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Abstract The Mesozoic and Cenozoic history of Western North America is characterized by terrane
accretion, volcanism, and orogenesis. This history complicates the interpretation of paleogeography in
northeastern Oregon and adjacent Idaho, where the age of mountainous topography in the Blue Mountains
Province is important for validating hypothesized Miocene to present geodynamics. In this study, we

analyze the distribution of Columbia River Basalt and low-temperature apatite and zircon (U-Th)/He
thermochronometry collected from the Wallowa and Bald Mountain Batholiths to refine regional landscape
history. These batholiths underly the Wallowa and Elkhorn Mountains respectively, two of the most prominent
mountain ranges within the Blue Mountains Province. We find that low-temperature thermochronometry data
from the Bald Mountain and Wallowa Batholiths record distinct thermal histories associated with unroofing
and magmatism from the Cretaceous to present. We propose that reheating during intrusion of the Chief Joseph
dike swarm led to partial resetting of thermochronometers but did not completely overprint recorded Mesozoic
to present thermal histories in the Wallowa Batholith. Using modeled thermal histories and the present-day
distribution of Columbia River Basalt, we conclude that the Wallowa and Elkhorn Mountains have distinct
topographic histories. We propose that the Elkhorn Mountains began to form in the Eocene and that the
Wallowa Mountains are geologically young, forming as a result of relief generation after the Miocene eruption
of Columbia River Basalt.

1. Introduction

The Elkhorn and Wallowa Mountains in the Blue Mountains Province of northeastern Oregon exhibit signif-
icant relief and elevation in a broad low-relief plateau (Figure 1). These mountain ranges expose pre-Ceno-
zoic units below denuded Eocene-Oligocene volcanic rocks, Miocene Columbia River flood basalts (CRB), and
Miocene-present volcanic and sedimentary rocks (Figure 1). The Wallowa Mountains are pervasively intruded by
the 16—17 Ma Chief Joseph dike swarm (Figure 1; Morriss et al., 2020), source of the CRB, and have been inter-
preted as the topographic expression of lithospheric removal coincident with CRB eruption (Hales et al., 2005),
or Miocene to present extensional breakup of an orogenic plateau (Kahn et al., 2020). The Elkhorn Mountains
were not intruded by the Chief Joseph dikes and, despite having similar peak elevations to the Wallowa Moun-
tains (approximately 2,800 vs. 3000 m), have not been prescribed a geodynamic origin. Both proximity and simi-
larity of prominent topography between the two ranges indicate they may share an uplift history. This, however,
is inconsistent with delamination models that propose localized uplift of the Wallowa Mountains (e.g., Darold &
Humphreys, 2013; Hales et al., 2005).

Topographic histories are often modeled using low-temperature thermochronometry as a proxy for unroofing (e.g.,
Ehlers & Farley, 2003), enabling the validation of predictions from geodynamic models (e.g., Schoettle-Greene
et al., 2020). In practice, however, it can be difficult to directly correlate the record of landscape development
provided by low-temperature thermochronometry with a specific geodynamic scenario. This is particularly the
case in regions that have experienced magmatically induced reheating episodes (Murray et al., 2018, 2019). In
the Wallowa Mountains, previous studies have found that thermochronometers are sensitive to Miocene Chief
Joseph dike-induced reheating (Karlstrom et al., 2019; Reiners, 2005b), complicating application of this tech-
nique. Often, the pairing of difficult to interpret thermochronometry data with independent temporal constraints
for landscape change such as regional unconformities proves effective at constraining landscape development
histories (Brown et al., 2017; Clark et al., 2005; Crowley et al., 2002; Zapata et al., 2019). In the Blue Mountains
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Figure 1. Map of the study area showing surface geology, major faults, sample locations, and terrane boundaries. Inset figure shows regional topography with major
lithotectonic terrane boundaries. The Blue Mountains Province encompasses the region between the Klamath-Blue Mountains Lineament (KBML) and the Western
Idaho Shear Zone (WISZ) in the inset figure. Chief Joseph dike segments from Morriss et al. (2020). Volcanic units associated with the Tower Mountain caldera
marked with hatching. EHM, Elkhorn Mountains; LF, Limekiln Fault; Pz NA, Paleozoic North America; SRSZ, Salmon River Suture Zone; WM, Wallowa Mountains.

Province, Miocene CRB and Eocene-Early Miocene units associated with the Clarno and John Day volcanic
province, provide useful datums for exploring changes in Cenozoic topographic relief (Figure 1; Rogers, 1966;
Hales et al., 2005).

In this paper, we present new (U-Th)/He dates from the Wallowa and Elkhorn Mountains in the Blue Mountains
Province of Oregon and interpret these data in the context of the origins of mountainous topography and the ther-
mal effect of the Chief Joseph dikes. The (U-Th)/He data are paired with regional Cenozoic volcanic stratigraphy
to interpret a history of landscape development and tectonics.

1.1. Geologic Background

The Blue Mountains Province comprises volcanic island arc assemblages including the Wallowa and Olds
Ferry terranes and a subduction-accretionary prism complex known as the Baker terrane (Figure 1; LaMaskin
et al., 2011). The Bald Mountain Batholith intruded the actively deforming suture between the Baker terrane
and the Wallowa Terrane from 160 to 140 Ma during and after collision of the Wallowa and Olds Ferry terranes
(Schwartz et al., 2010, 2011). Shortly following terrane amalgamation, the Blue Mountains Province collided
with North America along the Salmon River Suture Zone. Collision began at 141 Ma and continued to as late as
108 Ma (McKay et al., 2017). During collision, the Wallowa Batholith was intruded from 140 to 120 Ma into the
Wallowa Terrane (Figure 1; 74k et al., 2015).
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Following accretion, transpression along the right-lateral Western Idaho Shear Zone (WISZ) between 101 and
88 Ma (Braudy et al., 2017; Giorgis et al., 2008), translated the Blue Mountains Province into the Syringa
embayment (Figure 1; Schmidt et al., 2017). After translation, the Blue Mountains Province sat inboard of the
Farallon/Kula subduction zone during the Laramide orogeny between 90 and 55 Ma. Previous studies suggest
that much of the Blue Mountains Province was tectonically quiescent during this period (Gaschnig et al., 2017,
Kahn et al., 2020).

In the Cenozoic, the Blue Mountains Province experienced repeated phases of volcanism, beginning with the
Eocene Clarno volcanic episode and culminating with eruption of the Miocene CRB. Units associated with
the Clarno volcanics are generally found west of the Wallowa and Elkhorn Mountains. Andesitic-dacitic flows
and pyroclastics associated with the Oligocene-Early Miocene Tower Mountain caldera and John Day volcanics
onlap the Bald Mountain Batholith in the Elkhorn Mountains, locally burying 40-50 Ma boulder conglomer-
ates in contact with batholith rocks (Reiners, 2005a; Ferns et al., 2010). Between 16 and 17 Ma, approximately
163,000 km? of the Grande Ronde and Imnaha basalt members of CRB erupted from the Chief Joseph dike swarm
in the eastern Blue Mountains Province (Hooper et al., 1984; Kasbohm & Schoene, 2018; Morriss et al., 2020;
Reidel et al., 1989), with the greatest mapped concentration of dikes in the Wallowa Mountains (2,300 dike
segments, Figure 1; Morriss et al., 2020). CRB buried much of the landscape in the Miocene, locally covering
fluvial deposits in the Wallowa Mountains (Allen, 1991), and north of the Elk Horn Mountains (Reiners, 2005a).

Volcanism continued following the CRB with the mid-late Miocene eruption of the Powder River volcanic field
on the northwestern flank of the Wallowa Mountains (Figure 1; Ferns & McClaughry, 2013). At the same time,
widespread extension in the Blue Mountain Province led to down-dropping of the La Grande Graben starting
approximately 9 Ma (Figure 1; VanTassell et al., 2001; Ferns et al., 2010), and reactivation of structures in the
Salmon River Suture Zone (Tikoff et al., 2001) and WISZ (Giorgis et al., 2006) as normal faults.

2. Materials and Methods

To determine the tectonic, geomorphic, and thermal evolution of the Wallowa and Elkhorn Mountains, we inter-
polate a continuous sub-CRB unconformity and analyze new and previously measured (Kahn et al., 2020; Karl-
strom et al., 2019) apatite and zircon thermochronometry data from the Wallowa and Bald Mountain Batholiths.

