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Abstract 

The modern topography of the Atlanta lobe of the Idaho batholith in the North American 

Cordillera has been identified as a dissected plateau. The plateau was suggested to exist since 

late Cretaceous, while the dissection was advocated to take place since late Miocene, 

associated with unusual regional topographic rejuvenation in a post-orogenic extensional 

tectonic setting in plate interior. However, the previous evidence supporting the timing and 

mechanism of the dissection is limited. Spatial variability of multiple aspects exists within the 

Atlanta lobe. Previous studies identified a Miocene cooling and exhumation signal in the 

southern Atlanta lobe, but the spatial extent of this signal is unknown. To further reconstruct 

the exhumation history of the region and investigate the mechanisms that cause the internal 

variability of the Atlanta lobe, we investigate the area using low temperature thermochronology. 

We sampled the late Cretaceous and Miocene aged granitoid bedrock along the South Fork 

Payette River (SFPR) and the Middle Fork Boise River (MFBR) in the Boise Mountains, 

resulting in three vertical and two horizontal sample transects, a total of 21 new apatite (U-

Th)/He (AHe) sample dates and 2 new apatite fission track (AFT) dates from previous samples. 

The AHe dates range from 29.9 ± 3.1 Ma to 3.9 ± 0.8 Ma, and most cooling dates are Miocene 

to Pliocene. The two AFT dates are 37.89 ± 4.6 Ma and 40.7 ± 4.72 Ma. The thermal history 

inverse models from the vertical transects show a two-stage cooling during Eocene-Oligocene 

and late Miocene–Pliocene, supporting the late Miocene incision. The pattern of cooling dates 

along the river profiles from the horizontal transects suggests that the incision of modern SFPR 

and MFBR occurred after the major late Miocene cooling period and has been disrupted by 

faults. Combining our thermochronology data with other geological evidence, we propose a 

tectonic model to explain the exhumation history and the variability inside the Atlanta lobe. 

We suggest the Eocene exhumation was due to extension from over-thickened crust, thermal-

dynamic uplift, and potential delamination under the Atlanta lobe due to the influx of hot 

asthenosphere. The Miocene exhumation could have been driven by thermal-dynamic uplift 

and/or delamination under the Boise Mountains triggered by the nearby Yellowstone hotspot. 

The incision of the SFPR and MFBR was likely enhanced by base level drop due to the draining 

of the paleo-Lake Idaho and disrupted by activity on local Basin and Range faults. 
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Chapter 1: Introduction 

The classic mechanism for uplifting topography is crustal thickening correlated to plate 

collision at convergent plate boundaries. However, there are also examples where topographic 

uplift occurred in plate interior regions that cannot be explained by the classic theory. 

Constraining upper crustal cooling using low temperature thermochronology is a powerful 

method to study the landscape exhumation and burial process; detect extension, uplift, erosion, 

and river incision signals; investigate lower crust and mantle condition; and verify regional 

tectonic models (e.g., Ault et al., 2019). Here we investigate an atypical plate interior uplift 

and exhumation event at the Boise Mountains of the Idaho batholith, USA, by constraining 

regional cooling history with new apatite (U-Th)/He (AHe) and apatite fission track (AFT) 

data.  

The Idaho batholith is located in the North American Cordillera, a region of intense research 

interest due to its prolonged and complex tectonic history and diverse mantle-lithosphere 

geodynamics (e.g., DeCelles, 2004; Kruckenberg et al., 2008; Fuentes et al., 2011; Fuentes et 

al., 2012; Yonkee & Weil, 2015; Gray et al., 2020). The Idaho batholith is surrounded by a 

series of geologic features that impact Cordilleran tectonics. It is bounded to the west by the 

Columbia River Basalt (CRB), the 87Sr/86Sr 0.706 isopleth representing craton-accreted terrane 

boundary, and the Western Snake River Plain (WSRP); to the south by the Eastern Snake River 

Plain (ESRP) and calderas from the Yellowstone hotspot track; and to the east by the Challis 

volcanic fields and Pioneer Mountains core complex (Figure 1). The Idaho batholith itself is 

also notable. The modern topography of the Idaho batholith is suggested to be a dissected 

plateau that was once the extent of Nevadaplano during late Cretaceous-Paleogene (e.g., 

DeCelles, 2004; Cassel et al., 2018; Wetzel & Stanley 2022). However, the dissection of the 

plateau is suggested to potentially occur during late Miocene, much later than the formation of 

the plateau (Larimer et al., 2018; Blackwelder, 1912). River morphology studies even indicated 

that the dissection was due to a northward tilting uplift of the Atlanta lobe, one of the major 

magmatic belts of the Idaho batholith (Larimer et al., 2018; Mitchell & Yanites, 2019). 

Although the Atlanta lobe has a uniform lithology sourced from crustal melts with little 

temporal variability (Gaschnig et al., 2010), there is significant spatial variability within the 

belt, between rim and internal, northern and southern Atlanta lobe, suggested by seismic 
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images, surface GPS velocities, fault patterns, and previous thermochronology studies (e.g., 

Ruppel, 1982; Sweetkind & Blackwell, 1989; Tikoff et al., 2001; Breckenridge et al., 2003; 

Roth et al., 2008; Schmandt & Humphrey, 2011; Payne et al., 2012; Tian & Zhao, 2012; 

McCaffrey et al., 2013; Fayon et al., 2017; Wetzel & Stanley, 2022). If the southern Atlanta 

lobe had a Miocene rejuvenation, this rejuvenation event would be worth investigating, not 

only because it occurred far away from the convergent boundary during post-orogenic 

extension, but also because the mechanisms causing this rejuvenation have the potential to 

explain the spatial variability within the Atlanta lobe. In addition, because of its location at the 

junction of multiple tectonic features, the tectonic and topographic history of the Idaho 

batholith bears on the regional tectonics of the Cordillera. Several geodynamic mechanisms 

could cause Miocene rock uplift in the Atlanta lobe that would result in different timing and 

patterns of exhumation in the Boise Mountains (Table 1). 

First, rock uplift could have been triggered by the nearby eruption of the CRB which potentially 

could have caused delamination of a dense eclogite root under the Boise Mountains. The uplift 

of the Wallowa Mountains to the west of the study region has been proposed to be due to 

lithospheric delamination (Hales et al., 2005), and the high seismic velocity field under the 

Wallowa Mountains also extends to beneath the Atlanta lobe, including the Boise Mountains 

(Roth et al., 2008). If this is the case, we would expect regional uplift and exhumation at ~16 

Ma, contemporaneous with the CRB eruption. In addition, the western side of the Atlanta lobe 

might experience more exhumation compared to the east (Table 1). 

Second, the prospective late Miocene uplift could be due to effects from the Yellowstone 

hotspot. The Yellowstone hotspot has been proposed to be a stationary mantle plume 

overridden by moving North American Plate, leading to the subsidence of the ESRP and the 

uplift of the surrounding terrain (Pierce & Morgan, 1992; McQuarrie & Rodgers, 1998). The 

Twin Falls (active 10.9-8.6 Ma) (Pierce and Morgan, 1992; Bonnichsen et al., 2008) and Picabo 

(active 10.3-8.2 Ma) (Pierce and Morgan, 1992; Vogl et al., 2014) volcanic fields, located just 

south of the Boise Mountains (Figure 1) is considered part of the track of the Yellowstone 

hotspot and the plume is inferred to have been beneath these volcanic fields during their active 

periods. Miocene exhumation observed in the Pioneer Mountains is attributed to a combination 

of thermal-dynamic and flexural uplift effects as the Yellowstone hotspot passed by (Vogl et 
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al., 2014). In addition, Larimer et al. (2018) attributed the northward tilting of the central Idaho 

mountains to delamination under the Boise Mountains triggered by the hotspot. Similarly, we 

hypothesize that the hot plume can lead to thermal-dynamic uplift and/or delamination under 

the Boise Mountains when the Twin Falls and Picabo volcanic fields were active. If this is the 

case, the uplift-triggered exhumation should be at ~11-8 Ma, and we might expect more 

exhumation to the south closer to the hotspot (Table 1). 

Exhumation and dissection of the Plateau could also have occurred in the absence of regional 

uplift due to extensional processes. Basin and Range faults that started in central Idaho at ~17 

Ma continue to present day (Dickinson, 2004; Janecke, 1992; Yonkee and Weil, 2015). If 

extensional faulting is driving exhumation, we should see exhumation adjacent to faults with 

high offset in the region during the period from ~17 Ma to present. Additionally, rivers in the 

Boise Mountains drain into the WSRP, which is proposed to start extending and subsiding 

at~16 Ma and accelerate from 12-8.5 Ma (Wetzel & Stanley, 2022, Wood & Clemens, 2002). 

