 
500 m.y. record (1.8–1.3 Ga) of crustal thickness variation. In the 
following paragraphs, we synthesize the results of this dataset and 
integrate it with geobarometric data to evaluate the evolution of 
crustal thickness and orogenesis in the Southwest. As described 
below, the spatial and temporal resolution of our crustal thick-
ness dataset, when enhanced by the geobarometric data, provides 
a number of new insights into the record of Proterozoic crustal 
evolution.

5.1. Synthesis of chemical mohometry

The oldest exposed rocks in the Southwest, ca. 1.84–1.72 Ga, 
largely yielded crustal thickness estimates on the order of 25–40 
km with values of 45–55 km indicated only in localized regions 
and for short durations (<15 m.y.) (Figs. 2A; 3B-C). Crustal thick-
ening (up to 50–60 km) is recorded at 1.72–1.69 Ga in the Mo-
jave and Yavapai Provinces with thinner crust (25–40 km) in 
the Yavapai-Mazatzal transition zone (Figs. 2A-B; 4A). This crustal 
thickening event was also relatively short-lived; data suggest it was 
followed by ∼10-15 km of thinning between ∼1.70 and ∼1.68 Ga 
(Figs. 2A-C; 4A-B; 5A). At 1.69–1.60 Ga the data indicate localized 
crustal thickening on the order of 5-10 km within the Yavapai-
Mazatzal transition zone and ∼10 km of crustal thinning in the 
Yavapai and Mojave Provinces (Figs. 2, 5). Finally, 5–20 km crustal 
thickening to 50-60 km before 1.45 Ga is indicted across much of 
the Southwest (Fig. 5C).

Taken together, multiproxy chemical mohometry reveals four 
Proterozoic crustal thickening events in the Southwest at ca. 1.75, 
1.72–1.69, 1.68–1.60, and 1.45–1.37 Ga, with those at 1.72–1.69 and 
1.45–1.37 Ga being the most significant. These intervals, indicated 
by whole rock geochemistry, correlate with geologic observations, 
structural geology, petrologic, and geochronologic evidence for re-
gional orogenic events including the ∼1.75 Ga accretion of the 

Fig. 5. Maps of change in crust thickness between time slices calculated using Ar-
cGIS raster math. A: Change in crustal thickness between the 1.74-1.72 Ga and 
1.72-1.69 Ga time slices involved regional crustal thickening. B: Change in crustal 
thickness between the 1.72-1.69 Ga and 1.69-1.60 Ga time slices indicating re-
gional crustal thinning in the Yavapai and Mojave Provinces. C: Change in crustal 
thickness between the 1.69-1.60 Ga and 1.47-1.37 Ga time slices involved renewed 
crustal thickening over a broad region. Note that the constraints are primarily from 
basement exposures (shown as outlines) and lesser confidence is placed on in the 
intervening areas which have fewer constraints. The opacity of the interpolated map 
is increased in areas where the dataset is more limited.
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Mojave and Yavapai Provinces (Duebendorfer et al., 2001; Holland 
et al., 2018), 1.72–1.69 Ga Yavapai orogeny (Bowring and Karl-
strom, 1990; Karlstrom and Bowring, 1988), 1.68–1.60 Ga Mazatzal 
orogeny (Shaw and Karlstrom, 1999; Duebendorfer et al., 2015; 
Holland et al., 2020), and 1.47–1.37 Ga Picuris orogeny (Shaw et 
al., 2005; Daniel et al., 2013, 2023).

5.2. Geobarometric constraints

Many studies have inferred past episodes of crustal thicken-
ing on the basis of metamorphic assemblages and geobarometry 
(e.g. Carmichael, 1978; Grambling, 1986; Spear, 1993; Dumond et 
al., 2007; Weller et al., 2021). We compiled previously published 
quantitative geobarometric data from the Southwest (Supplemen-
tary Material). This compilation was limited to samples exposed at 
the modern erosional surface with well constrained ages so that 
they could be linked with orogenic phases and igneous geochemi-
cal crustal thickness proxies. Geobarometric data were converted 
to burial depth assuming a typical crustal density of 2.8 g/cm3

(Weller et al., 2021). We note typical uncertainties of ± 0.1 GPa 
(∼3 km) for geobarometric data (Spear, 1993).