2.1. Interpolation of the Sub-CRB Unconformity

The Imnaha and Grande Ronde members of CRB erupted from the Chief Joseph dike swarm 17 to 16 Ma and
flowed across much of the landscape in the study area (Figure 1). Where basalt is preserved, up to 1 km strati-
graphic thickness is measured (Camp & Hooper, 1981). The significant thickness of basalt meant that it effec-
tively buried the Miocene landscape and, as a result, preserved evidence of paleo-topography that can be exam-
ined today. Furthermore, the degree of post-Miocene deformation and unroofing can be estimated by comparing
this paleo-landscape to the present (e.g., Hales et al., 2005; Kahn et al., 2020). Although volcanic units associated
with the Oligocene Tower Mountain caldera provide valuable temporal information regarding landscape devel-
opment in the Elkhorn Mountains (e.g., Ferns et al., 2010), they are not as laterally extensive as CRB, limiting
their applicability as a regional datum.

We created a structure contour map of the unconformity between the CRB and older bedrock to estimate the
topography of the landscape buried by basalt and provide constraint on the magnitude of burial and post-Mi-
ocene exhumation. Using the Oregon state digital geologic map (OGDC-6 2015), as well as regional USGS
reconnaissance maps (Swanson et al., 1981), we sampled the elevation of the basal CRB contact with older units.
Additional constraint from modeled sub-CRB unconformity depth in Washington (Burns et al., 2011) was used in
places with sparse contact exposure. We interpolated a surface through these contacts using the spline with barri-
ers function in ArcGIS v. 10.7. The Wallowa Fault and the fault bounding the southwestern Wallowa Mountains
(Figure 1), were included as discontinuities in the interpolation scheme.

2.2. Low-Temperature Thermochronometry

To determine the thermal history of the Wallowa and Elkhorn Mountains region, we analyzed bedrock samples
from the Wallowa and Bald Mountain Batholiths using apatite (U-Th)/He and zircon (U-Th)/He methods. Samples
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were collected across the Wallowa and Bald Mountain Batholiths and we attempted to avoid sampling close to
Chief Joseph dikes. After collection and analysis, sample proximity to mapped dikes was measured using the dike
catalog published in Morriss et al. (2020). Below, we briefly review apatite and zircon helium thermochronom-
etry. For a more complete discussion on analytical methods the reader is referred to Supporting Information S1.

2.2.1. Apatite (U-Th)/He Thermochronometry

Apatite (U-Th)/He thermochronometry (AHe) utilizes the temperature dependence of radiogenic helium diffu-
sion in apatite crystals to constrain the timing of cooling from 120 to 30°C (Ault et al., 2019; Flowers et al., 2009;
Gautheron et al., 2013). The temperature at which helium is quantitatively retained varies depending on the
diffusion kinetics of the apatite crystal which are affected by radiation damage due to alpha ejection (Flowers
et al., 2009). Radiation damage is estimated with the proxy eU, where eU = [U] + 0.0235[Th], which predicts a
given crystal's potential for damage if held below the crystal lattice annealing temperature. Increasing damage
will mean lower helium diffusion rates and a higher closure temperature. Variability in eU has been found to
produce substantial date dispersion if samples cool slowly or are reheated after cooling to low temperatures (Ault
et al., 2013; Flowers et al., 2007, 2009).

Samples were collected across the Wallowa Mountains at a variety of elevations and on a single transect in the
Elkhorn Mountains (Figure 1). Single apatite crystals were selected for analysis based on size, lack of visible
inclusions, and euhedral crystal shape. Individual apatite crystals from more recently collected samples (sample
prefix WM) were analyzed for U, Th, Sm, and He content at the Caltech Noble Gas Lab. Legacy AHe data
(sample prefix WB) used aliquots of 1-5 apatite grains from each sample and were analyzed in 2001 at Wash-
ington State University.

2.2.2. Zircon (U-Th)/He Thermochronometry

Zircon (U-Th)/He thermochronology (ZHe) uses the temperature-dependent retentivity of He in zircon crys-
tals to constrain the timing of crystal cooling from 220 to 140°C (Guenthner et al., 2013). Radiation damage
also plays a role in determining the temperature at which He is quantitatively retained within a zircon crystal.
For zircon, radiation damage may reduce helium diffusivity, increasing the effective closure temperature. Given
sufficient damage, however, helium diffusivity increases, decreasing the effective closure temperature (Guenth-
ner et al., 2013). ZHe data used aliquots of 1-5 apatite grains from each sample and were analyzed in 2001 at
Washington State University.

2.3. Thermal Modeling of Thermochronometry Data

To better understand the thermal history recorded by thermochronometry data, we used the software QTQt to
estimate viable time-temperature histories for the Wallowa and Bald Mountain Batholiths. QTQt uses a Bayes-
ian Monte-Carlo Markov chain method to invert thermochronometry data for viable time-temperature histories
(Gallagher, 2012). This technique estimates thermal histories by satisfying constraints provided by individual
apatite and zircon crystals as well as user-specified temperature histories. We ran models of individual samples
as well as suites of samples that were assumed to share a common cooling history.

For all models, we ran 50,000 burn-in and 10,000 post burn-in steps. Proposals outside the prior were rejected and
inversions rejected more complex models that did not improve data fit. All samples use the RDAAM diffusion
model for apatite (Flowers et al., 2009) and ZRDAAM for zircon (Guenthner et al., 2013). Errors on all helium
dates were assumed to be 10% of the reported date to account for both uncertainty in grain size measurements as
well as analytical uncertainty in measured isotope concentrations. A temperature constraint of 900°C was applied
at the emplacement date for each pluton. For models that included more than one sample, the acceptable geother-
mal gradient was limited to 30 + 30°C/km and allowed to vary over time. The present-day elevation difference
or depth below the sub-CRB unconformity between samples modeled in tandem was used to guide estimation
of this gradient. In models that included multiple samples, present-day temperature for the highest sample was
constrained to 5 + 5°C, with a terrestrial lapse rate of 3.4°C/km (Salmon River, Idaho; Wolfe, 1992), resulting in
a maximum modeled temperature for the lowest sample of approximately 15°C. Additional modeling inputs can
be found in Text S1 in Supporting Information S1.
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Figure 2. (a) Interpolated sub-CRB unconformity surface with overlain locations of the mapped sub-CRB unconformity contacts, and fault barriers used in surface
interpolation. Wallowa and Minam river valleys, which run parallel to swaths A—A’ and B-B’ respectively, are labeled to aid in swath interpretation. GRR1 = Grande
Ronde R1, GRNI1 = Grande Ronde N1, GRR2 = Grande Ronde R2, GRN2 = Grande Ronde N2. (b) Difference in elevation between interpolated sub-CRB
unconformity and present-day topography. (c) Swath profile A—A’ showing present-day topography and the sub-CRB unconformity parallel to the Wallowa Fault. (d)
Swath profile B-B’ showing present-day topography and the sub-CRB unconformity parallel to the Wallowa Fault.

3. Results
3.1. Interpolation of the Sub-CRB Unconformity

The interpolated sub-CRB unconformity in northeastern Oregon ranges from 0 to 2,900 m elevation (Figure 2a).
No Imnaha or Grande Ronde basalt are mapped southwest of the Wallowa Mountains, thus the interpolation is
unconstrained (Figure 2a). In the Wallowa Mountains, where CRB is found on many mountain summits, the
sub-CRB unconformity is dome-like in map view and mostly defined by Imnaha basalt (Figure 2a), the oldest
CRB unit locally preserved. Across the central Wallowa Mountains, the splined surface is less well constrained,
and can be greater than 5 km from the nearest mapped sub-CRB unconformity (Figure S1 in Supporting Informa-
tion S1). Together with the frequent observation of fluvial deposits beneath CRB (Allen, 1991), indicating pref-
erential preservation of Miocene valley bottoms, the less well constrained portions of the interpolated sub-CRB
unconformity across the central Wallowa Mountains should be interpreted as a minimum elevation. This lack of
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resolution on the sub-CRB unconformity interpolation limits our ability to determine local paleo-relief within the
central Wallowa Mountains.

Regionally, local relief on the surface is minimal and lows are found in the Snake and Grande Ronde river
valleys. Greatest local relief on the surface is observed across the Wallowa Fault, where the unconformity drops
>2 km. Generally, the southwestern limit of CRB is defined by contacts between Grande Ronde R1 and younger
members. Downslope on the southwest flank of the Wallowa Mountains, progressively younger Imnaha and
Grande Ronde CRB units are found in contact with underlying pre-Miocene bedrock (Figure 2a).