The WSRP was occupied by paleo-Lake Idaho which drained at ~4 Ma (Wood & Clemens, 

2002). Both subsidence of the basin and the draining of the lake would lead to a base-level 

drop and could trigger/enhance river incision in the Boise Mountains (Sweetkind and 

Blackwell, 1989; Larimer et al., 2019; Mitchell & Yanites, 2019; Wetzel and Stanley, 2022). If 

these processes were driving exhumation, we should see river incision periods at 16-8 Ma 

and/or post-4 Ma (Table 1).  

To distinguish the mechanism(s) driving landscape rejuvenation in the Boise Mountains, better 

constraints on the timing and patterns of exhumation are needed. Previous application of low 

temperature thermochronology to constrain young cooling events in the Atlanta lobe, 

especially AHe data, was very limited, despite that AHe system has low temperature sensitivity, 

which may allow it to detect small magnitude, more recent cooling events. Among them, there 

were only 5 AHe samples with Miocene ages, all at the downstream of the MFBR in the Boise 

Mountains. Due to the limited spatial extent of these Miocene data, we collected more AHe 

samples in order to see how extensive this Miocene cooling signal is and to better constrain 

the timing of the exhumation. Here we present new AHe and AFT data from the Boise 

Mountains to constrain the timing, pattern, rate, and magnitude of the exhumation and 

reconstruct topographic evolution history of the region. Combined with other geologic 
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evidence from previous studies, we can evaluate the regional tectonic history and geodynamic 

mechanisms driving landscape change. 
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Figure 1. Topographic map of Idaho. Published sample locations and cooling ages from previous thermochronology studies around the Idaho batholith are plotted.  

(Sweetkind and Blackwell, 1989; Foster and Raza, 2002; Giorgis et al., 2008; Vogl et al., 2014; Fayon et al., 2017; Wetzel and Stanley, 2022). Approximate locations of 

major geologic features are also highlighted. Names of major rivers and adjacent Yellowstone volcanic centers are labeled. The pale-yellow box outlines the main study 

area in Figure 2. The inset figure demonstrates regional Pacific NW topography and the approximate location of the Idaho batholith (red), the Columbia the River Basalt 

(purple), volcanic fields along the Yellowstone hotspot track (tan), and the paleo-Lake Idaho (blue). The red box outlines the area in Figure 1. The Yellow dashed line 

represents the transect of Figure 6. ATL-Atlanta lobe; BR-Bitterroot lobe; BM-Boise Mountains; PM-Pioneer Mountains; WSRP-Western Snake River Plain; ESRP-

Eastern Snake River Plain; SFPR-South Fork Payette River; MFBR-Middle Fork Boise River; LRF-Lost River fault; LF-Lemhi fault; BF-Beaverhead fault; AHe/ZHe-

apatite/zircon (U-Th)/He; AFT/ZFT-apatite/zircon fission track. Figure 1 is modified from Wetzel and Stanley (2022). The inset figure is modified from Camp (2013) and 

Wetzel and Stanley (2022). 
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Chapter 2: Background 

Regional tectonic history 

The evolution of the North American Cordillera can be traced back to the rifting of the Rodinia, 

but its major forming period was from mid Mesozoic to early Cenozoic. In this period, it was 

an accretionary arc-trench system, marked by the subduction of oceanic plates under the North 

American plate (Dickinson, 2004; Saleeby, 1983; Yonkee and Weil, 2015). The major features 

of the Cordilleran orogenic system, including the forearc accretionary prism and basin, the 

magmatic arc, the hinterland, the Sevier and Laramide fold-thrust belts, and the foreland basin, 

formed during this time (Yonkee and Weil, 2015). The decrease of the subduction dip from 

high angle to sub-horizontal during the subduction of the Farallon plate during late Cretaceous 

marks a major transition in the tectonic and magmatic pattern (Dickinson, 2004; Yonkee and 

Weil, 2015). From ~53-48 Ma, the Siletzia terrain was accreted to the North American Plate 

(Eddy et al., 2017). Following the accretion, the subduction boundary jumped from near the 

craton margin to west of the accreted Siletzia terrain (Eddy et al., 2017). 

Large batholiths are widely distributed across the Cordillera, including in Idaho (DeCelles et 

al., 2009). The major batholith in Idaho, the Idaho batholith, occupies ~ 40000 km2 and formed 

from 98 Ma to 54 Ma when pulses of magma were emplaced into the Precambrian basement 

crust. Initial low volume magmatism was metaluminous followed by high volume 

peraluminous magmatism (Gaschnig et al., 2010). Geochemistry shows that the metaluminous 

magmatism was mixed-source derived from crust and mantle, and the peraluminous 

magmatism was from the melting of crustal sources (Gaschnig et al., 2011). The Atlanta lobe 

of the batholith, where our study is located, is a peraluminous suite that was emplaced between 

80 and 67 Ma. (Gaschnig et al., 2010).  

Shortly after the placement of the Idaho batholith, the Cordilleran tectonic system transitioned 

from compressional to extensional, and in addition caused surface uplift, increased erosion and 

deposition rates, and magmatism, associated with thermodynamic effect and/or delamination 

(Humphreys, 1995; DeCells et al., 2009; Cassel et al., 2018). There are three possible causes 

for this transition: (1). the movement pattern of the Farallon Plate turning from sub-horizontal 

subduction to slab rollback, (2). opening of a slab window due to the slab rollback (Humphreys, 

1995) or ridge subduction (Breitsprecher et al., 2003; Duke 2009), and (3). slowing of the 
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convergence rate at the western plate boundary of the North American Plate (Constenius, 1996). 

The Challis magmatic event is potentially the result of these processes in Idaho lasting from 

51 Ma to 43 Ma (Gaschnig et al., 2010). The Challis magmatism contains both volcanic and 

plutonic suites. The Challis volcanism is composed of intermediate to mafic lava flows along 

with tuff breccias in the early stage, and explosive eruptions with silicic flows and tuffs in the 

late stage (Moye et al., 1988; Sanford and Snee, 2005). The Challis dikes and plutons that cut 

into the batholith can be divided into a quartz diorite/monzodiorite suite and a pink/alkali-

feldspar granite suite (Anderson, 1952; Ross, 1982). Due to the temporal and spatial 

similarities, the quartz monzodiorite suite is proposed to be linked to the earlier Challis 

volcanic events, and the pink granite suite to the later events (Lewis and Kiilsgaard 1991, 

McKervey 1998). Multiple metamorphic core complexes formed contemporaneously with the 

Challis magmatism, including the Bitterroot core complex in the northeastern Idaho batholith 

(Foster and Fanning, 1997; Foster et al., 2001; Foster and Raza, 2002) and the Pioneer core 

complex just east of the batholith (Vogl et al., 2012).  

Multiple tectonic features (Figure 1) that could be associated with regional exhumation in the 

Cordillera started to form during the Miocene. In the early Miocene, Basin and Range 

extension was triggered by the formation of the San Andreas transform boundary and started 

to affect central Idaho at ~17 Ma (Dickinson, 2004; Janecke, 1992; Yonkee and Weil, 2015). 

Meanwhile, the CRB erupted from 17 Ma to 6 Ma in Washington, Idaho, and Oregon, forming 

a large igneous province (Hooper & Camp, 1981; Reidel et al., 2013). The majority (95% of 

the total volume) of the basalt erupted from 16.7 Ma to 15.9 Ma (Kasbohm & Schoene 2018). 

Traditional models considere a plume head or ponding of a plume under the slab that led to the 

eruption (Dodson et al., 1997; Camp & Ross, 2004; Hooper et al., 2007). Another model 

correlates the cause of the volcanism to the delamination of dense plutonic root resulting from 

the upwelling hot asthenosphere into space created by crustal extension, which has also been 

advocated to have caused regional uplift in the Wallowa Mountains (Hales et al., 2005; Hooper, 

2007). The Yellowstone hotspot initiated at ~12 Ma, and since then propagated northeast 

towards the modern Yellowstone caldera, leaving silicic volcanic fields in its track (Pierce and 

Morgan, 1992). The track is along the topographically low Eastern Snake River Basin 

surrounded by Yellowstone crescent of high terrane. Both topographic features are suggested 

to be the result from the migration of the hotspot (Pierce and Morgan, 1992; Suppe et al., 1975). 
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The most widely accepted explanation for the hotspot track is having a stationary mantle plume 

beneath the moving North American Plate (Pierce and Morgan, 1992; Smith, 1978; 

Waschbusch and McNutt, 1994). Another idea is that the hotspot track is a series of 

delamination events that triggered each other or were triggered by a shared back-arc activity 

(Hales et al., 2005). 

