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ABSTRACT
The Great Unconformity of the Rocky Mountain region (western North America), where 

Precambrian crystalline basement is nonconformably overlain by Phanerozoic strata, 
represents the removal of as much as 1.5 b.y. of rock record during 10-km-scale basement 
exhumation. We evaluate the timing of exhumation of basement rocks at five locations by 
combining geologic data with multiple thermochronometers. 40Ar/39Ar K-feldspar multi-dif-
fusion domain (MDD) modeling indicates regional multi-stage basement cooling from 275 to 
150 °C occurred at 1250–1100 Ma and/or 1000–700 Ma. Zircon (U-Th)/He (ZHe) dates from 
the Rocky Mountains range from 20 to 864 Ma, and independent forward modeling of ZHe 
data is also most consistent with multi-stage cooling. ZHe inverse models at five locations, 
combined with K-feldspar MDD and sample-specific geochronologic and/or thermochrono-
logic constraints, document multiple pulses of basement cooling from 250 °C to surface tem-
peratures with a major regional basement exhumation event 1300–900 Ma, limited cooling in 
some samples during the 770–570 Ma breakup of Rodinia and/or the 717–635 Ma snowball 
Earth, and ca. 300 Ma Ancestral Rocky Mountains cooling. These data argue for a tectonic 
control on basement exhumation leading up to formation of the Precambrian-Cambrian 
Great Unconformity and document the formation of composite erosional surfaces developed 
by faulting and differential uplift.

INTRODUCTION
The term “Great Unconformity” was first 

used by Dutton (1882) in Grand Canyon (Ari-
zona, USA) and has long been recognized as 
a regionally important erosion surface sepa-
rating Precambrian crystalline basement from 
overlying Phanerozoic sedimentary cover (e.g., 
Newberry, 1861). This contact has intrigued ge-
ologists because of the abrupt juxtaposition of 
igneous and metamorphic basement with the 
first fossiliferous Phanerozoic strata. Its regional 
flatness led early workers to make analogies to 
equally poorly understood “peneplains” (Sharp, 
1940) and to articulate the erosional beveling of 
mountain ranges (McKee, 1969). Some workers 
have inferred a tectonic significance for the ero-
sional contact, e.g., related to the supercontinent 
cycle (Maruyama et al., 2007; Karlstrom and 

Timmons, 2012; DeLucia et al., 2017; Flow-
ers et al., 2020) or the onset of plate tecton-
ics (Sobolev and Brown, 2019). Other recent 
papers have ascribed potential global climatic/
environmental significance to this contact; e.g., 
as a trigger for the “Cambrian explosion” of life 
on Earth (Peters and Gaines, 2012) and/or deep 
glacial erosion associated with the Neoprotero-
zoic snowball Earth event (Keller et al., 2019). 
These hypotheses are not mutually exclusive, 
and evaluating them requires better data on the 
magnitude of basement exhumation through 
time at regional and global scales. In the Rocky 
Mountains (western North America), a wide age 
range of sedimentary sequences (Mesoprotero-
zoic to Jurassic) nonconformably overlie crys-
talline basement (Fig. 1A), which necessitates 
multiple great unconformities that in some 

areas may have overprinted the Precambrian-
Cambrian contact to create composite erosional 
surfaces (Karlstrom and Timmons, 2012). While 
the general ages of rocks above and below the 
various unconformities are well constrained and 
the thicknesses of sedimentary successions are 
known (Fig. 1A), the timing of basement exhu-
mation beneath the Great Unconformity is not.