The difference between the interpolated sub-CRB unconformity and present-day topography is most pronounced
in the Wallowa Mountains and to the north (Figure 2b). Elsewhere, the sub-CRB unconformity is interpolated
to be within a few hundred meters of present-day topography. North of the Wallowa Mountains, the sub-CRB
unconformity is beneath present-day topography. In the Wallowa Mountains, present-day topography is as much
as 1,250 m lower than the interpolated sub-CRB unconformity. Generally, valleys on the eastern flank of the
Wallowa Mountains do not have present-day elevations that deviate far from the sub-CRB unconformity. In the
Wallowa River valley, whose outlet is controlled by the Wallowa Fault, the lowest present-day elevation relative
to the sub-CRB unconformity is observed.

Swath profiles over the Wallowa Mountains show the sub-CRB unconformity and present-day topography gener-
ally paralleling each other in a broad upwarp across the range (Figures 2c and 2d). A swath drawn parallel to the
Wallowa fault shows a maximum approximately 700 m local relief in the unconformity surface and >1 km local
relief in present-day topography. Net relief is similar (>2 km) for the sub-CRB unconformity and present-day
topography. A profile across the Wallowa Mountains shows both the interpolated unconformity and present-day
topography having a block-like form (Figure 2d).

CRB is thickest on the northwestern flank of the Wallowa Mountains, where basalt thicknesses of approximately
800 m are exposed in the Minam and Lostine valleys (Figure 2c). This contrasts with the other flanks of the
Wallowa Mountains, where the unconformity surface and present topography are roughly coincident and minimal
basalt thickness is preserved (Figure 2c, d). The dips of individual CRB flows are parallel to the dips of the inter-
polated sub-CRB unconformity on the northwest flank of the Wallowa Mountains and nominally steeper than the
sub-CRB unconformity on the southeast flank.

3.2. Low-Temperature Thermochronometry

We present 144 previously unpublished low-temperature thermochronometry AHe and ZHe dates from the
Wallowa and Bald Mountain Batholiths (Tables 1, S1, S2 in Supporting Information S1). These include AHe
data for 98 individual apatites from 20 bedrock samples collected from the Wallowa and Bald Mountain batho-
liths of eastern Oregon (Table S1 in Supporting Information S1), 39 legacy AHe dates calculated from aliquots
of 1-5 grains from 24 bedrock samples (Table S1 in Supporting Information S1), and 7 legacy ZHe dates calcu-
lated from aliquots of 1-5 grains from 7 bedrock samples in the Wallowa Batholith (Table S2 in Supporting
Information S1). We further include in our analysis 4 AHe dates from samples 01CS15aB and 2e9 previously
published by Karlstrom et al. (2019), and 12 AHe dates from samples Z14BT2, Z14BT3, Z14BT4, and 15SMKO08
previously published by Kahn et al. (2020). ZHe data are supplemented by one previously published ZHe date
from sample Se9 from Karlstrom et al. (2019), and nine dates from samples Z14BT2, Z14BT3, and Z14BT4
previously published by Kahn et al. (2020). The four major plutons of the Wallowa Batholith are well sampled
by these data whereas data from the Bald Mountain Batholith are from a single transect up the eastern face of the
Elkhorn Mountains (Figure 3).

AHe dates range from 12 to 129 Ma (Table S1 in Supporting Information S1), and ZHe dates range from 20 to
133 Ma (Table S3 in Supporting Information S1). AHe dates from the central Wallowa Batholith are generally
youngest, with older dates on the northwestern and southeastern flanks (Figure 3a). ZHe dates are similar across
the Wallowa Batholith. In the Bald Mountain Batholith, WMOS, the eastern-most and lowest elevation sample,
has the oldest AHe date while the two higher elevation samples have similar AHe dates (Figure 3b).

AHe data from the Wallowa Batholith are bimodally distributed with a sharp peak between 10 and 20 Ma and a
more diffuse distribution between 60 and 110 Ma, with few dates between 20 and 60 Myr (Figure 3c). In contrast,
the majority of AHe dates from the Bald Mountain Batholith are between 30 and 60 Myr, with three dates in the
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Table 1
Summary Information for Bedrock Thermochronometry Samples Used in This Study
Avg. Avg.
AHe AHe date  ZHe ZHe date
# of # of CotT. disp. cotr. disp.
Longitude Latitude apatite zircon Elev. Depth date Is (Ma) 1s/ date 1s (Ma) 1s/
Sample Lithology (E) N) analyzed® analyzed® (m) (m) (Ma) (Ma) Avg. Ma) (Ma) Avg.
WMO06 Bald Mt Batholith —118.2280 44.9510 5 - 2499 - 46.08 9.67 0.21 - - -
WMO07 Bald Mt Batholith —118.1640 44.9740 5 - 1802 - 4932 1047 0.21 - - -
WMO08 Bald Mt Batholith —118.0830 44.9930 5 - 1153 - 77.55 25.87 0.33 - - -
WM21 Craig Mountain pluton  —117.1500 45.2424 5 - 2162 —82 22.80 4.40 0.19 - - -
WM22 Hurricane Divide pluton —117.4110 45.2545 5 - 2360 =277 94.70 4.43 0.05 - - =
WM23 Hurricane Divide pluton —117.3970 45.2578 5 - 2135 562  95.10 4.03 0.04 - - -
WM24 Hurricane Divide pluton —117.3910 45.2611 5 - 1860 901 92.80 6.08 0.07 - - -
WM25 Hurricane Divide pluton —117.3850 45.2581 5 - 1671 —1004 17.10 0.39 0.02 - - -
WM27 Hurricane Divide pluton —117.4600 45.1817 5 - 1567 743 69.20 4.71 0.07 - - -
WM28 Craig Mountain pluton —117.3920 45.1510 5 - 1644 767 5249  14.68 0.28 - - -
WM29 Hurricane Divide pluton —117.4220 45.2100 5 - 2641 —16 9490 11.10 0.12 - - -
WM30 Hurricane Divide pluton —117.4010 45.2061 5 - 2315 =373 87.30 4.89 0.06 - - -
WM31 Craig Mountain pluton  —117.3029 45.1642 5 - 2874 190 18.10 1.13 0.06 - - -
WM35 Craig Mountain pluton  —117.3380 45.1599 4 - 2050 -531 86.90 4.39 0.05 - - -
WM39 Craig Mountain pluton  —117.2460 45.1947 5 - 1838  —901 16.40 0.41 0.03 - - -
WM42 Hurricane Divide pluton —117.3680 45.2247 5 - 1965 —-671 98.10 6.34 0.06 - - -
WMS51 Needle Point pluton —117.3990 45.0735 5 - 1549 =731 71.20 5.04 0.07 - - -
WMS52 Needle Point pluton —117.4260 45.0660 4 - 1644 325 83.90 1.97 0.02 - - -
WMS53 Hurricane Divide pluton —117.3140 45.2807 4 - 1898 916 82.50 16.10 0.20 - - -
WM54 Hurricane Divide pluton —117.3340 45.3130 5 - 2332 -304 119.85 10.58 0.09 - - -
WBO005 Craig Mountain pluton  —117.2310 45.2308 1A - 1998  —809 70.30 0.70 - - - -
‘WB009 Craig Mountain pluton  —117.1500 45.2384 2A - 2188 -39 30.35 0.92 0.03 - - -
WBO010 Pole Bridge pluton —117.4230 45.3862 1A - 1285  —426 83.10 1.00 - - - -
WB017 Pole Bridge pluton —117.3940 45.2931 1A - 1608 —1033  106.40 1.20 - - - -
WB034 Pole Bridge pluton —117.6410 45.3341 1A 1A 1227 ) 15.30 0.10 - 62.6  0.60 -
WB101 Pole Bridge pluton —117.5760 45.3287 3A 1A 1277  -334 101.87 1.72 0.02 133.4 1.30 -
WB104 Pole Bridge pluton —117.5630 45.3120 2A 1A 1243 —-645 15.80 1.13 0.07 214 0.10 -
WB109 Pole Bridge pluton —117.5320 45.2740 2A - 1333 -936 86.95 6.29 - - -
WB112 Pole Bridge pluton —117.5280 45.2426 1A - 1363 786 38.40 0.50 - - - -
WB118 Hurricane Divide pluton —117.4850 45.2006 2A 1A 1471  —-630 17.40 0.28 0.02 113.1 1.10 -
WB121 Hurricane Divide pluton —117.4700 45.1876 2A - 1507  —666 50.95 3.04 0.06 - - -
WB130 Craig Mountain pluton  —117.4170 45.1738 1A 1A 1765  —691 77.80 0.70 - 105.5 1.00 -
WB131 Craig Mountain pluton  —117.4090 45.1669 1A - 1698 =702  72.50 0.80 - - - -
WB139 Needle Point pluton —117.4030 45.1203 2A - 1896  —472 76.40 0.57 0.01 - - -
WB141 Craig Mountain pluton  —117.3180 45.1490 2A - 2110 -501 66.75 4.60 0.07 - - -
WB143 Craig Mountain pluton —117.3120 45.1576 1A - 2240 373 85.10 0.90 - - - -
WB146 Craig Mountain pluton  —117.3240 45.1780 1A - 2400 281 41.80 0.40 - - - -
WB149 Craig Mountain pluton  —117.3120 45.1688 2A 1A 2609 -1 18.20 0.28 - 100.3 1.00 -
WB152 Craig Mountain pluton  —117.2840 45.1948 2A 1A 2248 514 86.80 1.56 - 105.3 1.00 -
WB154 Craig Mountain pluton  —117.2540 45.1969 1A - 2014  -600 76.30 0.80 - - - -
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Table 1
Continued