Geology of the study area 

The Boise Mountains are located at the central-southern end of the Idaho batholith within the 

Atlanta lobe (Figure 1). The granodiorite and two-mica granite from the Idaho batholith here 

were intruded by the granite, granodiorite, and quartz monzodiorite from the Challis plutonic 

suites (Lewis et al., 2012). The faults in the area are mostly NW-SE trending normal faults. 

The displacement on the majority of the faults is poorly constrained, but some fault blocks 

have > 2km exhumation since 11 Ma (Vogl et al., 2014). 

Previous studies indicated that the paleo topography of southern Idaho, including the study 

region, was a crustal plateau at least from the placement of the Atlanta lobe in the Cretaceous 

through the Eocene, and possibly into the Oligocene, as the plateau eroded to a low-relief 

landscape (e.g., Heller et al., 1985; Wolfe et al., 1998; Kent-Corson et al., 2006; Chetel et al., 

2011; Gaschnig et al., 2011; Dumitru et al., 2013; Byerly et al., 2017; Dumitru et al., 2016; 

Fayon et al., 2017; Wetzel and Stanley, 2022). The modern topography of the region is 

composed of low relief mountain tops cut by deeply incised canyons, or sometimes referred to 

as an “elevated peneplain”. This topography is suggested to be a dissected plateau, where the 

flat mountain tops are the relict erosional surface from the low-relief paleo crustal plateau 

(Lindgren, 1904; Blackwelder, 1912; Umpleby, 1912; Larimer et al., 2018;). The timing of the 

dissection is suggested to be either late Miocene to Pliocene (Larimer et al., 2018; Blackwelder, 

1912), or Eocene (Umpleby, 1912). To the west of the study region, paleo-Lake Idaho was 

located in the WSRP from 9.5 Ma to 1.7 Ma. The lake level reached its highest level of ~1160 

m elevation, from ~ 6-4 Ma, and spilled over into the paleo Hells Canyon near Weiser, Idaho. 

The draining started no later than 4 Ma with the lake level dropping at the rate of 120 m/Ma 

and the base level drop continued in the same rate after the lake basin was filled with sediments 

as the downcutting of the outlet continued (Wood and Clemens, 2002). The drainage of the 

lake and the following base level drop has been considered as the cause of recent plateau 
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dissection conventionally (Meyer & Leidecker, 1999). However, recent works argued that 

instead of solely base level drop due to the lake draining, geodynamic rock uplift in central 

Idaho or a combination of both factors are more likely to be the driver of the incision (Larimer 

et al., 2018; Zhou and Liu, 2019). 

Previous cooling and exhumation study in the Atlanta lobe 

Multiple thermochronology, geochronology, and geomorphology methods have been applied 

to the Atlanta lobe to study the cooling, uplift, and incision history, including biotite 40Ar/39Ar 

(closure temperature Tc: ~400-350 °C), biotite K-Ar (Tc: ~300-200 °C), zircon fission track 

(Tc: ~250-175 °C) and apatite fission track (Tc: ~120-75 °C), zircon (U-Th)/He (Tc: ~210-

25 °C), apatite (U-Th)/He (Tc: ~120-30°C), river incision and channel profile analyses (Dodson, 

1973; Turner and Forbes, 1976; Criss et al., 1982; Sweetkind and Blackwell, 1989; Grove and 

Harrison, 1996; Vogl et al.,2014; Byerly et al., 2017; Fayon et al., 2017; Larimer et al., 2018; 

Ault et al., 2019; Mitchell & Yanites, 2019; Wetzel and Stanley, 2022). However, the 

application of the apatite (U-Th)/He dating in the Atlanta lobe was very limited, especially in 

the Boise Mountains (a total of 10 samples from Vogl et al. (2014) and Wetzel and Stanley 

(2022)) (Figure 1).  

From previous works, the interior of the Atlanta lobe seems to have a different cooling history 

compared to its rim. Criss et al. (1982), Sweetkinnd and Blackwell (1989), and Fayon et al. 

(2017)’s works indicate that the western and eastern margin of the Atlanta lobe has an older 

cooling age (95 Ma for K-Ar, >40 Ma for apatite fission track, up to 82.5 Ma for zircon fission 

track, and 57 Ma for zircon (U-Th)/He), and the center has a younger cooling age (37 Ma for 

K-Ar, <35 Ma for apatite fission track, ~ 38 Ma for zircon fission track, and 20 Ma for zircon 

(U-Th)/He). Wetzel and Stanley (2022) have similar observations in the Boise Mountains. 

Their Bogus Basin transect at the western rim of the Boise Mountains, next to the WSRP basin-

bounding Boise Front fault system at its footwall block, yields Eocene AHe dates only, while 

their Challis transect at the interior of the Boise Mountains yields exclusively Miocene AHe 

dates.  

Combining the previous work, it seems there is a major Eocene cooling period across the 

Idaho batholith, followed by a late Miocene rapid cooling period for southern Atlanta lobe. 

For Eocene, during and after the Challis Magmatism, a period of rapid exhumation was 
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suggested by Wetzel and Stanley (2022) based on the Eocene cooling dates for AHe, AFT, 

ZHe, and ZFT samples from Sweetkind and Blackwell (1989), Fayon et al. (2017), and 

Wetzel and Stanley (2022). The exhumation might be followed by a topographic relief 

reduction based on the negative date-elevation trend Wetzel and Stanley (2022) observed in 

the Owyhee Mountains. For late Miocene, it seems the rapid cooling is mainly associated 

with the southern Atlanta lobe. Sweetkind and Blackwell (1989) suggested rapid exhumation 

< 10 Ma to a maximum of 3 km at river valley bottom of southern Atlanta lobe. Wetzel and 

Stanley (2022) speculated landscape rejuvenation and incision < 18 Ma based on limited 

Miocene AHe dates observed only in the Boise Mountains. Larimer et al. (2018) and Mitchell 

and Yanites (2019) suggested high incision rate across the exposed Atlanta lobe from 13-8 

Ma to present likely due to a northward landscape tilting event originating from southern 

Atlanta lobe. The mechanism for the late Miocene cooling is still uncertain. Both 

Yellowstone-plume-caused rock uplift (Larimer et al., 2019; Mitchell & Yanites, 2019; 

Wetzel and Stanley, 2022) and base-level drop due to the subsidence of WSRP (Wetzel and 

Stanley, 2022) or the drainage of the paleo-Lake Idaho (Sweetkind and Blackwell, 1989; 

Larimer et al., 2019; Mitchell & Yanites, 2019; Wetzel and Stanley, 2022) have been invoked 

to explain this rapid rejuvenation. Although not located in the Atlanta lobe, the Pioneer 

Mountains to the east has AHe data that also suggests a late Miocene rapid rejuvenation from 

11-8 Ma resulting in a >2-3 km exhumation (Vogl et al., 2014). 
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Figure 2. Geologic map of the Boise Mountains. Apatite (U-Th)/He (AHe) and fission track (AFT) samples from this 

study are highlighted with color indicating cooling dates. The location of faults younger than 16 Ma are reported with 

their offset range. Deadwood fault, Bear River fault, and Deer Park fault shown in Figure 5 are labeled. The yellow 

boxes label the 3 vertical transects for inverse modeling. Geologic map modified from Kiilsgaard et al. (2001) and 

Kiilsgaard et al. (2006). Fault data modified from Breckenridge et al. (2003) and Kiilsgaard et al. (2001). 
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Chapter 3: Methods 

Sampling strategy 

Three vertical and two horizontal transects were sampled along the MFBR and the SFPR in 

the Boise Mountains (Figure. 2). The vertical transects were composed of samples that were 

within a short horizontal distance but had a large span of elevation, mostly collected along 

steep mountain slopes. The vertical transects were collected because if we assume that the 

samples moved as with a crustal block, the correlation between the samples from different 

elevations along the vertical transects would yield more information (Braun, 2002). These 

vertical transects were used for jointed inverse thermal history modeling to constrain the timing 

of regional exhumation. The first vertical transect was sampled at Jackson Peak, located toward 

the upstream end of the SFPR. It contains 5 samples that have elevation gaps of ~200 vertical 

m in between, with a total elevation range of 1000 m. The second vertical transect was sampled 

by Wetzel and Stanley (2022). It is the Haga Creek transect (previously termed the Challis 

transect in Wetzel and Stanley, 2022) in the MFBR and contains 3 samples. The third transect 

is the Deadwood transect located downstream SFPR, formed by 1 sample at mountain top and 

1 sample at river level. All the samples from the vertical transects are Challis plutons/dikes. 