Different provinces in the Southwest are characterized by dis-
tinct P-T paths summarized below and Figure S2. Metamorphism 
in the Yavapai and Mojave Provinces during the Yavapai orogeny 
is characterized by a looping P-T path with peak conditions of 
0.6–0.7 GPa, 550–700 ◦C at 1.71–1.70 Ga followed by 0.2–0.3 GPa 
of decompression by 1.68 Ga (Williams and Karlstrom, 1996; Du-
mond et al., 2007; Mahan et al., 2013). Rocks in these provinces 
generally cooled isobarically in the mid-crust at 1.6–1.5 Ga until 
re-heating without significant additional burial during the ∼1.45 
Ga Picuris orogeny (Mahan et al., 2013). Peak pressures at ∼1.70 
Ga decrease southwards towards the Yavapai-Mazatzal transition 
zone where rocks were at or near the surface during the depo-
sition of ∼1.70 Ga quartzite and pelite successions (Jones et al., 
2009). Supracrustal rocks of the Yavapai-Mazatzal transition zone 
and Mazatzal Province were deformed and buried to ∼0.2–0.4 GPa 
during greenschist facies metamorphism in the Mazatzal orogeny 
with locally high temperatures near syn-tectonic plutons (Dueben-
dorfer et al., 2015). During the Picuris orogeny, peak conditions 
reached amphibolite facies in the Yavapai-Mazatzal transition zone 
and Mazatzal Province with pressures of 0.3–0.4 GPa in New Mex-
ico and up to ∼0.6 GPa in south-central Colorado (Grambling, 
1986; Daniel et al., 2023). This metamorphism has been inter-
preted in terms of a clockwise or looping P-T-t path (Grambling, 
1986; Daniel et al., 2013).

At 1.72–1.69 Ga rocks exposed at the modern erosional surface 
were at depths of 15–25 km in eastern California, Grand Canyon, 
and northern Front Range (Fig. 6A; e.g. Dumond et al., 2007; Ma-
han et al., 2013), whereas the rocks in the Yavapai-Mazatzal tran-
sition zone were likely at or near the surface, as indicated by the 
deposition of ∼1.70 Ga quartzite successions (Fig. 6A) (cf. Jones et 
al., 2009). The spatial pattern of greater burial depths to the north 
and decreasing burial depth to the south is nearly identical to the 
crustal thickness pattern at 1.72-1.69 Ga (Fig. 4A).

Geobarometric data constrained to 1.69–1.60 Ga suggest a N-S 
gradient in burial depth from ∼10 km in the Mojave and Yava-
pai Provinces to ∼5 km in the Yavapai-Mazatzal transition zone 
and Mazatzal Province at 1.69–1.60 Ga (Fig. 6B). This pattern is 
also qualitatively similar to the distribution of crustal thickness 
shown on Fig. 3B, with thicker crust in the Mojave and Yava-
pai Provinces relative to the Yavapai-Mazatzal transition zone and 
Mazatzal Province.

Burial depths at ∼1.4 Ga were 3–12 km in eastern Califor-
nia, southern New Mexico, and central Colorado and increase in 
south-central Arizona and New Mexico (10–15 km) and the Wet 
Mountains of south-central Colorado (20–25 km) (Fig. 6B). This 

Fig. 6. Times slices of the metamorphic burial depth of rocks exposed at the modern 
erosional surface at 1.72-1.69 Ga (A), 1.69-1.60 Ga (B), and 1.47-1.37 Ga (C). Geobaro-
metric data were converted to depth assuming a crustal density of 2.8 g/cm3. Note: 
the opacity of the interpolated map is increased in areas where the dataset is more 
limited.
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pattern of metamorphic pressures and burial depth is broadly con-
sistent with crustal thickening in the Yavapai-Mazatzal transition 
zone and Mazatzal Province during the Picuris orogeny (Fig. 4C).

Collectively, patterns in geobarometric data and burial depth 
broadly match those of crustal thickness at similar times. We ap-
plied raster math calculations in ArcMap 10.8 for additional quan-
titative comparison of the geochemical crustal thickness proxies 
and burial depth and to evaluate where in the crustal column mod-
ification occurred (cf. Hillenbrand and Williams, 2021).