We present zircon (U-Th)/He (ZHe) and 
40Ar/39Ar K-feldspar thermochronologic data 
from crystalline basement samples beneath 
the Great Unconformity at five locations in 
the southern Rocky Mountains of Colora-
do and New Mexico (Fig. 1). Our goal is to 
use the combined interpretive power of both 
thermochronologic systems to get at nuanced 
time-temperature (t-T) models of rocks prior to 
formation of the Precambrian-Cambrian Great 
Unconformity. K-feldspar multi-diffusion do-
main (MDD) modeling (275–175 °C; McDou-
gall and Harrison, 1999) is complementary to 
forward and inverse modeling of ZHe data (210–
50 °C; Guenthner et al., 2013; Johnson et al., 
2017) in reconstructing continuous t-T models 
to track rock cooling to near-surface tempera-
tures. We use an innovative approach where 
MDD models inform subsequent forward and 
inverse ZHe models (McDannell et al., 2019). 
Zircon grains have variable closure tempera-
tures due to accumulation of varying degrees 
of radiation damage, as measured by effective 
uranium concentration (eU = [U] + 0.235[Th]) 
(Guenthner et al., 2013), and multiple single-
grain ZHe dates from the same sample show 
ZHe date–eU correlations that can be modeled 
to reconstruct possible t-T curves. Our thermal 
models capture multiple pulses of cooling at 
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each sample site over hundreds of millions of 
years, highlight the utility of combining ZHe 
and 40Ar/39Ar K-feldspar data to constrain upper 
crustal thermal histories, and indicate tectonic 
control in basement cooling prior to formation 
of the Great Unconformity as a globally signifi-
cant erosional surface.

POTASSIUM FELDSPAR 40Ar/39Ar DATA 
AND MDD MODELING

Age spectra and t-T paths from MDD 
modeling of K-feldspar 40Ar/39Ar data are 
presented from four new samples and one pre-

viously reported sample (Santa Fe Range, New 
Mexico; Sanders et al., 2006) (Fig. 2; see the 
supplemental text and Tables S1 and S2 in the 
Supplemental Material1). These models reveal 
regional variations in the timing of cooling of 

Rocky Mountains basement rocks from 275 to 
175 °C with important pulses at 1250–1100 Ma 
and 1000–700 Ma recorded in different re-
gions. Three samples (Tusas Mountains, Santa 
Fe Range, and Los Pinos Mountains in New 
Mexico) were at >150 °C, hence at depths of 
>5–6 km, until after ca. 800–700 Ma.

ZIRCON (U-Th)/He DATA AND 
MODELING

From basement samples in the same areas as 
40Ar/39Ar K-feldspar samples, a total of 37 new 
single-grain ZHe dates are presented from New 

1Supplemental Material. Detailed forward 
and inverse modeling methods, and Tables S1–
S4 (K-feldspar sample information and analytical 
data, ZHe data, and complete ZHe modeling inputs, 
assumptions, and modeling parameters). Please visit 
https://doi.org/10.1130/GEOL.S.14699709 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.
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Figure 1.  (A) Schematic diagram of fault block–controlled exhumation and ages of the Rocky Mountains great unconformities (western North 
America). Times (in Ma) and approximate scales of kilometers (km in parentheses) of relative block uplift and subsidence are shown. For 
samples collected below the Permian unconformity (red star), thermochronology may decipher multi-stage versus single-event cooling (red 
dashed lines). Dark-red contact represents the Precambrian-Cambrian Great Unconformity, and dashed dark-red lines indicate composite 
erosional surfaces. (B) Study area within the southern Rocky Mountains and sample locations. Dark gray polygons are Precambrian rock; 
light gray is the Pikes Peak batholith. Colored lines indicate exposures of the Great Unconformity, color-coded by age of overlying sediment. 
Orange polygons are Ancestral Rocky Mountains uplifts, and purple polygons are Proterozoic sedimentary deposits. UT—Utah; CO—Colorado; 
AZ—Arizona; NM—New Mexico; CH—Chihuahua, Mexico; TX—Texas; Mtns—Mountains; Fm.—Formation. (C) Zircon (U-Th)/He (ZHe) date 
versus effective uranium concentration (eU) plot for locations in B. Error bars are 2σ. (D) ZHe date versus spherical grain radius.
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Mexico (Tusas Mountains, Santa Fe Range, 
and Los Pinos Mountains) (Fig. 1B). These 
are combined with six previously published 
ZHe dates from the Sandia Mountains, New 
Mexico, and eight ZHe dates from Boulder 
Creek, Colorado (Ault et al., 2018), resulting 
in a total of 51 ZHe dates from five samples 
that we used to evaluate unroofing of basement 
crystalline rock prior to deposition of overlying 
Paleozoic strata.