The horizontal transects were sampled along the two rivers at the river surface elevation. They 

were used to investigate the river incision history and potential spatial variation of the 

exhumation. The horizontal transects contain 11 samples for the MFBR and 8 samples for the 

SFPR. Because a portion of the samples did not yield enough high-quality apatite grains, we 

ended up getting 9 samples and 7 samples dated for the MFBR and the SFPR transects 

accordingly. Samples in the horizontal transects are ~8 km away from each other and cover the 

majority of the river. The MFBR transect and the SFPR transect are about 101 km and 71 km 

long, respectively. Cretaceous Atlanta lobe of the Idaho batholith, Eocene Challis plutonic 

igneous rocks, and Eocene Challis dikes that are likely to bear apatite minerals were collected, 

mostly granite and granodiorite. Whenever possible, Eocene rocks were picked over the 

Cretaceous rocks in order to focus on the more recent cooling history. Weathered rocks were 

avoided to reduce the chance of getting apatite grains with rough or stained surfaces. 

Apatite (U-Th)/He dating 

We acquired the apatite grains from collected samples by crushing, milling, sieving below 500 
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µm, separating denser minerals using water and lithium metatungstate, and separating non-

magnetic mineral using a hand magnet and a Frantz magnetic separator. Individual aliquots of 

apatite grains were picked using a Leica binocular microscope paired with a digital camera 

under reflected, transmitted, and polarized light. Grains with little mineral and liquid inclusions, 

low surface roughness, euhedral crystal form, little surface staining, and width larger than 60 

µm were selected. Picked grains were measured to obtain grain dimensions, sealed into 

individual Nb packets under the microscope using tweezers, and sent to the University of 

Colorado Boulder TRaIL for (U-Th)/He dating. At TRaIL, the Nb packets were heated with a 

laser to degas and collect radiogenic 4He. The extracted 4He was spiked and cleaned. A Balzers 

PrismaPlus QME 2200 quadrupole mass spectrometer was then used to analyze the 4He. After 

degassing, the apatite grain packed in the Nb tube was spiked with tracer, heated, and dissolved 

in HNO3. The sample solution was then analyzed for the radioactive U, Th, Sm parent content 

with either a Thermo Element 2 magnetic sector ICP-MS or an Agilent 7900 quadrupole ICP-

MS. The He dates of the aliquots were then calculated using methods from Ketcham et al. 

(2011).  

Each sample consists of 7 to 4 individual apatite grains other than sample BOI-21-08B (Table 

2). The two-sided Grubbs’ test (Grubbs, 1950) was applied to each sample to look for outliers 

at significance level of 0.005. The outliers are shown in italics in Table 2 but not used for the 

later analysis or the calculation of mean and standard deviation. The mean and standard 

deviation for each sample were calculated (Table 2). The coefficient of variation (dispersion) 

of each sample was then calculated by dividing the sample standard deviation by the mean. 

The apatite He date of the samples with coefficient of variation <0.3 were reported as the mean 

of the individual grain dates and considered representative of a single population. The standard 

deviation of the date was used as the error range. The rest of the samples were considered to 

have dispersed grain dates and we did not report the sample mean or include them in 

thermal/landscape evolution analysis.  

Thermal history modeling 

Inverse modeling using both HeFTy ver. 2.1.4 (Ketcham, 2005) and QTQt ver. 20210903 

(Gallagher, 2012) software was applied to jointly model the samples in each vertical transect 

to investigate the cooling histories compatible with the data. The reason we used multi-sample 
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joint modeling is that it allows samples to have their temperature and depth/elevation to be 

correlated to each other during inverse modeling, which makes the derived thermal history 

better constrained and represent the regional block exhumation status. Transects modeled 

include the Jackson Peak vertical transect with AHe dates, the Haga Creek vertical transect 

with previously published AHe dates (Wetzel & Stanley, 2022) and new AFT dates, and the 

Deadwood Lookout transect with AHe dates. For the HeFTy modeling, RDAAM He kinetic 

model was used (Flowers et al., 2009). Samples’ mean values were used for the HeFTy, 

including mean value of uncorrected AHe dates, equivalent-FT-sphere radius, U, Th, and Sm 

concentration, and standard deviation of the uncorrected dates (if >10% of mean) as 1σ error 

(Table 3). If the standard deviation was <10% of mean, then 10% of mean was used as 

uncertainty. For our vertical transect samples, only sample BOI-21-17 has standard deviation 

<10% of the mean. The HeFTy multi-sample modeling function was run under t-Z mode, with 

the highest samples of each transect set as controlling samples that controlled the depth of the 

lower samples. For QTQt models, we input the individual grain uncorrected AHe dates, and 

1σ analytical uncertainty of uncorrected dates as 1σ error (Table 3). We also input AFT data 

and modeled it together with the AHe data for QTQt models of the Haga Creek transect. The 

major geological constraint applied is the emplacement time range and initial temperature 

range. The date range of the emplacement of the sampled vertical transect rocks was set to be 

52–42 Ma for the Eocene Challis rocks (Gaschnig et al., 2010). The initial temperature range 

was set to be 200-120 °C. More detailed model input and parameters are reported in Table 3. 

We utilized both inverse modeling software to combine their strengths and complement their 

weaknesses. HeFTy uses a Frequentist algorithm with built-in “quality-control” statistical 

hypothesis tests that assess the model fit and reject inappropriate thermal history models 

generated from bad data (Vermeesch and Tian, 2014). However, this quality-control 

mechanism from the Frequentist algorithm can sometimes become too strict when dataset is 

precise (small error) or large (especially for multi-sample modeling) (Vermeesch and Tian, 

2014). Due to this reason, we had to use sample mean for our HeFTy models, because if we 

used eU bins or individual grain data, the HeFTy simulation would not yield any acceptable 

models. The use of mean sample value, however, could potentially reduce the accuracy of the 

models. Even with the sample mean value approach, our Haga Creek transect still did not yield 

good-fit HeFTy models and our Deadwood Lookout transect did not yield any acceptable 
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HeFTy models. On the other hand, QTQt uses a Bayesian Markov Chain Monte Carlo (MCMC) 

algorithm that compares the relative likelihood between a randomly generated new model and 

the previous old model to accept or reject new models and look for “best-fit” models 

(Vermeesch and Tian, 2014). The early models generated in the “burn-in” period will be 

discarded and not plotted. After enough (number set by users) iterations of models are done in 

the “burn-in” period, QTQt enters the “post-burn-in” period and starts plotting newly accepted 

models (Gaschnig et al., 2010). The advantage of the MCMC algorithm is that it allows us to 

have a big and precise dataset using individual grain dates and analytical errors for our multi-

sample modeling. Another advantage of QTQt is that while HeFTy uses fixed geothermal 

gradient through time, QTQt allows geothermal gradient to vary in a range through time as 

exhumation goes. The downside is that it might generate unrealistic thermal histories 

influenced by bad individual grain data in the data set, as it only compares the relative 

likelihood between models without statistical model fit control (Vermeesch and Tian, 2014). 

We expected that by comparing and combining HeFTy and QTQt inverse modeling results, we 

would have accurate thermal history inverse models for all our transects. 
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Chapter 4: Results 

We report 109 new AHe dates from 21 samples (Table 2). We excluded grains with Ft < 0.58 

or eU < 5 ppm due to high uncertainties associated with alpha ejection correction for these 

grains as they are more vulnerable to “bad neighbor” and other types of dispersion (Flowers et 

al., 2022b). Most samples contained 4-7 grain dates after the removal of low Ft/eU grains, 

except for sample BOI-21-08B, which has only 1 grain left. In addition, we applied two-sided 

Grubbs’ outlier test (Grubbs, 1950) at significance level of 0.005 to identify 9 grains as outliers 

from their sample groups. These outliers are reported in italics in Table 2, plotted in grey in 

Figure 3, but were excluded for sample mean calculation and were not modeled or interpreted. 

Possible causes for outliers can be U–Th-rich grain boundary phases (Murray et al., 2014), 

high eU neighbors (Speigel et al., 2009), or grooved surfaces. We reported mean sample dates 

with their 1σ standard deviation for samples with a coefficient of variation <30% (Table 2). 

Mean dates ranged from 29.9 ± 3.1 Ma to 3.9 ± 0.8 Ma. Five samples that had intrasample 

dispersion >30% are reported in Table 2, Figure 1, and Figure 2, but were excluded for 

modeling and interpretation.    

Two new AFT samples’ data are reported in Supplemental Table S1 and S2. The AFT data are 

for sample BOI-19-11, and BOI-19-13, whose AHe dates were previously reported by Wetzel 

and Stanley (2022). The two samples with the new AFT dates, along with another sample, 

BOI-19-07, that also has AHe dates reported by Wetzel and Stanley (2022), were used for new 

inverse modeling.  