Fig. 7A shows the difference in burial depth of the modern 
erosional surface between 1.72–1.69 and 1.69–1.60 Ga. The map 
indicates the removal of 6–12 km of upper crust in the Mojave 
and Yavapai Provinces (cf. Dumond et al., 2007; Williams and Karl-
strom, 1996). This correlates well with the results of geochemical 
proxies which suggest ∼10 km of 1.70–1.68 Ga crustal thinning 
(Figs. 2A-B; 5B). Likewise, the moderate increase in burial depth 
(3–6 km) in southern Colorado and northern New Mexico accords 
with ∼5–10 km of localized crustal thickening inferred from chem-
ical mohometry (Figs. 2C; 5B).

Fig. 7B indicates that rocks of the Yavapai-Mazatzal transition 
zone and Mazatzal Province were overlain by 3–12 km of crust 
between ∼1.60 Ga and ∼1.45 Ga (Fig. 5C) and isobaric P-T paths 
indicate no change in burial depth in the Mojave and Yavapai 
Provinces (Williams and Karlstrom, 1996; Dumond et al., 2007; 
Mahan et al., 2013). These are significantly less than the ∼10–20 
km of crustal thickening in this interval and require crustal thick-
ening below the present erosion surface (i.e., broadly in the lower 
crust) at the time of metamorphism. Fig. 7C shows the results of 
raster math calculations that estimate the amount and spatial dis-
tribution of change in the thickness of the crustal column below 
the present erosion surface between 1.69–1.60 Ga and ∼1.45 Ga. 
Coupled chemical mohometric and barometric constraints suggest 
6–12 km of crustal thickening below the present erosional surface 
across much of the Southwest (Fig. 7C).

6. Discussion and implications

6.1. Comparison and integration of chemical mohometry and 
geobarometry

The spatial patterns of burial depth and crustal thickness show 
broad consistency (Figs. 4, 6). We also observe concordant magni-
tudes of change in burial depth and crustal thickness (Figs. 5, 7). 
The correlations between these independent methods significantly 
strengthens our confidence in the application of chemical mohom-
etry. As described below, these datasets can be combined to gain 
greater insights into orogenic and crustal evolution.

The 1.72–1.69 Ga Yavapai orogeny has been interpreted to be 
associated with the accretion of the Yavapai and Mojave Provinces 
to the composite margin of Laurentia. The degree of 1.72–1.69 
Ga crustal thickening shown in Fig. 5A generally matches the 
1.72–1.69 Ga increase in burial depth as seen on Fig. 6A. This sug-
gests burial of rocks exposed at the modern erosional surface by 
processes including crustal shortening, thrusting, and folding in the 
upper ∼25 km of the crust can largely account for crustal thick-
ening during this event. This inference accords with structural and 
petrologic studies that record mid- and upper crustal shortening, 
thrusting, and folding during the Yavapai orogeny (Hawkins et al., 
1996; Dumond et al., 2007; Mahan et al., 2013). Similarly, ∼10 
km of crustal thinning between 1.70 and 1.68 Ga in the Yavapai 
and Mojave Provinces indicated by chemical mohometry (Fig. 5B) 
agrees well with the spatial extent and amount of exhumation 
suggested by 0.2–0.3 GPa of decompression in the same region 
(Fig. 7B) (Williams and Karlstrom, 1996; Dumond et al., 2007; 
Mahan et al., 2013). Thus, thickness changes during and immedi-
ately after the Yavapai orogeny, involving contractional and then 

Fig. 7. Geobarometric constraints on burial depth. (A) Change in burial depth be-
tween 1.72-1.69 Ga and 1.69-1.60 Ga. Note ∼10 km of thinning due to extension 
and/or erosion in Grand Canyon and central Colorado. (B) Change in burial depth of 
the between 1.69-1.60 Ga and 1.47-1.37 Ga. (C) Change in thickness of the crust be-
low the present erosional surface between the 1.69-1.60 Ga and 1.47-1.37 Ga time 
slices. Note that the constraints are primarily from basement exposures (shown as 
outlines) and lesser confidence is placed on in the intervening areas which have 
fewer constraints. Note: the opacity of the interpolated map is increased in areas 
where the dataset is more limited.
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erosion and extensional tectonism, occurred largely at or above 
the modern erosional surface (i.e., in the upper ∼25 km of the 
crust).