Avg. Avg.
AHe AHe date  ZHe ZHe date
# of #of COLT. disp. COLT. disp.
Longitude Latitude  apatite zircon Elev. Depth date 1s (Ma) Is/  date 1s (Ma) 1s/

Sample Lithology (E) N) analyzed® analyzed® (m) (m) (Ma) (Ma) Avg. (Ma) (Ma) Avg.
WBI158 Craig Mountain pluton —117.2360 45.2076 2A - 1822 —838 61.10 1.41 0.02 - - -
WB166 Pole Bridge pluton —117.4200 45.2912 1A - 2252 —401 104.90 0.90 - - - -
WB250 Pole Bridge pluton —117.4570 45.2906 2A - 2352 —-194 102.10 1.70 0.02 - - -
WB267 Craig Mountain pluton —117.3340 45.1979 3A - 2159 =525 75.30 4.36 0.06 - - -
ZI14BT2° Craig Mountain pluton —117.1756 45.2546 3 3 2474 =20 75.6 3.1 0.04 100.9 9.40 0.09
Z14BT3® Craig Mountain pluton —117.1780 45.2568 3 3 2457 -85 21.8 10 0.46 112 11.81 0.11
ZI14BT4° Craig Mountain pluton  —117.2255 45.2420 3 3 1601 —1151 15.5 0.1 0.01 59.6 21.20 0.36
15MKO08® Needle Point pluton —117.1039 45.0389 3 2135 10 93.6 10 0.11 - - -
01CS15aB° Needle Point pluton —117.2500 45.0305 1 1 2238 3 104.6 6.3 - 107.3 6.40 -
2¢9° Hurricane Divide pluton —117.4071 45.2508 3 - 2367  —258 45 44 0.10 - - -

2A = multigrain aliquot. ®’Kahn et al. (2020). “Karlstrom et al. (2019).

80 to 100 Ma range (Figure 3c). The majority of ZHe dates in the Wallowa Batholith are between 90 and 130 Ma
(Figure 3d). All ZHe dates less than 90 Ma are from samples with AHe dates approximately 17 Ma.

3.2.1. Radiation Damage

Apatites and zircons from the Wallowa and Bald Mountain Batholiths have eU values from 5 to 273 and 53 to
603 ppm, respectively (Figure 4; Tables S1 and S2 in Supporting Information S1). This eU variability is large
enough to have a significant impact on AHe and ZHe closure temperature (e.g., Flowers et al., 2009; Guenthner
et al., 2013) especially for the AHe system where measured eU covers the published range of naturally occur-
ring eU values. ZHe eU values have a more limited range relative to other data sets (e.g., 270-7200 ppm; Orme
et al., 2016), with all but one measured eU value below 400 ppm.

AHe data show a positive log-normal age-eU relationship for dates >20 Ma (Figure 4a), consistent with an eU
influence on AHe closure temperature (Flowers et al., 2009; Shuster & Farley, 2009). This trend is most recogniz-
able in samples where individual grains were analyzed and to a lesser degree where multigrain aliquots were used
(Figure 4a; Table 1). Wallowa Batholith AHe ages at eU values less than 100-150 ppm are widely distributed,
suggesting a complex low-temperature thermal history. Twenty-seven AHe dates between 10 and 20 Ma and with
eU values between 5 and 119 ppm show no age-eU relationship (Figure 4a). Bald Mountain Batholith AHe dates
show a trend toward increasing age with eU and generally plot in a eU-date region with few Wallowa Batholith
dates.

The four Wallowa Batholith plutons sampled in this study show distinct AHe eU values (Figure 4a). Average AHe
eU values are 53 + 16 ppm for the Pole Bridge Pluton, 106 + 69 ppm for the Hurricane Divide Pluton, 24 + 12
ppm for the Craig Mountain Pluton, and 67 + 45 ppm for the Needle Point Pluton. Samples from the Bald Moun-
tain Batholith have eU values ranging from approximately 15 to 111 ppm (Figure 4a).

A paucity of AHe replicates prevents a thorough examination of age-eU trends for samples individually. However,
for the 21 samples with more than two replicates, AHe dates tend to reproduce well. Only sample WMO8 from the
Bald Mountain Batholith shows a strong correlation between eU and date (Figure 4, dashed bold black border),
suggesting the wide AHe date dispersion for this sample is not spurious. In contrast, sample WM28, with a
bimodal date distribution, does not show an age-eU correlation (Figure 4, solid bold black border). Because we
cannot explain the range of AHe dates for this sample, we exclude it from further analysis.
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Figure 3. Low temperature thermochronometry average sample dates from (a) the Wallowa Mountains and (b) the Elkhorn Mountains. Outlines of major plutonic
bodies and Chief Joseph dikes marked. Plutonic bodies from 74k et al. (2015). CM, Craig Mountain Pluton; HD, Hurricane Divide Pluton; PB, Pole Bridge Pluton;
NP, Needle Point Pluton. (c) Histogram of AHe data from the Wallowa and Bald Mountain Batholiths. BMB, Bald Mountain Batholith; WB, Wallowa Batholith. (d)
Histogram of ZHe data from the Wallowa Batholith.

4. Interpretation of Thermochronometry and CRB Unconformity Data

Below, we interpret the CRB unconformity and thermochronometry data for both the Elkhorn and Wallowa
Mountains and their underlying batholiths. For the Wallowa batholith thermochronometry, we explore complex-
ities introduced by thermal reheating by the Chief Joseph dikes and by differences in helium diffusivity due to
sample eU. Thermal modeling of the thermochronometry data helps us to further refine our potential interpreta-
tions. We then discuss these interpretations in the context of the Cretaceous to present tectonic, topographic, and
thermal histories of the Blue Mountains Province (see Section 5).
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140 A ' v ' v ' 4.1. Elkhorn Mountains
120} o e i The Elkhorn Mountains were not buried by CRB like most of the Blue
Mountains Province to the east. Onlapping of younger CRB units against
100 _ pre-Miocene bedrock (Figure 2a), indicates there was local topography
= in this region prior to the Miocene eruption of the CRB. This topography
=3 80 1 may have been significant as CRB inundated mountains with 1 km relief
§ in the Syringa Embayment and to the southeast of the Elkhorn Mountains
2 60 g (Bond, 1963; Fitzgerald, 1982). Oligocene-Early Miocene andesitic-dacitic
< flows and pyroclastics locally fill paleo-valleys and bury 40-50 Ma fluvial
40 1 units in contact with the Bald Mountain Batholith (Ferns et al., 2010; Rein-
ers, 2005a). These deposits are boulder conglomerates distally sourced from
20t 1 Idaho with clasts up to 0.75 m in diameter (Allen, 1991; Dumitru et al., 2013;
Reiners, 2005a), suggesting the Elkhorn Mountains did not form a barrier for
0 0 5'0 1(')0 1 ,'50 260 2'50 300 east-west sediment transport in the Eocene. Therefore, it is likely the Elkhorn
eU [ppm] Mountains became a regional topographic high between the Eocene and the
140 B ' T ' ' ' Miocene.
120f O A :
o A 4.1.1. Bald Mountain Batholith Thermochronometry
100 AY O A 1
= O AHe dates from the Bald Mountain Batholith are negatively correlated with
= 80 O _ elevation, with the average date of the lowest elevation sample approximately
ii) 40 Ma older than the highest elevation sample (Figure 5a). Inverted date-el-
2 60 A E evation trends like this may result from the decay of topographic relief (e.g.,
N 0] A PB Braun, 2002), or the grouping of widely spaced samples across gradients
40 o 033 2 CHIII\D/I 1 in uplift rate (e.g., Reiners, 2007). The three samples from the Bald Moun-
/A NP tain Batholith span approximately 30 km in map view (Figure 3) and extend
20} A Prior | 1 from the western margin of the Elkhorn Mountains to the center of the range,
study suggesting both topographic decay and spurious correlation between samples

0 1 1 1 1 1 1
0 100 200 300 400 500 600 700
eU [ppm]

Figure 4. (a) Single grain and multigrain aliquot AHe dates from the Wallowa
and Bald Mountain Batholiths plotted against eU. Multigrain aliquot dates
plotted as smaller circles. (b) Single grain and multigrain aliquot ZHe dates
from the Wallowa Batholith plotted against eU. All new ZHe dates presented
in this study are multigrain aliquots. BMB, Bald Mountain Batholith; CM,
Craig Mountain Pluton; HD, Hurricane Divide Pluton; NP, Needle Point
Pluton; PB, Pole Bridge Pluton.

are possible.