Figure 3 shows the AHe date-eU relationship for all the samples. Most of the samples do not 

have a large span of eU. For the grains having a large range of eU, there is not a strong 

correlation between their eU and AHe dates.  

South Fork Payette River cooling dates 

In the Jackson Peak vertical transect at the SFPR, samples have mean AHe cooling dates from 

~28-9 Ma over an elevation range of 1066 m (Figure 2, Figure 4A, Table 2). This transect 

shows a positive date-elevation trend, with the oldest date on top of the mountain, and the 

youngest date at the base (Figure 4A). BOI-21-17, from the top of the Deadwood Lookout 

transect, 1195 m above the river level, has a mean cooling date of 29.9 ± 3.1 Ma. This transect 
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also has a positive date-elevation trend (Figure 4G). The river profile samples of the SFPR 

ranged from 25.6-3.9 Ma.  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Middle Fork Boise River cooling dates 

The new AHe mean cooling dates for the river profile samples at the MFBR range from ~19-

13 Ma (Figure 2, Table 2). Samples BOI-19-13, BOI-19-11, and BOI-19-07 form the Haga 

Creek transect, which is also located at the MFBR and has previously been reported with mean 

AHe dates ranging from 20.6-7.9 Ma (Wetzel & Stanley, 2022). Positive date-elevation trend 

for the Haga Creek transect is observed (Figure 4D). The elevation range of the Haga Creek 

transect is 670 m, with the lowest sample at river level. 

Figure 3. AHe date-eU plots of samples of this study. Individual grain eU and corrected dates are reported as black 

dots. Outlier grains from Grubbs’ test with 0.005 significance level are reported as grey dots and are not interpreted 

or modeled. Errors of the grain dates are 2σ corrected analytical uncertainties and most error bars are smaller than 

the symbols. Errors of the grain eU are 15% of eU. For samples with dispersion <30%, sample mean eU and dates are 

reported as open diamonds. Errors of the sample mean dates are sample standard deviation. Errors of the sample 

mean eU are 15% of mean eU. Samples with dispersion >30% do not have their sample mean value reported and are 

labeled with italicized titles. eU-effective uranium concentration. 
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The new AFT data for both sample BOI-19-11 and BOI-19-13 shows Eocene cooling dates. 

BOI-19-11 has a central age of 37.89 ± 4.51 Ma, with p(χ2) = 0.93. BOI-19-13 has a central 

age of 40.7 ± 4.62 Ma, with p(χ2) = 0.001 and dispersion = 23.7 ± 11.8% (Figure 4D, 

Supplemental Table S1 & S2).  

Inverse modeling results 

The thermal history models of the highest elevation sample (controlling sample) from each 

transect are plotted in Figure 4. Because the partial retention zone for the AHe system is ~30-

120 °C, the data is most sensitive to this temperature range and cooling events outside this 

window were not interpreted.  

For the Jackson Peak transect, the good-fit HeFTy models suggest that the samples cooled 

from >120 °C to 50-40 °C by ~40-32 Ma, followed by a long thermally stable period, until 

cooling below 40°C after 8 Ma (Figure 4B). The QTQt models suggest that the samples cooled 

to 60-55 °C no later than 45 Ma. Then a long thermally stable period extended to ~18 Ma when 

the samples rapidly cooled to 40 °C, followed by another stage of rapid cooling at ~10-9 Ma 

down to 30 °C (Figure 4C).   

For the Haga Creek Transect, the HeFTy modeling dord not yield any good/acceptable-fit 

models if both AHe dates and AFT dates are included. Because the AFT dates clearly 

represented rapid cooling from >120 °C in late Eocene, we only applied the AHe dates for 

HeFTy here to focus on the Miocene cooling pattern. By doing that, the HeFTy modeling yields 

acceptable-fit models (Figure 4E). These models suggest that the samples cooled from >120 °C 

to ~40 °C before ~25-21 Ma, followed by a thermally stable period that lasted until at least ~8 

Ma followed by cooling below 30°C. The QTQt modeling, on the other hand, yields model 

results when both AHe and AFT are utilized, so the QTQt models for the Haga Creek contain 

both AHe and AFT dates (Figure 4F). The QTQt models suggest that the samples cooled 

from >120 °C to ~100 °C before ~42-35 Ma, then during ~30-28 Ma, the samples rapidly 

cooled to ~50 °C. Then the samples stayed thermally stable until ~9 Ma when they cooled 

below 30 °C.  

For the Deadwood Transect, the HeFTy modeling does not yield any good/acceptable-fit 

models, so only QTQt models are presented in Figure 4H. The QTQt models suggest that the 
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samples cooled from >120 °C to ~ 35 °C by ~33-25 Ma. Then a thermally stable period lasted 

until ~ 5 Ma when the samples cooled rapidly below 30 °C.  
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Figure 4. (1). AHe and AFT date-elevation profiles for Jackson Peak transect (A), Haga Creek transect (D), and 

Deadwood Lookout transect (G). The measured AHe cooling dates for sample mean and individual grains, the 

measured AFT central age, the predicted AHe sample mean cooling dates from the forward modeling of the best fit 

models of HeFTy and the expected models of QTQt, and the predicted AFT ages from the expected models of QTQt 

are reported. The error bars of the sample mean dates are reported as standard deviation. The error bars of the 

predicted mean dates by QTQt are from the expected models. The error bars of the predicted AFT ages by QTQt are 

10% of the predicted AFT ages. HeFTy forward modeling does not yield errors for the predicted mean dates. The 

predicted AHe dates and errors from QTQt were originally reported as uncorrected data and were corrected with 

methods described by Ketcham et al. (2011). (2). HeFTy multi-sample inverse modeling results for Jackson Peak 

transect (B) and Haga Creek transect (E). Th time-depth (t-Z) plots of the controlling samples, in this case the highest-

elevation samples of each transect are reported. The weighted mean, best-fit, good-fit, and acceptable-fit models, along 

with the time-depth constraint boxes are plotted. The HeFTy inverse modeling of Deadwood Lookout transect does not 

yield any acceptable models and is thus not shown. (3). QTQt multi-sample inverse modeling results for Jackson Peak 

transect (C), Haga Creek transect (F), and Deadwood Lookout transect (H). The time-temperature (t-T) plots of the 

highest samples are reported. The density, the average, and the ±95% credible interval of the sampled models t-T paths, 

along with the time-temperature constraint boxes are plotted. Detailed modeling parameters are in Table 3. 



31 
 

 

Chapter 5: Discussion 

Paleogene to Oligocene Exhumation 

Both HeFTy and QTQt inverse modeling results of all our vertical transects in the Boise 

Mountains region share two major stages of cooling with a stable period of no significant 

cooling in between. The discussion below is based on the cooling paths of the highest-elevation 

samples as they served as the controlling samples for our models (Figure 4). The first stage of 

cooling spans from ~50-25 Ma based on good and acceptable fit paths from HeFTy modeling 

with most of the good-fit paths cooling to 60-35°C by 30 Ma. This window for rapid cooling 

covers a large portion of the Eocene and for some models extends to Oligocene. In addition, 

the AFT data from the Haga Creek samples also indicates that the samples cooled below 120 °C 

by 40-37 Ma. This observation matches previous studies done by Sweetkind and Blackwell 

(1989), Fayon et al. (2017), and Wetzel and Stanley (2022), where Wetzel and Stanley (2022) 

suggested a Paleogene (mostly Eocene) rapid exhumation period in the broad southern Idaho 

batholith region based on thermochronometers they used that range in closure temperatures 

from 250-30 °C, with most samples crystallizing during late Cretaceous but all have Eocene 

cooling dates (Figure 1). This supports that the cooling signals we observe in our samples are 

most likely reflecting the Eocene exhumation events instead of reflecting post-magmatic 

isobaric cooling of the samples following emplacement, although Eocene cooling may reflect 

a combination of exhumation and post-magmatic cooling. Below we discuss the potential 

causes of this Eocene rapid exhumation phase. 

Multiple factors from previous studies suggested that the Idaho batholith was a crustal plateau 

prior to Challis magmatism, at least since the emplacement of the Atlanta lobe (Figure 5A). 