In contrast, data from the 1.47–1.37 Ga Picuris orogeny indi-
cate that increasing burial depth of the modern erosional surface 
cannot fully account for crustal thickening indicated by chemi-
cal mohometry (Fig. 7). The data require ∼6–12 km of crustal 
thickening below the current exposure level of metamorphic rocks, 
particularly in the Yavapai and Mojave Provinces (Fig. 7C). This 
may be explained by petrogenetic models for the generation of the 
widespread ∼1.4 Ga granitoids (Frost and Frost, 1997, 2023; Keller 
et al., 2005). Isotopic mass balance models for the genesis of ∼1.4 
Ga ferroan granites in the Southwest involve the addition of 5–10 
km of basaltic (tholeiitic) material via underplating in the lower 
crust (Frost et al., 2001). Lithospheric-scale seismic studies have 
imaged a high-velocity (up to 7.0–7.5 km/s) ∼10 km thick layer at 
the base of the crust throughout the southwestern United States 
which has been interpreted as underplated mafic material (Keller 
et al., 2005). Studies of deep crustal xenoliths from the Colorado 
Front Range (Farmer et al., 2005) and Four Corners (Crowley et al., 
2006) have yielded isotopically juvenile, ∼1.4 Ga mafic granulites 
that have been interpreted as directly documenting a mafic under-
plate. Likewise the Sm-Nd isotopic systematics of mantle xenoliths 
from the Colorado Plateau are consistent with significant melt pro-
duction at ∼1.4 Ga (Marshall et al., 2017). Collectively, we interpret 
this to suggest magmatic underplating played an important role in 
crustal thickening during the Picuris orogeny.

6.2. Evolving Proterozoic orogenic styles in the Southwest

Samples dated to 1.84–1.72 Ga largely yielded crustal thickness 
estimates between 25 and 40 km (Figs. 2–3). These values are sim-
ilar to modern day island and continental arcs (cf. Luffi and Ducea, 
2022), consistent with previous interpretations from geologic con-
straints and largely juvenile isotopic data (Karlstrom and Bowring, 
1988; Bowring and Karlstrom, 1990; Jessup et al., 2005; Jones et 
al., 2011; Baird et al., 2022). Locally, the data suggest thinning, par-
ticularly in the Yavapai Province between 1.78 and 1.75 Ga, which 
is consistent with models that involve the formation of new juve-
nile arcs and back-arc extension (Jessup et al., 2005; Jones et al., 
2011; Baird et al., 2022). Slightly thicker crust, ∼40 km, at ∼1.76 
Ga in the vicinity of the Cheyenne belt is consistent with the accre-
tion of the Green Mountain arc to the Archean Wyoming Province 
during the Medicine Bow orogeny (Chamberlain, 1998; Jones et al., 
2011). Crustal thickening to 50-55 km in the Mojave Province at 
1.76–1.74 Ga suggests localized tectonism and, possibly, collision 
of the Yavapai and Mojave Provinces (Duebendorfer et al., 2001; 
Holland et al., 2018). We interpret tectonism in this period to in-
volve the formation of arc terranes, back-arc extension, and local 
collision of arc and back-arc terranes, perhaps comparable in some 
ways to present Indonesia (Jessup et al., 2005).

Crustal thickening to 50-60 km at 1.72–1.69 Ga occurred in 
the Yavapai and Mojave Provinces, a relatively narrow belt, for a 
duration of ∼20–30 m.y. (Figs. 2, 4). Geobarometric data, when 
compared with igneous geochemical crustal thickness proxies, in-
dicate that both crustal thickening and thinning associated with 
the Yavapai orogeny can be explained by burial, shortening, and 
subsequent exhumation (Figs. 5, 7). These inferences are consistent 
with geologic and structural evidence for shortening, folding, and 
thrusting in the upper ∼25 km of the crust (Williams and Karl-
strom, 1996; Karlstrom and Williams, 1998; Dumond et al., 2007; 
Mahan et al., 2013) as indicated on Fig. 8A.