ZHe data from the combined samples reveal 
a regionally consistent ZHe date–eU envelope 
with large intrasample variability in ZHe dates 
from 20 to 864 Ma across an eU range of 100–
1477 ppm (Fig. 1C; Table S3). ZHe dates from 
each sample show well-defined correlations with 
eU, with the oldest ZHe dates corresponding 
to low-eU grains. The data collectively define 
a shallow positive slope for eU values ranging 
from 0 to 600 ppm with an inflection to steeper 

slope at higher eU. Grain size is not a dominant 
control on variation in ZHe dates (Fig. 1D).

Forward Modeling
Forward modeling of the composite data pro-

vides an opportunity for evaluating single-pulse 
Proterozoic cooling within the Rocky Moun-
tains region versus stepwise progressive cooling 
(Fig. 3). For each forward model, we used an 
input t-T path and a mean zircon grain radius, 
which are used to calculate predicted ZHe dates 
as a function of eU (Guenthner, 2021) using he-
lium diffusion kinetics (Guenthner et al., 2013). 
In Figure 3, the gray envelope for each calcula-
tion represents one standard deviation of grain 
size (see the Supplemental Material for com-
plete modeling details). These plots examine 
a greater area than that shown in Figure 1 by 
also adding ZHe data from the Front Range, 
Colorado (Johnson et al., 2017), and the Big-
horn Mountains and Wind River Range, Wyo-
ming (Orme et al., 2016). We used a generalized 
thermal history of the Rocky Mountains with 
constraints at 350 °C at 1.4 Ga (from 40Ar/39Ar 
muscovite data; Shaw et al., 2005), Paleozoic 
cooling to surface temperatures between 550 
and 310 Ma (based on ages of cover rocks), and 
maximum Cenozoic temperature of 125 °C at 
80 Ma (from the Cretaceous sedimentary record 
and apatite fission-track data; e.g., Kelley and 
Chapin, 1995). Figure 3A tests modeled ZHe 

A B

Figure 2.  40Ar/39Ar K-feldspar age spectra (A) and multi-diffusion domain time-temperature 
models (B) for samples plotted in Figure 1B. Yellow bands represent 90% confidence inter-
vals of the entire distribution, and colored zones are the 90% confidence interval of the mean. 
Santa Fe Range sample is from Sanders et al. (2006). 1—assembly of Rodinia; 2—breakup of 
Rodinia; 3—snowball Earth. CO—Colorado; NM—New Mexico.

Figure 3.  Forward mod-
eling and calculated 
zircon (U-Th)/He (ZHe) 
date–effective uranium 
concentration (eU) trends 
for six Precambrian cool-
ing paths (four paths in 
A, two in B). For intui-
tive comparison with 
accompanying time-
temperature plots, ZHe 
date–eU plots show the 
ZHe date decreasing to 
the right on the x-axis and 
eU increasing upward on 
the y-axis because lower-
eU grains have higher 
closure temperatures. (A) 
Paths that only include 
single pulse of cooling. 
(B) Paths that include 
multi-stage cooling. Gray 
envelope represents ±1 
grain size standard devi-
ation. Error bars are 2σ. 
Complete data set for the 
entire Rocky Mountains 
(North America), with 
new and compiled ZHe 
data (Orme et  al., 2016; 
Johnson et al., 2017; Ault 
et al., 2018; Flowers et al., 
2020; Reade et al., 2020) 
shown (white circles) for 
comparison to calculated 

curves. 1—assembly of Rodinia; 2—breakup of Rodinia; 3—snowball Earth; 4—Ancestral Rocky Mountains; 5—Laramide orogeny; 6—Neo-
gene exhumation; GU—Great Unconformity.
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date–eU patterns that would be generated from 
single-event cooling during 1300–1100 Ma as-
sembly of Rodinia and deposition of the 1-km-

thick Debaca Group (Amarante et al., 2005); 
770–570 Ma breakup of Rodinia (Yonkee et al., 
2014); 717–635 Ma snowball Earth (Rooney 

et al., 2014); and 350–300 Ma Ancestral Rocky 
Mountains orogeny (Dickinson and Lawton, 
2003). Figure  3B tests multi-stage cooling 