These factors include that the peraluminous suite of Atlanta Lobe is largely sourced from 

crustal melts formed in overthickened crust (Gaschnig et al., 2011; Davenport et al., 2017); 

sediment sourced from Idaho batholith is found in Paleogene basins across Alaska (71–65 Ma , 

Dumitru et al., 2016), California (53–37 Ma, Dumitru et al., 2013), Nevada (49-39 Ma, Canada 

et al., 2019), Oregon (49 to 36 Ma, Dumitru et al., 2013; Eocene, Heller et al., 1985), Wyoming 

(~50–47 Ma , Dumitru et al., 2013 and Chetel et al., 2011), and Washington (91–75 Ma, 

Dumitru et al., 2016; Mid Eocene, Heller et al., 1985 and Wells 1989); the Idaho batholith is 

isotropic on a regional scale without strong Cretaceous fabrics suggesting neutral to 
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extensional crustal plateau tectonic setting during placement (Giorgis et al., 2006; Byerly et al., 

2017); and fossil leaves (Wolfe et al., 1998) and δD of paleo-meteoric water contained in 

volcanic glass (Cassel et al., 2014) both suggest that the elevation of central Idaho was much 

higher in the Paleogene than today (Figure 5A). However, being a topographic high during the 

late Cretaceous and Paleogene does not necessarily guarantee high erosion rates if the plateau 

interior remained low relief. Fayon et al. (2017) suggested based on zircon (U-Th)/He data that 

the region was thermally stable prior to the Challis magmatism, which would indicate a low 

erosion rate. Most of the Idaho batholith detrital sediment records in Paleogene basins 

mentioned above were deposited post Challis magmatism, also suggesting that the erosion rate 

increased after Challis magmatism. In addition, Wetzel and Stanley (2022)’s and our new data 

all support that there was a major exhumation event that occurred after Challis magmatism. 

Although our data and models cannot constrain when Eocene exhumation began, we do show 

rapid exhumation after Challis magmatism and suggest that mechanisms associated with 

Challis magmatism dramatically increased the relief and erosion rate in the area (Figure 5B).  

The Challis magmatism (51 Ma to 43 Ma, Gaschnig et al., 2010) has been attributed to the 

extensional collapse of overthickened crust, potentially triggered by decreased plate 

convergence rate at the western North American margin, or Farallon slab roll back (Figure 5B) 

(Humphreys, 1995; Constenius, 1996; Gaschinig et al., 2011). Early extensional features in the 

region are NE striking, high angle, normal fault systems active during the peak of Challis 

magmatism at about 49-48 Ma with offsets up to a few kilometers (Janecke 1992). Within our 

study area, these features are part of the Trans-Challis Fault Zone (TCFZ, Figure 1). TCFZ 

contains numerous NE striking faults, covers multiple Challis eruptive centers, and extends 

through central Idaho (Bennett, 1980; Bennett, 1986). These NE striking faults could have led 

to fault-driven exhumation during Challis volcanism and increased the regional relief, resulting 

in a higher erosion rate over a longer term (Figure 5B).  

There is also evidence from stable isotopes for surface uplift during Challis magmatism either 

due to thermal effects of upwelling asthenosphere through a slab window or delimitation 

beneath the batholith (Figure 5B) (Humphreys, 1995; Breitsprecher et al., 2003; Kent-Corson 

et al., 2006; Duke 2009; Gaschnig et al, 2011; Cassel et al., 2018). The reduction in δ18O 

indicates a 2.5-3.5 km elevation increase in the region (Kent-Corson et al., 2006). Such an 
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uplift would have caused a corresponding increase in relief and erosion rates, supported by the 

rapid cooling seen in our data.   

Our new AFT dates and new vertical transect modeling from new and preexisting 

thermochronology suggest a high erosional rate from high-relief topography, or high 

exhumation rate from extensional faults, or a combination of both, for the Boise Mountains 

from the time of Challis magmatism to the Oligocene. This picture matches well into the 

popular model of collapsing over-thickened plateau, potentially with a slab window created 

underneath either by Farallon slab rollback or ridge subduction (Breitsprecher et al., 2003; 

Gaschning et al., 2011; Schmandt & Humphrey, 2011; Byerly et al., 2017; Fayon et al., 2017). 

Our data do not show a relief reduction in Oligocene that is seen in the Owyhee Mountains 

south of the WSRP (Wetzel & Stanley, 2022), suggesting perhaps high relief topography 

persisted longer in the Boise Mountains than in the Owyhee Mountains.  
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Figure 5. Schematic cross section across the southern Atlanta lobe of Idaho batholith illustrating the tectonic model for 

Cenozoic exhumation at the Boise Mountains based on our AHe and AFT data and other geologic evidence. 

Approximate cross section location shown in Figure 1 inset. (A). Late Cretaceous: Thickened crust plateau during the 

eruption of the Atlanta lobe of Idaho batholith, which is sourced from crustal melts. (B). Eocene: Collapsing of the 

overthickened plateau in extensional setting and potential opening of slab window leads to Challis magmatism. The 

influx of hot asthenosphere from the slab window opening can lead to thermal dynamic uplift, and potentially trigger 

partial delamination of dense eclogite root under the Boise Mountains which would also lead to uplift, resulting in 

higher relief and increased erosional rate. Crustal extension leads to the formation of Eocene normal faults including 

the Trans Challis fault zone. (C). Late Miocene: The spreading of the Yellowstone hotspot plume can lead to thermal 

dynamic uplift. The return flow of the plume near the craton boundary can potentially cause delamination of the rest 

of dense eclogite root beneath the Boise Mountains, which also leads to uplift and allows Basin and Range faults to 

propagate to the southern Atlanta lobe. The uplift results in increased relief and erosion rate. The Western Snake River 

Plain is filled by the paleo-Lake Idaho. (D). Pliocene – Quaternary: The draining of paleo-Lake Idaho leads to incision 

of the South Fork Payette River and the North Fork Boise River. Young Basin and Range faults cutting the river profile 

and disrupting isochrones. Delaminated eclogite root and potential remnant of rolled-back Farallon plate form the 

seismic high-velocity field. 
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Late Miocene Rejuvenation 

The second major cooling stage shared in both HeFTy and QTQt models for all our vertical 

transects is in late Miocene. The highest-elevation samples of each transect cooled from 50-

35 °C to present day temperature between 10 Ma and today (Figure 4). There is a rapid cooling 

signal from 60-55 °C down to 40 °C at ~18 Ma in the QTQt model for the Jackson Peak transect 

(Figure 4C), but this cooling event is not observed in the HeFTy models for this transect nor 

any other models for other transects (Figure 4 E-H), so we tend to not consider it representative 

of a regional cooling signal. Based on thermal history models, the beginning of the regional 

second cooling stage was in late Miocene, and potentially extended to the Quaternary but it is 

hard to determine due to the insensitivity of AHe system below 30 °C. Between 10 Ma and 

today, the HeFTy models suggest ~0.85-0.7 km exhumation for the highest sample with 40 °C 

geothermal gradient. The QTQt models suggest ~1.6-1 km exhumation with ~25-16 °C 

contemporary geothermal gradient for the highest samples. This cooling phase matches the 

suggestion of late-Miocene landscape rejuvenation and rapid exhumation in the Boise 

Mountains from previous studies. Considering that the vertical transects have ~1-0.7 km 

elevation offset, samples at the bottom of the river valley could have up to ~2.6 km exhumation 

during this time. This is close to the AFT and ZFT studies that suggested a maximum of 3 km 

exhumation since <10 Ma at the bottom of some of the deepest river valleys of the region 

(Sweetkind and Blackwell, 1989). It is also in line with river geomorphology studies in central 

Idaho that suggested increased incision since 13-8 Ma caused by northward tilting uplift 

(Larimer et al., 2018; Mitchell & Yanites, 2019), and the relict surfaces that suggested plateau 

dissection from late Miocene to Pliocene (Blackwelder, 1912). 

The cooling history from our models suggests a long period of time in the PRZ, but this is not 

reflected in the date-eU relationship as shown in Figure 3. We suggest that this is due to the 

lack of a large eU span in many of our samples and the lack of enough grains for each sample 

to show the date-eU correlation.   