The new crustal thickness data also provide a solution to a 
long-lived debate regarding the depositional setting of 1-2 km 
thick successions of quartzite and pelites, such as the Ortega and 
Uncompaghre Formations, in the southern Yavapai Province (e.g. 

Jones et al., 2009) (Fig. 1). Recent geochronologic constraints (Karl-
strom et al., 2017; Hillenbrand et al., 2023 and references therein) 
show that these successions were deposited at ∼1.70 ± 0.1 Ga. 
Fig. 3A shows relatively thin crust (∼35 km) almost exactly corre-
sponding to the region of quartzite and pelite deposition in the 
southern Yavapai Province adjacent to significantly thicker (50-
60 km) crust to the north. We suggest that deposition in these 
basins was synchronous with, or immediately followed, crustal 
thickening and accretion of the Yavapai Province to the Lauren-
tian craton during the Yavapai orogeny, as shown schematically 
on Fig. 8A. The relatively short-lived duration of the ∼1.75 and 
∼1.70 Ga crustal thickening events and contemporaneous deposi-
tion of quartzite and pelite successions are consistent with numer-
ical models for hotter Proterozoic orogenesis that predict greater 
slab rollback and/or shallower slab breakoff following collision 
(Sizova et al., 2014; Chowdhury et al., 2020, 2021; Baird et al., 
2022). The relatively sharp gradients in crustal thickness and burial 
depth at ∼1.70 Ga imply that the crust was rheologically strong 
enough to maintain significant topographic gradients (Karlstrom 
and Williams, 1998; Keller et al., 2005).

The period associated with the Mazatzal orogeny (1.68–1.60 Ga) 
is characterized by relatively thin crust (25–40 km) in the Mazatzal 
Province (Fig. 4B), local crustal thickening on the order of 5-10 km 
in the Yavapai-Mazatzal transition zone, and ∼10 km of crustal 
thinning the Yavapai and Mojave Provinces (Fig. 5B). Local crustal 
thickening on the order of 5-10 km conforms with the gener-
ally greenschist facies, low-P, and variable-T metamorphism associ-
ated with Mazatzal orogeny (Duebendorfer et al., 2015; Karlstrom 
et al., 2016; Holland et al., 2020). Diachronous low-P, variable-T 
metamorphism, moderate amounts of generally localized crustal 
shortening and crustal thickening, the widespread occurrence of 
granites and silicic volcanics, and deposition in continental to shal-
low marine basins (Duebendorfer et al., 2015; Holland et al., 2020) 
suggest an extensional accretionary orogen as described by Collins 
(2002). As shown on Fig. 8B, we envision a scenario involving 
continental arc magmatism and variable angle subduction in an 
accretionary orogenic setting (cf. Holland et al., 2020) to explain 
the available observations. The lull of magmatism and tectonism 
between 1.6 and 1.5 Ga has been interpreted to reflect a change 
from a dominance of convergence to strike slip along the south-
ern margin of Laurentia which was located south of New Mexico 
(Karlstrom et al., 2004; Holland et al., 2020; Daniel et al., 2023).

The Mesoproterozoic Picuris orogeny in the Southwest contrasts 
with the earlier tectonism as it is associated with a much larger 
region of 50–60 km thick crust and a longer duration (50–80 
m.y.) of thick crust (Figs. 2; 4C). The Picuris orogeny also differs 
from the earlier Yavapai orogeny and Mazatzal orogeny in terms 
of the major processes associated with crustal thickening. In ad-
dition to mid- to upper-crustal shortening, 5–10 km of crustal 
thickening occurred in the lower crust, likely via magmatic un-
derplating, a scenario visualized on Fig. 8C. The greatest crustal 
thickening, burial, and most intense deformation during the Picuris 
orogeny took place in the Yavapai-Mazatzal transition zone and 
Mazatzal Province which at 1.7–1.6 Ga were underlain by relatively 
thin (∼30 km) crust and had sedimentary basins. In contrast, the 
Yavapai and Mojave Provinces experienced little ∼1.4 Ga burial; 
the relatively more localized deformation and metamorphism in 
these regions was largely associated with (re)activation of shear 
zones and the contact aureoles of ∼1.4 Ga plutons (McCoy et al., 
2005; Shaw et al., 2005; Mahan et al., 2013; Hillenbrand et al., 
2023). Fig. 8C shows a schematic model integrating mohometric 
and petrologic data with geologic constraints, involving a broad re-
gion of 50–60 km thick crust, widespread lower crustal magmatic 
underplating, and, at higher crustal levels, a transition from more 
localized to regional shortening from north to south.
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Fig. 8. Simplified maps of crustal thickness and geologic constraints and associated interpreted tectonic cross sections at ∼1.70 Ga (A), ∼1.65 Ga (B), and ∼1.45 Ga (C). The 
cross sections generally follow the N-S line of Shaw et al. (2005) and are approximated on the maps by tick marks.