Because of the unusual date-elevation relationship observed in the Bald
Mountain Batholith data set, we present models for each sample individually
(Figure 5). Results from a model using all data can be found in Figure S9 in
Supporting Information S1. Model results for samples WM06 and WMO7
estimate a cooling history involving rapid cooling to near-surface tempera-
tures after approximately 45 Ma (Figure 5b, c). The positive date-eU trend
for sample WMOS, however, constrains a more complicated modeled thermal
history (Figure 5d). This model estimates cooling to near-surface tempera-
tures in the Mid-Cretaceous, prior to deformation on the WISZ, followed by
a period of slow reheating from approximately 40 to 80°C between 110 and
55 Ma. After 55 Ma, the model predicts steady cooling to the present.

A common feature in all thermal histories that reproduce Bald Mountain Batholith data is relatively rapid cool-

ing in the Eocene. Regionally, the Eocene was marked by accretion of the oceanic plateau Siletzia east of the
Blue Mountains Province (55-50 Ma; Wells et al., 2014), which preceded volcanism in Idaho (Challis episode
51-43 Ma; Janecke, 1994; Gaschnig et al., 2010, 2011; Chetel et al., 2011) and Oregon (Clarno volcanics
54-39 Ma; Figure 1; Retallack et al., 2000). Thermochronometry from Idaho record a phase of rapid cool-

ing interpreted as resulting from tectonically driven unroofing during the Eocene (Fayon et al., 2017; Foster &
Raza, 2002; Reiners, 2005a; Sweetkind & Blackwell, 1989). The thermal history modeled for Bald Mountain
Batholith predicts a phase of post-Siletzia cooling that could reflect the onset of unroofing driven by orogeny

much like in Idaho. Together with evidence for CRB onlapping, we suggest unroofing in the Eocene marks the

onset of development of the modern Elkhorn Mountains.
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A. Bald Mountain Batholith
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Figure 5. (a) Average corrected AHe date with 1-sigma standard deviation
versus elevation plot for samples from the Bald Mountain Batholith. (b)—(d)
Time-temperature inverse model results for each sample from the Bald
Mountain Batholith.

4.2. Wallowa Mountains

Preserved remnants of CRB in the high peaks of the Wallowa Mountains
show they were likely buried by basalt in the Miocene (Figure 2a). It is possi-
ble, however, that isolated steptoes may have remained in the central Wallowa
Mountains, where fluvial deposits found beneath CRB suggest preferential
preservation of Miocene valley bottoms. Generally, the limited preservation
of basalt in the central Wallowa Mountains (Figures 2, S1 in Supporting
Information S1) limits our ability to accurately assess local paleo-relief. On
a broad scale, the structural relief on the interpolated sub-CRB unconformity
across the Wallowa Mountains is similar to that of present-day topography
and shows the mountains have grown in relief by approximately 2 km since
16-17 Ma (Figure 2a). Inverted CRB stratigraphy onlapping pre-Miocene
bedrock to the southwest of the Wallowa Mountains and tilted flows on the
flanks of the range indicate post-Miocene relief growth was localized on the
Wallowa Mountains (Figure 2a). Some of this growth was aided by slip on
the Wallowa Fault, with the greatest eroded depth below the sub-CRB uncon-
formity in valleys bound by the Wallowa Fault (Figure 2b).

4.2.1. Interpreting Wallowa Batholith Thermochronometry

Interpreting thermochronometry data from the Wallowa Batholith is compli-
cated by possible reheating during the 16—17 Ma intrusion of the Chief
Joseph dike swarm (Figures 1 and 3). Both AHe and ZHe dates range from
approximately 17 Ma to over 100 Ma despite being sampled in proximity
(Figure 3). We can think of three possible explanations for the observed ther-
mochronometry date spectra in the Wallowa Batholith: (a) The data could
reflect the degree of helium outgassing during dike-induced reheating,
with no data recording exclusively unroofing related cooling; (b) The data
could exclusively reflect spatial variation in unroofing-related cooling since
Cretaceous pluton emplacement; or (c¢) The data could reflect both the effect
of unroofing-related cooling and the quantitive loss of helium following
dike-induced reheating. Assuming scenario (a), thermochronometry from the
Wallowa Batholith could not be analyzed for tectonic or geomorphic infor-
mation. If scenario (b) is true, reheating during dike intrusion was minimal
and did not result in significant helium outgassing. Scenario (c), which is
our preferred interpretation, allows for data analysis both in the context of
unroofing related cooling as well as dike-induced reheating.

While it is clear intrusion of the Chief Joseph dikes led to significant local
thermal perturbations (Petcovic and Grunder, 2003; Reiners, 2005b; Karl-
strom et al., 2019), when plotted relative to both proximity and density of
mapped dikes, no clear trends in AHe and ZHe data are observed (Figure
S10 in Supporting Information S1). Though we cannot parse the data set
using their relationship to mapped dikes (see Text S1 in Supporting Informa-
tion S1 for a more complete discussion), several observations suggest reheat-
ing during dike intrusion did not completely alter AHe and ZHe dates across
the Wallowa Batholith.

Prior studies that examine the thermal effect of Chief Joseph dike intrusion on thermochronometry show that

the degree of reheating is specific to the magmatic history of a dike (Karlstrom et al., 2019; Reiners, 2005b).

AHe thermochronometry adjacent the Maxwell Lake dike, source of the largest single flow of CRB (Petcovic
& Dufek, 2005), is reset to a distance of approximately 70 m (Karlstrom et al., 2019). The Maxwell Lake dike
is anomalous among the Chief Joseph dikes because there is evidence for partial melting of the Wallowa Batho-

lith along the dike walls (Petcovic & Grunder, 2003), suggesting reheating near this dike could represent the

maximum thermal perturbation from dike intrusion. For the Lee dike, in the southern Wallowa Mountains, full

helium outgassing from apatites was found to extend to a distance equivalent to two times the width of the dike
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(Reiners, 2005b). Partial helium outgassing occurred over an additional distance of two dike widths. Extrapolat-
ing from this finding, partial helium outgassing from apatite would occur in samples collected within 32 m of a
dike, assuming a median dike width of 8m (Morriss et al., 2020). Only five samples are this close to a mapped
dike (Figure S10 in Supporting Information S1).

A small subset of samples from the Wallowa Batholith have dates between 16 and 17 Ma, which we take as
evidence for complete helium outgassing at the time of Chief Joseph dike intrusion (n = 8; Figure 3c). Most
samples have AHe dates between 60 and 100 Ma (n = 32), with a peak between 90 and 100 Ma (Figure 3c).
ZHe dates show a similar peak between 90 and 100 Ma (Figure 3d). The overlap between AHe and ZHe date
spectra is inconsistent with significant Miocene reheating because if reheating was significant, it would result in
outgassing of helium from apatites before zircons and a significant difference in the relative age spectrum of the
two thermchronometers. Instead, the observed date overlap is more consistent with rapid cooling between 90 and
100 Ma. Together, these observations suggest that the data set records both variation in unroofing-related cooling
and Miocene dike-induced reheating.

To explore AHe and ZHe dates under the assumption that they are the product of both unroofing-related cooling
and dike-induced reheating, we delineate three sample populations based on average AHe date. These popula-
tions are identified as young date (AHe date <20 Ma; n = 8), intermediate date (AHe date 20-60 Ma; n = 10),
and old date (AHe date >60 Ma; n = 32) samples. From a geological perspective, we interpret these date groups
as consisting of samples where helium was completely outgassed during Chief Joseph dike intrusion (young date
samples), samples that experienced partial helium outgassing during dike intrusion (intermediate date samples),
and samples that experienced little to no helium outgassing during dike intrusion (old date samples). Interpreting
young date samples as having experienced complete helium outgassing during dike intrusion is well supported
by their relatively uniform date spectrum. The boundary we choose between the intermediate date and old date
samples is more arbitrary, but is placed near the minimum in the date-frequency distribution (Figure 3a). In our
exploration of the data we find the distinction between intermediate and old date samples is a functional approx-
imation for the impact of dike-induced reheating and that old date samples have a date spectrum consistent with
unroofing-related cooling.