Looking back to the hypotheses we proposed (Table 1), the CRB-triggered exhumation 

requires regional rapid cooling starting from 16 Ma, which we do not see in most of our models 

except for a minor cooling step in the QTQt model for the Jackson Peak transect that we do 

not consider a regional pattern. We therefore do not favor the CRB eruption to be the major 
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cause of Miocene exhumation. The Yellowstone hotspot triggered thermodynamic uplift and/or 

delamination requires a regional exhumation signal from ~11-8 Ma, which matches the rapid 

cooling window from the models. We therefore consider Yellowstone-related mechanisms to 

be a viable trigger for Miocene exhumation. For the Basin and Range faulting-caused 

exhumation to be the major driving factor, rapid exhumation signals would be expected 

adjacent to faults that have large offsets. However, we observe a regional rapid exhumation 

pattern without obvious differences across faults. In addition, reported by Wetzel and Stanley 

(2022), the AHe samples from the Bogus Basin transect that are located at the footwall side of 

the basin-bounding Boise Front fault system all have Eocene cooling ages, showing that the 

exhumation from this fault was limited. We therefore consider Basin and Range faulting 

unlikely to be the major factor causing Miocene rejuvenation, though more data focused around 

specific faults might be needed to fully rule out this mechanism. For Miocene exhumation 

driven by base-level drop and enhanced river incision to be the major factor, the rapid 

exhumation needs to match the enhanced river incision period during 16-9 Ma if caused by the 

extension and subsidence of WSRP, and/or during ~4 Ma to present day if caused by the 

draining of the paleo-Lake Idaho. We do see rapid exhumation from 11-8 Ma which would be 

consistent with this, but based on the evidence from our horizontal transects’ cooling dates, we 

propose that the rapid exhumation was prior to the major river incision period, which we will 

discuss in detail in the next section. Among all the hypotheses we proposed, the Yellowstone 

hotspot-related hypothesis is most likely to be the major cause of the rapid Miocene 

exhumation, though Basin and Range faulting and river incision due to base level drop in the 

WSRP may have enhanced exhumation. 

The timing for the start of this Miocene rejuvenation in our models is contemporaneous with 

the timing for the establishment of the Twin Falls volcanic field (10.9-8.6 Ma) and the Picabo 

volcanic field (10.3-8.2 Ma) (Pierce & Morgan, 1992; Bonnichsen et al., 2008; Vogl et al., 

2014). Both volcanic fields are close to the Boise Mountains, located south to southeast of the 

Atlanta lobe, on the ESRP (Figure 1). Rock uplift driven by the approaching hotspot could be 

the cause of the exhumation in the Boise Mountains. Closer to the ESRP in the Pioneer 

Mountains (Figure 1), 2-3 km of rapid exhumation since 11 Ma based on AHe data has been 

attributed to a combination of thermal dynamic uplift and flexural uplift caused by the passage 

of the hotspot (Vogl et a., 2014). Flexural effects of loading and subsidence in the ESRP are 
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limited to close proximity to the ESRP (McQuarrie & Rodgers, 1998) so we do not expect this 

to be affecting our study region, but thermal-dynamic uplift might have played a role. Our 

observations are compatible with and support the northward tilting model proposed by Larimer 

et al. (2018) and Mitchell and Yanites (2019), because the thermal dynamic effect will decay 

towards north as it gets further away from the plume. In addition, Larimer et al. (2018) showed 

that such a model with greater rock uplift in the south tapering to the north could be caused by 

a buried buoyant load that could be either due to thermal change or delamination in the mantle 

lithosphere.  

Several lines of evidence suggest that the northern Atlanta lobe has a deep crustal root at 

present, while the southern Atlanta lobe does not. (1). Seismic studies show high velocity 

structures of a vertically oriented curtain and blobs underlying the Atlanta lobe, while the area 

below WSRP, ESRP, and east central Idaho have relatively low velocity (Roth et al., 2008; 

Tian & Zhao, 2012). The curtain is suggested to be the remnant of a subducted plate (Schmandt 

& Humphrey, 2011), while the blobs can be eclogite roots beneath the batholith. The north part 

of the Atlanta lobe has a blob directly attached to the bottom of the Moho, possibly representing 

that the eclogite root is still attached to the crust at north. However, in the southern part of the 

batholith, the blob appears to be detached from the crust and located at 200-300 km depth 

(Roth et al., 2008), and this could represent the delaminated dense root from the southern 

Atlanta lobe. (2). Tikoff et al. (2001) and Ruppel (1982)’s study noted that much of the NW 

striking, SW dipping Basin and Range faults in the WISZ and east central Idaho could be 

reactivated old lithospheric and crustal structures. Similar faults are also extensive across the 

southern Atlanta lobe (Bennett, 1980; Bennett, 1986; Breckenridge et al., 2003). However, in 

the northern Atlanta lobe, there are no pervasive large young faults, and for those that exist, 

their orientation is not consistent, and their offset is limited (Hamilton, 1963; Breckenridge et 

al., 2003). Tikoff et al. (2001) attributed this to the existence of a dense crustal root attached 

beneath the northern Atlanta lobe that inhibited the reactivation of old structures at depth. And 

we speculate that the southern part of the Atlanta lobe has been much more affected by Basin 

and Range and younger faulting because the eclogite root has delaminated. (3). Modern GPS 

suggests clockwise rotation of multiple regional crustal blocks, including the southern Atlanta 

lobe, around a rotation pole in the northern Idaho batholith (Payne et al., 2012; McCaffrey et 

al., 2013). It has been suggested that the deep root in the northern part is anchoring it, which 
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does not appear to be happening in the south (McCaffrey et al., 2013). 

There are two common ways to form dense eclogite crustal roots. One is to form eclogite facies 

metamorphic rock from preexisting crustal rock sequences through solid state metamorphic 

reactions during crustal thickening (Saleeby et al., 2003). The other way is to segregate garnet-

pyroxene residues through crystal-liquid equilibria during the formation of felsic batholithic 

rocks (Saleeby et al., 2003). According to this, we propose two possible timings for the dense 

root to have formed. One possible time window is in Cretaceous during the compressional 

tectonic setting when the crust was thickened and formed the plateau at Idaho (Figure 5A). The 

other window is during the Challis magmatism when partial melting at mantle lithosphere 

occurred either due to decompression of extension or the heat released from ascending hot 

asthenosphere through slab window (Figure 5B) (Norman & Mertzman, 1991; McKervey, 

1998; Gasching et al., 2011). Our data are not related to how a dense root was formed and 

cannot distinguish between these mechanisms. 

From our AHe data, there are two periods of rapid exhumation, one at Eocene to late Oligocene, 

the other at late Miocene to Pliocene. Because delamination will result in regional rock uplift 

and thus increase erosional rate, it could occur in either of the rapid exhumation periods 

observed above. For the Eocene period, if slab window had occurred during the Challis 

magmatism, the influx of the hot asthenosphere could decouple the dense eclogite from the 

rest of the crust (Figure 5B) (Humphreys, 1995; Cassel et al., 2018). As for late Miocene period, 

Burov et al. (2007)’s research shows that a spreading plume will have a return flow near the 

boundary between a craton and younger lithosphere and cause vertical down-thrusting of 

mantle lithosphere, leading to delamination of dense roots. The Boise Mountains are located 

close to the Mesozoic continental margin between the old North American Craton to the east 

and the young oceanic accreted terrain to the west (Figure 1). The plume of the Yellowstone 

hotspot could have spread from the Twin Falls and Picabo volcanic fields across the Boise 

Mountains towards the continental margin during late Miocene and formed return flow close 

to the boundary while causing delamination (Figure 5C). During which of the two periods the 

delamination occurred is beyond the scope of what our data can reveal. However, as the dense 

root beneath the northern Atlanta lobe appears to still exist at present while the root beneath 

the Boise Mountains does not, we prefer the late Miocene delamination scenario caused by the 
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Yellowstone hotspot, for two reasons. (1). The close proximity of the Yellowstone hotspot to 

the Boise Mountains relative to the northern Atlanta lobe (Figure 1) could explain this 

heterogeneous delamination (2). The Challis magmatism was extensive across the whole 

batholith and therefore cannot explain the heterogeneity. If there was delamination during 

Eocene, we hypothesize that the delamination intensity is limited, with most of the dense root 

retained. Alternatively, intensive Eocene delamination may have removed the root from the 

whole Atlanta lobe, and the subducted Farallon Plate (Schmandt & Humphrey, 2011) is solely 

serving as the lithospheric keel for the northern Atlanta lobe. 