Our results provide context for, and may help to explain, ongo-
ing controversy regarding the extent of, and N-S differences, in the 
style of deformation and extent of crustal shortening during the ca. 
1.47–1.37 Ga Picuris orogeny (Shaw et al., 2005; Daniel et al., 2013, 
2023). Our data indicate that more intense shortening and tectono-
metamorphism associated with the Picuris orogeny occurred in 
areas of previously relatively thin (∼30 km) crust at 1.7–1.6 Ga 
(the Yavapai-Mazatzal transition zone and Mazatzal Province). This 
thinner, and likely rheologically weaker, crust may have been more 
prone to accommodating shortening relative to the thicker (∼40 
km), colder, older, and likely rheologically stronger Yavapai and 
Mojave Provinces which may have acted as a buttress.

Overall, the lack of sharp boundaries in crustal thickness at 
ca. 1.4 Ga (Figs. 4c, 8c) compared to ca. 1.7 Ga (Figs. 4a, 8a) is 
compatible with a relatively hotter and weaker crust. Sustaining a 
thickened, rheologically weak crust likely requires continued com-
pressional stress (Hillenbrand et al., 2021; Weller et al., 2021). 
Convergence at 1.47–1.37 Ga may have been provided by pro-
tracted shallow subduction under Laurentia and/or accretion of the 
Shawnee Province (Bickford et al., 2015; Daniel et al., 2023). The 
broad region of 50-60 km thick crust, smooth gradients in burial 
depth, and thermochronologic evidence for slow cooling are con-
sistent with models suggested by Keller et al. (2005) and Shaw et 
al. (2005) involving a ca. 1.4 Ga orogenic plateau.
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6.3. Mesoproterozoic basaltic underplating and high crustal geotherms 
in the Southwest

The intrusion of basaltic magmas at ca. 1.4 Ga in the lower 
crust was likely associated with melting of the lower crust and 
genesis of ferroan granitic magmas (Frost and Frost, 1997; Frost 
et al., 2001). The emplacement of granitic magmas into the mid-
crust would have advected heat into the mid-crust, raising ap-
parent geothermal gradients (Williams et al., 1999; Shaw et al., 
2005). High crustal temperatures, supported by heat associated 
with basaltic underplating and emplacement of granitic magmas, 
and partial melting at ca. 1.4 Ga would be expected to weaken the 
crust (Karlstrom and Williams, 1998; Hillenbrand et al., 2021; Gor-
czyk and Vogt, 2015), consistent with the lack of sharp gradients 
in crustal thickness (Fig. 4C) and metamorphic pressures (Fig. 6C; 
cf. Grambling, 1986).

Mesoproterozoic ferroan granites were emplaced in a >4,000-
km-long belt across Laurentia and Baltica along the active lead-
ing margin of the supercontinent Nuna (Columbia) (Anderson and 
Morrison, 2005; Daniel et al., 2023; Frost and Frost, 2023). The 
abundance of ferroan granites suggests extensive basaltic under-
plating (Frost et al., 2001). The drivers of this process likely in-
cluded the removal (foundering) of eclogitic lithospheric material 
due to lithospheric shortening (Gorczyk and Vogt, 2015), heat-
ing due to continental insulation under Nuna (Columbia), and/or 
a back-arc tectonic setting (Condie, 2013; Bickford et al., 2015; 
Roberts et al., 2022; Frost and Frost, 2023). Regardless of mech-
anism(s), basaltic underplating and associated advective heating of 
the mid-crust during ferroan pluton emplacement are consistent 
with, and may explain some of, the elevated geothermal gradients 
and inferred changes in surface topography in the middle Protero-
zoic (Frost et al., 2001; Spencer et al., 2021; Roberts et al., 2022).