A

B

C

D

E

Figure 4.  Inverse modeling results for five Rocky Mountains (North America) locations. Each Monte Carlo simulation tested 100,000 random 
paths. Yellow polygons in left panels show multi-diffusion domain models from Figure 2. Red boxes in middle panels highlight times of rapid 
(>10 °C/Ma) cooling in each sample. Panels on right compare input grains with calculated zircon (U-Th)/He (ZHe) date–effective uranium 
concentration (eU) curve modeled using best-fit path. Error bars for light and dark blue symbols are 2σ. Error bars for red symbols are 15% 
of the ZHe date. 1—assembly of Rodinia; 2—breakup of Rodinia; 3—snowball Earth; 4—Ancestral Rocky Mountains; 5—Laramide orogeny; 
6—Neogene exhumation.
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involving episodes at 1300–1200 Ma, 950–
900 Ma, and 400–300 Ma. These models show 
different maximum preserved dates for low-eU 
grains, different slopes for the correlation of 
decreasing date with increasing eU, a slope in-
flection that varies from 700 to 1500 ppm eU, 
and a sharp near-vertical segment where similar 
dates for a full range of eU grains suggest rapid 
Cenozoic cooling. Multi-stage cooling models 
with a component of pre–1 Ga cooling (Fig. 3B) 
are most consistent with the compiled date-eU 
pattern than the single-stage cooling paths (Fig, 
3A), as also supported by the independent K-
feldspar MDD models (Fig. 2).

Inverse Modeling
Inverse modeling using HeFTy version 1.9.3 

software (Ketcham, 2005) builds upon the for-
ward-modeling results and evaluates compatibil-
ity between ZHe data and other sample-specific 
thermochronologic and geologic constraints. 
Whereas our forward models test ZHe date dis-
persion due to the effects of radiation damage 
and grain size, U and Th zonation can introduce 
second-order effects on resulting ZHe date–eU 
relationships (e.g., Hourigan et al., 2005). To 
account for this, we used a synthetic-grain ap-
proach similar to that of previous authors (e.g., 
DeLucia et al., 2018; Flowers et al., 2020; Reade 
et al., 2020). Synthetic grains have the mean 
ZHe date and eU calculated by grouping ZHe 
dates into eU bins. Input errors are 15% of the 
synthetic grain date. Table S4 includes all mod-
eling inputs, methods, and assumptions, follow-
ing methods outlined by Flowers et al. (2015). 
In each model, Paleozoic constraint boxes vary 
depending on age of overlying strata, Cenozoic 
constraint boxes are based on known apatite 
thermochronology (e.g., Ricketts et al., 2016), 
and all models are compatible with the minor 
amount of post-Cambrian argon loss observed in 
the K-feldspar age spectra (Sanders et al., 2006) 
(Figs. S1–S5).

Figure 4 (left column) shows inverse mod-
els without K-feldspar constraints but with the 
independently determined MDD models shown 
in yellow for comparison. Models agree reason-
ably well for the temperature range 275–175 °C, 
although Santa Fe Range and Sandia Mountains 
MDD models only narrowly overlap with high-
er-temperature acceptable fit paths, and the Los 
Pinos Mountains MDD model predicts 50 °C 
higher temperatures than ZHe data. This sug-
gests an incomplete understanding of diffusion 
kinetics for both systems and/or potential zon-
ing in zircon grains (e.g., Hourigan et al., 2005). 
Nevertheless, these relatively unconstrained 
ZHe models indicate variable times of cooling 
across the region.

The middle column in Figure 4 shows re-
fined inverse models that incorporate additional 
constraint boxes (in yellow) derived from MDD 
models that are markedly more constrained than 

those that omit K-feldspar data. These models 
reveal where the ZHe data provide additional 
constraints on times of rapid cooling (red box-
es). Best-fit paths from these models have pre-
dicted ZHe date–eU curves that overlap with 
observed ZHe dates (Fig. 4, right column). Four 
of the samples are consistent with a pulse of 
cooling coeval with the ca. 1.0 Ga assembly of 
Rodinia, and Los Pinos Mountains also shows 
earlier ZHe-predicted cooling at 1.3–1.2 Ga. 
Various samples also show rapid cooling co-
incident with younger tectonic events such as 
the 770–570 Ma breakup of Rodinia and the 
325 Ma Ancestral Rocky Mountains orogeny. 
Some samples are permissive of rapid cooling 
during the 717–635 Ma snowball Earth (Keller 
et al., 2019), although the Sandia Mountains 
model shows no cooling during this event. Mod-
els suggest that basement cooling to near-surface 
temperatures was at 520–310 Ma in the Tusas 
Mountains and 640–310 Ma in the Los Pinos 
Mountains.