4.2.2. Spatial Trends in AHe and ZHe Dates

Plotting AHe and ZHe data relative the sub-CRB unconformity as well as present-day elevation supports the
interpretation that the data set contains both Miocene reheating and unroofing-related cooling signals (Figure 6).
While it is likely that estimated depths relative to the sub-CRB unconformity are underestimated for samples far
from CRB outcrops (Figure S1 in Supporting Information S1), we regard distance from the sub-CRB unconform-
ity as a more consent metric for vertical distance between samples than present-day elevation. This is because
depth below the sub-CRB unconformity accounts for surface warping evidenced by cross-sections of topography
and CRB (Figure 2).

When plotted relative to depth as well as present-day elevation we observe a consistent positive slope across all
four plutons in old AHe date samples, suggesting they record a unroofing-related cooling signal. For intermediate
and young AHe date samples there are no clear trends. The subtle difference between plots of date versus eleva-
tion or depth below CRB reflect the similarity in present-day topographic trends with the sub-CRB unconformity
across the central and south-eastern Wallowa Mountains (Figure 2).

4.2.2.1. Young Date Samples

Young AHe and ZHe date samples have a relatively consistent AHe date spectrum between 15 and 20 Ma across
their range of depths and elevations (Figure 6). ZHe dates for these samples vary from approximately 20 to
100 Ma, reflecting different degrees of helium outgassing due to heterogeneous Miocene reheating. The lack
of AHe dates <15 Ma shows that all young date samples rapidly cooled below the apatite closure temperature
following dike-induced reheating. This limits the potential for prolonged reheating by CRB burial, which has
been found to produce younger AHe dates in samples collected elsewhere in the Blue Mountains (e.g., Kahn
et al., 2020). From this we infer that either the Wallowa Batholith was not buried by the entire 1 km stratigraphic
thickness of CRB, as this would result in sample depths of approximately 2 km and ambient temperatures great
enough to allow continued helium diffusion, or unroofing (and cooling) commenced immediately following CRB
burial.
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Figure 6. Average corrected AHe dates with 1-sigma standard deviation plotted relative to the sub-CRB unconformity and
present-day elevation for Wallowa Batholith plutons. Dates colored by distance from nearest preserved CRB when plotted
relative to depth below the sub-CRB unconformity. Timing of Chief Joseph dike intrusion, Siletzia accretion, and peak WISZ
activity marked by red, gray, and blue bars, respectively. Old date samples outlined in yellow.

4.2.2.2. Old Date Samples

AHe dates in the old date sample population are generally correlated with the time of activity in the WISZ
while ZHe dates mostly predate or coincide with the onset of the WISZ. Approximate AHe date-depth/elevation
trends vary from 0.1 mm/yr from the Pole Bridge to 0.02 mm/yr for the Needle Point Pluton (Figure 6). Steeper
date-depth/elevation trends are observed in AHe dates coincident with WISZ activity, while those that postdate
WISZ activity have shallower date-depth/elevation trends. If these date-depth/elevation trends are a record of
unroofing-related cooling, then we interpret them as showing high cooling rates during deformation in the WISZ,
which decrease after cessation of WISZ activity approximately 88 Ma. Although the most significant unroofing
associated with the WISZ occurred in the Salmon River Suture Zone and east of the WISZ (Giorgis et al., 2005;
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were projected onto the swath.

Kahn et al., 2020; Lund & Snee, 1988), these observations indicate unroofing rates also remained elevated in the
Wallowa Batholith.

Differences in the AHe date spectrum across the Wallowa Batholith suggest differences in cooling since the
Late-Cretaceous. Younger AHe dates are recorded in the Craig Mountain and Needle Point plutons than in the
Hurricane Divide and Pole Bridge plutons (Figure 6). These date trends may be due to differences in the magni-
tude of Late-Cretaceous to present unroofing. This could reflect the transition from a tectonically driven cool-
ing signal, preserved in AHe data from the Pole Bridge pluton, to an unroofed late-Cretaceous and Cenozoic
AHe partial retention zone in the Craig Mountain and Needle Point plutons (e.g., Crowley et al., 2002; Wolf
etal., 1998). A correlation between AHe dates in the Wallowa Batholith and the gross topography of the Wallowa
Mountains suggests present-day topography reflects long-term trends in cooling (Figure 7). If older AHe dates
reflect cooling from unroofing, this indicates the areas with highest topography today and greatest upwarping of
the sub-CRB unconformity also experienced the greatest unroofing since the Late-Cretaceous. However, vari-
ation in sample eU, with lowest eU values consistently found in the central Wallowa Mountains (Figure S11 in
Supporting Information S1), make the comparison of AHe dates suspect.

AHe dates tend to be relatively uniform for each pluton when plotted relative to distance from the Wallowa Fault
(Swath B-B’, Figure 7b). The lack of discernible trends suggest the Wallowa Fault was not instrumental in driving
the cooling recorded by samples. If the fault did aid in cooling of the batholith to near-surface temperatures, AHe
dates would be younger near the fault. This is not observed, indicating the batholith was already near the surface
when the fault initiated.

4.2.3. Wallowa Batholith Thermal History Models

Spatial trends in AHe dates from old date samples (Figures 6 and 7), allude to pre-Miocene topographic devel-
opment of the Wallowa Mountains region. However, sample-specific helium diffusivity driven by differences in
sample eU (Figure 4) complicates interpretation of these data. To resolve this issue, we used the software QTQt
to estimate viable time-temperature histories for each pluton in the Wallowa Batholith. Four suites of inverse
models were run for each pluton in the Wallowa Batholith, a model suite including only old date samples modeled
relative to present-day elevation, one with only old date samples modeled relative to depth below the sub-CRB
unconformity (Figure 8), a suite with both old and intermediate date samples (Figure S12 in Supporting Informa-
tion S1), and a suite with all samples (Figure S13 in Supporting Information S1). An underlying assumption in all
models is that input samples share a common cooling history. While this assumption may prove problematic (e.g.,
Schildgen et al., 2018), it has proven effective if applied locally (e.g., Collett et al., 2019; Zapata et al., 2019). We
gauge the validity of estimated time-temperature histories by their ability to reproduce the observed data.

Our preferred model suite including only old date samples modeled relative to depth below the sub-CRB uncon-
formity (Figure 8). These models successfully reproduce the input data with similar time-temperature histories
across all plutons and also incorporate paleo-topographic constraint provided by the sub-CRB unconformity.
Models using present-day elevations and only old-age samples are comparable to our preferred models both in
terms of estimated time-temperature histories and accuracy of helium date observations (Figure S13 in Support-
ing Information S1). Models using intermediate and young dates, however, cannot successfully predict observed

SCHOETTLE-GREENE ET AL.

14 of 22

d ‘€ “TTOT ¥616¥161

sy woxy paproy

ASUROIT SuoWWoy) dAneaI) a[qeorjdde ayy £q pauraaos are saonIE Y fasn Jo sa[nI J0j AIeIqi aul[uQ) AJ[IAN UO (SUONIPUOI-PUB-SULI) WO Ko[im KIeiqijaurjuo//:sdny) suonipuoy) pue swia [, ayy 228 *[zg0g/z1/1Z) uo Areiqr autjuQ Lofip ‘S qiT uoSuiysepy JO Ansioarun £q $0L9000.L1202/6201°01/10p/wod Kajim’ Kreiqrjaury



AP .
Fa\C ¥ Tectonics 10.1029/2021TC006704
ADVANCING EARTH
AND SPACE SCIENCE
Modeled thermal history Date-depth plot Model to data comparison
O e S ;
A. WB = 01 0 =
S G o o
e € ® 4 o=t
. 172} —
g 40 % :C: 400 ® —o—o.;
8 o g
® 60 NY & s 801
g L g 2
5] A= % S 800 @)
F 80 Y —©0
£ 1000 N ne
o——
100 o [
0 @ TS
{B.WB
20 Hurricane o .
5 °”iDivide o ® o %#.g
£ 1Pluton L i al
o 40
% ] ® %
g 601 O o @ A e
IS ] [ ] i
[}
= 804 —@® —dﬁ
1 O
100+
0 C.WB O
Craig OjQ ] Fﬁé
o 20 Mountain
< Pluton @)
© 40 o
=}
® 0'. A
g 60 ® A
IS
© 80 © o®
100 (]
%70 we - o oo—
Needle Point
o 20 piuton Ce.  |.e AME
S z oo meas.
o 40 e O AHe * Y AHe
S £ 400 - —eb-
® o Upper sample s 0 Prior Y - pred.
2 60 “ 95% confidence |} A study ZHe
£ Mid-elevation 6001| A zHe —8s " meas,
= 80 sample Prior | @ ——— ZHe
o Lower sample 800 O tud
100 " 95% confidence study pred.
140 120 100 80 60 40 20 0 0 20 40 60 80 1001201400 20 40 60 80 100120140