6.4. Challenges and strategies for deep time chemical mohometry

Deep time applications of chemical mohometry involve as-
sumptions of broadly uniformitarian petrogenetic processes. It has 
been suggested that the average composition of the continental 
crust deep in Earth’s past differed from the present, either due to 
changes in the tectonic setting associated with crust formation or 
secular changes such as variability in mantle temperature (Keller 
and Schoene, 2018 and references therein). Changes in the man-
tle temperature, for example, are interpreted to be associated with 
smooth trends of decreasing compatible and increasing compatible 
elements of the past 4 Ga, with smaller changes over the last 2 Ga 
(Keller and Schoene, 2012, 2018 and references therein). Hence, it 
is possible that these changes affect, to some extent, the accuracy 
of individual mohometers in deep time. This effect may be more 
impactful for individual mohometers (Keller and Harrison, 2020), 
as no single mohometer is expected to reveal optimal crustal thick-
ness estimates in all settings (Luffi and Ducea, 2022), and individ-
ual calibrations having varying compatibility during mantle melt-
ing (Luffi and Ducea, 2022).

Luffi and Ducea (2022) calibrated 41 mohometers that vary in 
their compatibility and sensitivity to crustal differentiation. Hence, 
multiple crustal thickness proxies can be applied to evaluate and 
potentially minimize possible biases in the dataset. Consistent val-
ues from multiple proxies may be indicative of results that are 
more robust than any single whole-rock or mineral proxy. In cases 
where partitioning coefficients are similar, it is possible that these 
proxies, or multiple proxies, may still yield insights regarding rel-
ative crustal thickness changes. Evaluation and validation of ab-
solute changes may be carried out in cases where independent 
petrologic and geologic constraints on crustal thickness and crustal 
thickness change are available. Independent constraints on depth 

may come from thermobarometric data (e.g. this study, Hillen-
brand and Williams, 2021) or thermochronology in less deeply 
exhumed terranes (e.g. Jepson et al., 2022). The correspondence of 
multiproxy chemical mohometry with geobarometry and the sed-
imentary rock record in this study indicates that the multiproxy 
approach is reasonably accurate and robust in this case. We sug-
gest that comparison of chemical mohometric and geobarometric 
data is an important process step in assessing the accuracy of the 
deep time chemical mohometry and applicability. The correlation 
we observe between chemical mohometry and geobarometry may 
support the results of Keller and Schoene (2018, 2012) that ele-
ment partitioning was not significantly different at 1.8–1.4 Ga.

7. Conclusions

In this contribution we quantified the Proterozoic crustal thick-
ness record of the southwestern U.S.A. using whole rock igneous 
geochemical proxies. The calculations indicate at least four phases 
of crustal thickening characterized by different orogenic styles. The 
relatively short duration of crustal thickening and contempora-
neous basin formation at ∼1.70 Ga is consistent with arrested 
orogenesis associated with shallow slab breakoff and rollback. Sub-
sequent tectonism at 1.69–1.60 Ga supports an extensional accre-
tionary orogen model. The 1.47–1.37 Ga Picuris orogeny was as-
sociated with widespread crustal thickening to 50-60 km across 
much of the Southwest and involved crustal shortening and mag-
matic underplating. Advective heat from the mid-crustal emplace-
ment of ferroan granites may have contributed to the elevated 
geothermal gradients and rheologically weak crust in the middle 
Proterozoic.

We show that high spatial and temporal resolution crustal 
thickness records are a powerful tool to broadly evaluate crustal 
evolution in ancient orogens, particularly when integrated with 
geobarometric constraints. An approach integrating igneous geo-
chemical crustal thickness constraints with geobarometric data can 
be widely applied to ancient and more recent orogens to under-
stand crustal evolution and lower crustal processes. Although our 
results are from a single, albeit significant, middle Proterozoic oro-
genic belt, they suggest this period was neither orogenically qui-
escent or tectonically stagnant; rather, they indicate a dynamic 
500 m.y. period of crustal evolution with complex and contrast-
ing mountain building styles.
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