DISCUSSION OF MODELING
Our study demonstrates that combining mul-

tiple thermochronometers provides a powerful 
empirical approach for obtaining more mean-
ingful thermal histories. ZHe modeling is like a 
seesaw between early and later cooling histories 
such that independently constraining any part 
of a thermal history allows ZHe data to more 
tightly constrain older or younger segments. It 
may be intuitively surprising that 600–900 Ma 
ZHe dates can constrain pre–900 Ma cooling 
and that the overall date-eU pattern is simulta-
neously sensitive to post–120 °C cooling. We 
explore this with a series of inverse models for 
the Los Pinos Mountains sample (Fig. S7) that 
progressively add constraint boxes from other 
data sets to show that thermal histories become 
better constrained at other segments of the 
thermal history that are far removed from the 
input constraints. These help to highlight the 
benefit of coupling ZHe data with additional 
thermochronometers at both higher and lower 
temperatures and, in particular for this research, 
the added benefit of combining with K-feldspar 
MDD models.

PRECAMBRIAN COOLING AND 
FORMATION OF THE GREAT 
UNCONFORMITY

Forward and inverse ZHe modeling com-
bined with 40Ar/39Ar K-feldspar modeling indi-
cates multi-stage exhumation of Rocky Moun-
tains basement from middle crustal depths of 
∼10 km (>275 °C) to the surface rather than 
a single pulse of exhumation to form the Great 
Unconformity. Inverse models are not consistent 
with the hypothesis that global Neoproterozoic 
glacial erosion removed 3–5 km of material 
during the 717–635 Ma snowball Earth (Keller 
et al., 2019), similar to ZHe inverse modeling 

results at Pikes Peak, Colorado (Flowers et al., 
2020). However, the Boulder Creek, Tusas 
Mountains, and Los Pinos Mountains samples 
permit 50–100 °C of cooling (∼1–3 km of un-
roofing) within a longer 800–500 Ma interval.

Our final ZHe inverse models (Fig. 4) sug-
gest differential cooling across the region. A 
dominant pulse from 1300 to 1000 Ma is inter-
preted to reflect formation of an orogenic pla-
teau behind the Grenville collisional boundary 
(Whitmeyer and Karlstrom, 2007), where dif-
ferences between samples are interpreted to re-
flect a sample’s position relative to faults in the 
intracratonic region >1000 km from any plate 
boundary (Sanders et al., 2006). Grenville-age 
intracratonic block faulting took place during 
northwest-directed contraction and northeast-
directed extension and resulted in basins for 
Debaca Group and Las Animas Formation de-
position (Marshak et al., 2000; Timmons et al., 
2001). Similar cooling paths are modeled in 
ZHe data from the Carrizo Mountains, Texas, 
which lie along the Grenville continent-conti-
nent collisional front, and these samples also 
record a later cooling pulse from 600 to 530 Ma 
(Reade et al., 2020). Limited basement exhu-
mation may have taken place in some areas in 
the Neoproterozoic to Cambrian, e.g., in the 
Tusas and Los Pinos Mountains and the mid-
continent (DeLucia et al., 2017), but greater 
exhumation (as much as several kilometers) oc-
curred as basement rocks in Ancestral Rocky 
Mountains uplifts reached the surface below 
Pennsylvanian–Permian strata (this study) 
during diachronous closure of the Ouachita 
suture (Dickinson and Lawton, 2003) and/or 
compression from the southwestern margin of 
Laurentia (Leary et al., 2017). The combined 
data document multiple pulses of fault-related 
exhumation prior to and after formation of the 
Precambrian-Cambrian Great Unconformity to 
form composite erosional surfaces. We propose 
that this tectonic paradigm for composite great 
unconformities may also apply to other regions 
(e.g., McDannell et al., 2019; Flowers et al., 
2020) and continents (Guenthner et al., 2017) 
and that combined thermochronologic methods 
may help distinguish multiple basement cooling 
and/or unroofing episodes.
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