Time (Ma)

Avg. corrected date (Ma)

Uncorrected date (Ma)
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data (Figures S14 and S15 in Supporting Information S1). The preferred models estimate rapid cooling to the
end of activity on the WISZ in the Mid- to Late-Cretaceous, followed by slow, steady, cooling to the present
(Figures 8a—8d). A similar thermal history is also estimated by the Hurricade Divide and Craig Mountain Pluton
models when present-day elevation is used in place of depth below the sub-CRB unconformity (Figure S13b, ¢ in
Supporting Information S1). That a Cretaceous inflection in cooling rate is observed across models using depth
below the sub-CRB unconformity and in half of the models using present-day elevation gives us confidence that
the old date samples retain a cooling signal driven by unroofing. Furthermore, the correlation between this timing
and the end of activity on the WISZ provides an explanation for the estimated thermal histories.

In our preferred models, modeled cooling rates are 4—-6°C/Myr during peak WISZ activity for the Pole Bridge,
Craig Mountain and Needle Point plutons which have ZHe data that constrain higher temperatures and 15°C/Myr
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for the Hurricane Divide Pluton which does not include higher-temperature constraint from ZHe data. Models
for the Pole Bridge, Hurricane Divide, and Craig Mountain plutons all estimate a sudden decrease in cooling rate
between 90 and 80 Ma, immediately following activity in the WISZ (Figures 8a—8c), whereas modeled cooling
rates for the Needle Point Pluton are less well constrained and allow for slow cooling through the Late Cretaceous
(Figure 8d).

By 80 Ma, the uppermost sample from the Pole Bridge Pluton is modeled to have cooled to approximately 20°C,
while the uppermost sample in the Hurricane Divide Pluton cooled to approximately 40°C, the Craig Mountain
Pluton cooled to approximately 50°C, and the Needle Point Pluton cooled to approximately 40°C. Cooling rates
from the Mesozoic to present are predicted to have been highest in the Craig Mountain Pluton (0.5-0.7°C/Ma)
and lowest in the Pole Bridge Pluton (0.2-0.4°C/Ma). These rates are an order of magnitude slower than those
predicted during WISZ activity. They also suggest different scales of Mesozoic to present unroofing across the
Wallowa Batholith. Assuming a 20-30°C/km geothermal gradient, model results show 1-1.5 km more unroofing
of the Craig Mountain Pluton than the Pole Bridge Pluton from 80 Ma to the present.

The modeled Cenozoic thermal history for all plutons involves monotonic cooling to the present (Figure 8).
While this estimate is probably too simplistic, it does show that, within the resolution of the AHe and ZHe ther-
mochronometers, there were no major reheating or cooling episodes during this time. Using present-day elevation
instead of depth below the sub-CRB unconformity results in an estimated increase in cooling rate at approxi-
mately 50 Ma for the Pole Bridge Pluton (Figure S13a in Supporting Information S1), however, this model does
not successfully reproduce input data. Montonic cooling during the Cenozoic could be due to low model resolu-
tion in the Cenozoic because of only using samples with AHe dates >60 Ma in our preferred models but models
including intermediate date or all samples poorly reproduce observed AHe and ZHe dates and estimate multiple,
geologically unreasonable, Cenozoic reheating episodes (Figures S14, S15 in Supporting Information S1).

Taken together, modeling results corroborate our interpretation of trends in old AHe dates across the batholith
as reflecting differences in net unroofing since the Cretaceous rather than variations in dike-related heating.
They indicate that the Craig Mountain Pluton, exposed in the center of the Wallowa Mountains (Figure 3), has
experienced the greatest amount of Cretaceous to present cooling among all the sampled plutons. While forward
modeling shows it is possible the low eU values for AHe samples from the Craig Mountain Pluton increase their
sensitivity to Miocene reheating (Figure S11 in Supporting Information S1), we consider the greater estimated
post-Cretaceous cooling in the Craig Mountain Pluton relative to the rest of the Wallowa Batholith a robust result.

5. Discussion

AHe and ZHe thermochronometry from the Wallowa and Bald Mountain Batholiths combined with thermal
modeling and map interpretation of the CRB basal unconformity provides insight into the tectonic, topographic,
and thermal history of the Blue Mountains Province. The results from this study suggest that the Bald Mountain
and Wallowa Batholiths have distinct thermal and topographic histories resulting from the varying influence of
three significant periods of tectonic and volcanic activity: (a) Cretaceous terrane accretion followed by transpres-
sion along the WISZ, (b) Eocene unroofing in the Elkhorn Mountains following the accretion of Siletzia, and (c)
Miocene dike intrusion and subsequent relief generation in the Wallowa Mountains. Below, we review each of
these time periods.

5.1. Rapid Mesozoic Cooling of the Wallowa and Bald Mountain Batholiths

Thermal models predict cooling of the Wallowa and Bald Mountain Batholiths began immediately follow-
ing emplacement (Figures 5 and 8). Cooling was likely driven by unroofing resulting from crustal thicken-
ing during plutonism in the latter stages of terrane amalgamation and accretion to North America (Schwartz
etal., 2011, 2014; Zak et al., 2015), and by shortening during transpression along the WISZ (Figure 9; A. Giorgis
et al., 2005, 2008). Thermal models for the Bald Mountain Batholith suggest cooling to the near surface predates
transpression on the WISZ (Figure 5d), whereas models from the Wallowa Batholith show a decrease in cooling
rate shortly after the end of WISZ activity (Figures 8a—8d). A similar increase in the influence of the WISZ from
west to east across the Blue Mountains Province is observed by Kahn et al. (2020).
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By the end of transpression on the WISZ around 88 Ma, both the Wallowa and Bald Mountain Batholiths had
cooled to near surface temperatures (Figure 5d). The abrupt inflection in cooling rate observed across many
modeled time-temperature histories likely reflects the cessation of a tectonic driver for unroofing. Alternatively,
exposure at the surface of the less erodible batholiths may have resulted in a decreased unroofing rate (Flowers &
Ehlers, 2018). However, landscapes have a propensity to adjust toward a steady state between uplift and erosion
(e.g., Willett & Brandon, 2002), and reduced cooling rates resulting from decreased bedrock erodibility would
only persist over the time of landscape adjustment. A lack of increase in cooling rate after 90 Ma in the absence
of reheating is inconsistent with a transient reduction in cooling rate following surface exposure of the batholiths.
Therefore, it is more likely that the Mid-Cretaceous decrease in cooling rate modeled for the Wallowa and Bald
Mountain Batholiths resulted from the cessation of tectonically driven uplift following terrane accretion and
WISZ activity.

Cooling rates remained slow from the Mid-Late Cretaceous to the Eocene for the Bald Mountain Batholith
and until at least the Miocene for the Wallowa Batholith (Figure 7). Subtle differences in modeled cooling rate
between plutons in the Wallowa Batholith suggest differential post-Cretaceous net-unroofing across the batholith.
The cooling trends we observe in the Wallowa Batholith could be due to the decay of orogenic topography since
the Crecateous. Similar trends in thermochronometry have been observed where relief established during uplift
results in greater postorogenic unroofing in the center of mountain ranges (Reiners, 2003), and postorogenic relief
decay (Braun, 2002). Alternatively, trends in AHe date across the Wallowa Batholith could be due to isostatically
derived upwarping. Such a scenario is theoretically possible if there is a significant difference in bedrock density
between the batholith and surrounding rocks (e.g., Braun et al., 2014). However, the metavolcanic and metased-
imentary bedrock of the Wallowa Terrane is likely to have a similar density to the granodiorite of the Wallowa
Batholith. Furthermore, AHe date trends would be expected to be radially distributed around the center of the
Wallowa Batholith, with the youngest in the center of the exposed batholith (e.g., Braun et al., 2014). This is not
observed, instead the youngest AHe dates are found near the eastern margin of the exposed batholith.
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Regionally, unroofing and deformation continued through the Mesozoic into the Cenozoic. North of the Wallowa
Batholith, the dextral-oblique Mt Idaho and Limekiln structural zones in the Syringa Embayment may have
remained active until approximately 70 Ma (Figure 1; Schmidt et al., 2017). In the WISZ and to the east, unroof-
ing rates remained elevated through the early Cenozoic, with up to 5 km of unroofing between the late Cretaceous
and the Eocene in central Idaho (Fayon et al., 2017; Giorgis et al., 2005), driven by ongoing tectonic deformation,
volcanism, and the growth of an orogenic plateau. Evidence for an orogenic plateau is specifically linked with
the emplacement and unroofing history of the Idaho Batholith (Fayon et al., 2017). Neither the Wallowa and
Bald Mountain Batholiths record cooling associated with this period of unroofing in Idaho, supporting prior
conclusions that the topographic growth and plutonism associated with the emplacement of the Idaho Batholith
in interior Idaho did not extend west of the WISZ into the Blue Mountains Province (Fayon et al., 2017; Gaschnig
et al., 2017). This distinct thermal history between the regions west and east of the WISZ, while partly associated
with regional trends in volcanism, also indicates orogenic plateau growth may have been relegated to points east
of the WISZ (Fayon et al., 2017).