Pliocene to Quaternary River Incision and Basin and Range Faults Disturbance 

From the date-river profile plot we can divide the samples into segments for both rivers (Figure 

6A, 6B). Within each segment, the samples get older upstream, but between each segment there 

is a sudden jump in the cooling dates (Figure 6A, 6B). We infer that the segments are split 

where young faults offset the original trend of dates. In order to generate such a date-river 

profile relationship, the river incision must have occurred after the samples cooled below the 

closure temperature. Using SFPR as an example for the incision model (Figure 6C), we 

assumed that the AHe date isochrones (surfaces of equal cooling date, e.g., McPhillips & 

Brandon 2010) were horizontal prior to the river incision (top of Figure 6C). As the river 

topography started to retreat, it would bend the closure temperature isotherm towards 

downstream (middle of Figure 6C). If the samples cooled below the closure temperature during 

or immediately after the incision, their isochrones would be bent with the isotherm and would 

result in a younger trend towards upstream within each segment, unlike what we observe in 

Figure 6A and 6B. Conversely, if the samples already cooled below the closure temperature, 

their isochrones would stay horizontal (middle of Figure 6C), which would result in the older-

upstream trend that we observe (Figure 6A and 6B). If faults were active after the major 

exhumation period, the faults would also offset the sample isochrones, resulting in age 

segments along the river profile, and the samples would be older upstream within each segment 

(bottom of Figure 6C), as we observe in our data. We suggest that this most recent incision was 

caused by the downstream base level drop from the draining of the paleo-Lake Idaho, which 

lasted from ~4 Ma to late Quaternary with a lake level decline rate of 120 m/Ma (Wood & 

Clemens, 2002). This time is well past the start of the late Miocene rapid cooling period 

indicated by our models at 10 Ma, leaving enough time for the samples to cool below the 
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closure temperature (Figure 5C to 5D). The draining and demise of the paleo-Lake Idaho 

helped to carve Hells Canyon downstream, proving it had enough impact to cause river incision 

(Wood & Clemens, 2002; Kahn et al., 2020). We speculate that Basin and Range faults offset 

the river and disrupted the pattern of sample dates (Figure 6). For the SFPR transect, between 

sample BOI-21-16 and BOI-21-21B, there are the Bear River fault and the Deer Park fault 

(Figure 2 and Figure 6A), both of which were SW dipping normal faults active since 16 Ma 

(Breckenridge, 2003). Activity on these faults after major exhumation period would bring 

samples with younger cooling dates up to the river level on the upstream/footwall side of the 

fault (bottom of Figure 6C), for example, explaining why BOI-21-16 has a much younger date 

than BOI-21-21B (Figure 6A). Between sample BOI-21-22 and BOI-21-23, the Deadwood 

fault system (Figure 2 and Figure 6A) is composed of east dipping normal faults active since 

1.6 Ma (Breckenridge, 2003). The orientation of this fault system would bring samples with 

younger cooling dates up to the river level in the downstream direction (bottom of Figure 6C), 

explaining why BOI-21-23 is much younger than BOI-21-22 despite minimal difference in 

elevation. We suggest a similar mechanism of fault segmentation can explain the pattern of 

dates for the MFBR samples (Figure 6A), though the faults are not as well constrained in this 

area and there may be unidentified faults (Kiilsgaard et al., 2001; Breckenridge, 2003; 

Kiilsgaard et al., 2006).  

A caveat for this model is that it cannot tell whether the faults occurred before, during, or after 

the river incision. Although in the Figure 6 we assume the situation of flat initial isochrones 

prior to the river incision for illustration, the more precise description of the model requirement 

is that the isochrones must be flat before faulting, and the faulting that resulted in offset 

horizontal isochrones could occur prior to the incision. As long as the faults offset the 

isochrones after the major exhumation period (in our case, < 11-8 Ma), the resulting pattern 

will be similar. Another limit of this model is that currently this observation of the date-river 

transect pattern is more focused on downstream, especially for the MFBR. If we had more 

upstream samples that were not over-dispersed, we could tell whether the same pattern 

occurred upstream too and examine whether this model is able to explain the entire incision 

process of the rivers. Because many of the samples with dispersion <30% that we have are 

downstream, there is an alternative model that can explain the pattern too. The alternative 

model is that the rapid exhumation occurred long after the major incision event was completed, 
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so that the isotherms at downstream area had returned to near flat before samples cooled below 

the AHe closure temperature. In this case the sample dates would also show the pattern of being 

older towards upstream, and the young faults could cause the segmentation of dates. However, 

this would require the incision to occur well before the cooling dates of the river samples. From 

Figure 6 we can see that some samples have cooling dates > 16 Ma, which are older than both 

of our hypothesized Miocene-Pliocene mechanisms that can trigger river incision (Table 1). 

Although we cannot deny the possibility of other Miocene-Pliocene mechanisms causing the 

early river incision, such early incision, if occurred, would likely be during Eocene extension, 

which makes us not favor this alternative model because all our sample dates are Miocene or 

younger. Overall, based on our new AHe dates from the horizontal transect samples along the 

SFPR and the MFBR, we speculate that the river incision of the modern channel started after 

the samples cooled below the closure temperature, possibly < ~4 Ma, and was triggered by the 

draining of the paleo-Lake Idaho. The sample dates were disturbed by young Basin and Range 

faults that offset the channel after the major late Miocene-Pliocene exhumation (Figure 5D).
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Figure 6. (1). AHe date-river profile for samples located at river level along the South Fork Payette River (A) and Middle Fork Boise River (B). The cooling dates of 

individual grains and sample mean are shown. The error bar of the sample mean date is the standard deviation. Faults that potentially affected the sample date pattern 

are plotted at their corresponding upstream distance along the river profile. Locations of the faults are in Figure 2. (2). River incision model to explain the AHe date-river 

profile pattern using the South Fork Payette River as an example. Isochrones here are surfaces of equal AHe cooling dates. Initially flat isochrones are assumed. The 

curved topographic profiles in the lower two plots represent contemporary river profiles. Isotherm for closure temperature bends in response to the river incision, but 

because the samples have cooled below the closure temperature before the incision, the related isochrones do not bend. See text for more explanation. The model is modified 

from Schildgen et al. (2007).  
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Chapter 6: Conclusions 

Our new AHe and AFT dates from the MFBR and SFPR in the Boise Mountains indicate a 

two-stage rapid cooling pattern during Eocene-Oligocene and late Miocene–Pliocene. Thermal 

history inverse modeling of the Jackson Peak, Haga Creek, and Deadwood Lookout vertical 

transects suggest that during Eocene-Oligocene period, the Boise Mountains experienced rapid 

exhumation that brought samples to < ~2.6 km depth followed by a long period of thermally 

stability, until late Miocene. During late Miocene-Pliocene, at least ~0.7 km exhumation 

occurred in the region. From Pliocene to Quaternary, river incision carved the deep valleys for 

the SFPR and MFBR.  

The Eocene–Oligocene rapid exhumation matches previous thermochronology studies in the 

Idaho Batholith that yielded Eocene cooling dates across the Atlanta lobe (e.g., Sweetkind & 

Blackwell, 1989; Wetzel and Stanley, 2022). Together they show substantial cooling and 

exhumation associated with the Challis magmatism and extension that could be due to multiple 

processes. The influx of hot asthenosphere through a slab window (e.g., Gaschnig et al., 2011) 

could have caused regional rock uplift and exhumation due to thermal dynamic processes 

and/or delamination, in addition to triggering Challis magmatism (e.g., Humphreys, 1995; 

Cassel et al., 2018). Extensional faulting such as the NE trending TCFZ could have contributed 

to the exhumation. The modeled exhumation period extended to Oligocene, indicating that the 

regional exhumation continued after the Challis magmatism had ceased.  

The start timing of the late Miocene–Pliocene rapid exhumation is temporally coincident with 

the 11-8 Ma Yellowstone hotspot Volcanism at the Twin Falls and Picabo volcanic fields to the 

south of the Boise Mountains. The magnitude of exhumation in the Boise Mountains combined 

with other erosion history data from cosmogenic radionuclide and geomorphic studies suggests 

more erosion and rock uplift in the southern Atlanta lobe than the north (Larimer et al., 2018; 

Mitchell & Yanites, 2019). We suggest that the nearby existence of the plume caused thermal 

dynamic uplift and/or delamination under the Boise Mountains, resulting in increased erosion 

rate and leading to the rapid exhumation. Thermal dynamic effects would have decayed 

northward with increased distance from the hotspot, providing a mechanism for the spatial 

pattern in rock uplift. Delamination could have been triggered by the return flow of the 

spreading plume (Burov et al., 2007), only affecting the nearby southern portion of the Atlanta 
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lobe, which is supported by the seismic studies which showed that the northern Atlanta lobe 

maintained a deep lithospheric root while the southern portion did not (Roth et al., 2008; Tian 

& Zhao, 2012). While delamination could have occurred during the Eocene exhumation period, 

the Miocene exhumation period, or both, delamination initiated by the hotspot during the 

Miocene provides a mechanism for the localization of rock uplift and root removal in the south 

of the Atlanta lobe.  

The pattern of cooling dates in our river-level samples, together with the location and 

orientation of the post-Miocene Basin and Range faults, suggest that the incision of the modern 

MFBR and SFPR started after the samples cooled below the closure temperature. We propose 

that the draining of the paleo-Lake Idaho since ~4 Ma enhanced the river incision. The recent 

faults offset channels post the late Miocene exhumation, disturbing the AHe dates and 

potentially augmenting incision. 
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