5.2. Renewed Eocene Cooling of the Bald Mountain Batholith

Inverse models of thermochronometry from the Bald Mountain Batholith estimate cooling following the Eocene
accretion of the oceanic plateau Siletzia (Figures 5b—5d). Cooling may have been associated with a period of
unroofing driven by regional tectonics and volcanism. In Idaho, the Eocene is marked by a phase of rapid unroof-
ing and volcanism and the persistence of an orogenic plateau (Fayon et al., 2017). Sediments derived from Eocene
unroofing in Idaho are preserved beneath volcanic units associated with the 32-22 Ma Tower Mountain Caldera
over the Bald Mountain Batholith (Ferns et al., 2010; Reiners, 2005a; Seligman et al., 2014). The age of these
units attests to surface exposure of the batholith between 40 and 32 Ma. Furthermore, the Idaho source of the
fluvial deposits suggests that topographic growth in the Elkhorn Mountains was not initially substantial enough
to disrupt Eocene drainage patterns. Later volcanic units associated with the Tower Mountain Caldera (Figures 1
and 9b), are andesitic-dacitic flows and pyroclastics which locally fill paleo-valleys along the northern margins
of the Elkhorn Mountains (Ferns et al., 2010), suggesting that by this time, there was substantial local relief.
These observations, together with the lack of CRB preserved across much of the Elkhorn Mountains and thermal
model results, suggest that the modern Elkhorn Mountains likely formed shortly after the accretion of Siletzia
(Figure 9b).

5.3. Miocene to Present Evolution of the Wallowa and Elkhorn Mountains

The topographic development of the Wallowa and Elkhorn Mountains from the Miocene to present is the product
of regional deformation and the onset of alpine glaciation. Post-Miocene deformation is most clearly recognizable
in the distribution of CRB (Figures 2 and 9; Hales et al., 2005). Regional deformation of the southern part of the
study area likely began during the earliest phases of CRB eruption, with uplift leading to northwestward offlap
of the younger Grande Ronde R2 and N2 members (Figure 9c; Camp, 1995). This uplift may have been aided
by deformation on discreet faults including the Wallowa and Limekiln Faults (Camp & Hooper, 1981; Reidel
etal., 2013), as well as long wavelength uplift due to delamination of underlying mantle lithosphere or lower crust
(Camp & Hanan, 2008; Hales et al., 2005). While relief across the Elkhorn Mountains was most likely already
substantial by the Miocene, almost 2.5 km of relief on the sub-CRB unconformity across the Wallowa Mountains
attests to significant relief growth since the Miocene (Figure 2a). This relief developed in part by motion on the
Wallowa Fault and resulted in the incision of deep valleys into the Wallowa Batholith (Figure 2b). The Miocene to
present increase in relief in the Wallowa Mountains independent of the Elkhorn Mountains, is consistent with the
hypothesis derived from upper-mantle seismic tomography, that the Wallowas were isostatically uplifted due to
the development of a lithospheric instability or delamination event in the Miocene (Darold & Humphreys, 2013;
Hales et al., 2005). Regional crustal anisotropy further suggests crustal deformation in Northeastern Oregon is
linked to upper mantle density variation (Castellanos et al., 2020), consistent with recent lithosphere-scale defor-
mation. Nonetheless, our data set cannot validate whether the Wallowa Mountains were uplifted due to these
processes, with any mechanism resulting in local post-Miocene uplift being acceptable.
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The scale of post-Miocene unroofing in the Wallowa Mountains can be roughly estimated as not exceeding
approximately 1.25 km depth below the sub-CRB unconformity (Figure 2b). However, given the lower certainty
of the elevation of the sub-CRB unconformity in the central Wallowa Mountains, it is possible the contact
interpolation represents a minimum elevation in this area. If this is the case, then the central Wallowa Mountains
may have experienced greater post-Miocene unroofing than the sub-CRB unconformity would suggest. Such a
scenario is consistent with spatial trends in AHe date across the Wallowa Mountains (Figure 7a) as well as differ-
ences in estimated net-cooling since the Cretaceous for plutons in the Wallowa Batholith (Figure 8). These data
indicate the central Wallowa Mountains have experienced greater unroofing than the flanks of the range since the
Cretaceous. While we cannot parse whether this is the product of long term differences in unroofing rate since
the Cretaceous or a more recent development, our data invite the possibility that post-Miocene unroofing of the
Wallowa Batholith is greater than 1.25 km.

Further isostatic uplift and valley deepening and widening during alpine glaciation contributed to the present-day
topography of both the Wallowa and Elkhorn Mountains. In the Wallowa Mountains, valleys that cross the
Wallowa Fault show significant evidence for deepening and widening due to glaciation (Figure 2b). The effect
of glaciation on the geomorphology of both ranges has resulted in topographic similarity between each mountain
range despite their differing unroofing histories.

6. Conclusions

New geologic map interpretations and low temperature thermochronometry data from the Blue Mountains Prov-
ince reveal multipart thermal and unroofing histories for the Wallowa and Bald Mountain Batholiths and shed
light on the topographic development of the Wallowa and Elkhorn Mountains. Despite the potential for helium
outgassing following dike-induced reheating in the Wallowa Batholith, many samples still record a cooling signal
associated with unroofing. By limiting interpretation to samples that are more likely to record this cooling signal,
we evaluated the thermochronometry in the context of landscape development. Cooling of the Wallowa and Bald
Mountain Batholiths began immediately following emplacement. Rapid cooling of the Bald Mountain Batholith
predated peak activity on the WISZ and was likely related to erosional unroofing following crustal thickening
during the late stages of terrane amalgamation and accretion to North America. Rapid cooling of the Wallowa
Batholith ceased immediately following activity on the WISZ, indicating that transpression led to crustal short-
ening and erosional unroofing within the eastern Blue Mountains Province as well as east of the terrane-continent
suture. We suggest that by the Late-Cretaceous both the Wallowa and Elkhorn Batholiths had cooled to near-sur-
face temperatures.

The Bald Mountain Batholith may have experienced a period of slow reheating in the Late-Cretaceous and
early Cenozoic followed by cooling in the Eocene that we propose is linked to the development of the modern
Elkhorn Mountains. The Wallowa Batholith cooled slowly through much of the Cenozoic with subtle evidence
for a proto-Wallowa Mountains or differential post-Miocene unroofing revealed in cooling trends across the
batholith. During Miocene CRB eruption, Eocene-age topography in the Elkhorn Mountains prevented their
burial. However, CRB did inundate the exhumed Wallowa Batholith. Moreover, Miocene to present deformation,
evidenced by warping and faulting of CRB, attests to approximately 2 km of relief generation in the Wallowa
Mountains and an indeterminant amount in the Elkhorn Mountains. The relief on the sub-CRB unconformity
across the Wallowa Mountains is only slightly greater than present topography, indicating the modern Wallowa
Mountains formed from the Miocene to the present.

Our results show that the Wallowa and Elkhorn Mountains have distinct topographic and thermal histories
consistent with models for localized Miocene uplift of the Wallowa Mountains. The distinctions in topographic
and thermal histories stem from the waning westward influence of WISZ deformation in the Blue Mountains
Province, localized volcanism and deformation following the Eocene accretion of Siletzia, the Miocene eruption
of CRB via the Chief Joseph dikes, and Miocene to present relief generation.
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Data associated with this paper can be found at https://doi.org/10.5281/zenodo.5839115.
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