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The utilization of thermal-chronological data to constrain mountain building processes
exploits the links among rock uplift, exhumation, and cooling during orogenesis.
Conceptually, periods of rapid uplift and associated denudation will lead to cooling of
rocks as they approach Earth’s surface. The linkage between uplift and exhumation can be
complex, but in practice exhumation is often assumed to directly track uplift. The
reconstruction of temperature-time histories via thermochronologic systems provides a
proxy method to relate the cooling of rock as it is exhumed toward the surface to
orogenesis. For the rapid exhumation rates that can occur in active orogenic systems
the thermal history will be complex as a result of heat advection, rates of propagation of
thermal perturbations, and other processes that affect the cooling behavior. These effects
become amplified as exhumation rates increase, and in regions experiencing exhumation
rates greater than ~0.2-0.3mm/yr (0.2-0.3km/Ma) simple assumptions of cooling
through a constant geotherm will bias the subsequent interpretation. Here we explore,
through a suite of generalized models, the impact of exnumation rate and duration on the
resulting thermal history and apparent age results. We then apply lessons from these
simple exhumation systems to data sets from the high-relief ranges along the eastern
margin of the Tibetan Plateau to determine exhumation histories constrained by those
data. The resulting exhumation histories provide constraints on the onset of Cenozoic
exhumation, the subsequent pace of exhumation, and on the tectonic history of one of the
major fault systems in the central Longmen Shan.

Keywords: thermo-chronology, modeling mountain building processes, temperature histories during exhumation,
Longmen Shan, Xuelongbao Massif, Pengguan Massif
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THERMOCHRONOLOGY AND MOUNTAIN
BUILDING

The utilization of thermal-chronological data to estimate rates
and patterns of exhumation during mountain building exploits
the links among rock uplift, exhumation, and cooling associated
with crustal thickening during orogenesis. Conceptually, periods
of rapid crustal thickening will be accompanied by rapid uplift,
and associated denudation, which will lead to cooling of rocks as
they approach Earth’s surface. The linkage between uplift and
exhumation can be complex, as topographic relief evolves in
response to rapid erosion and increased surface slope (Whipple
et al, 1999; Montgomery and Brandon, 2002), but in practice
exhumation is often assumed to directly track uplift (e.g., Bullen
et al., 2003; Stockli et al., 2003). Our ultimate goal is to place
constraints on the processes associated with mountain building,
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and in particular determine timing and rates of deformation
associate with orogenesis. The evolution of a mountain system
can be linked to processes of burial and exhumation, with
assumptions of crustal thickening, fault movements and other
kinematics. Those processes can be related to surface and near
surface processes of uplift and exhumation.

Because neither uplift or exhumation is readily observed, the
reconstruction of  temperature-time histories via
thermochronologic systems (Reiners and Brandon, 2006;
Hodges, 2014) provides a proxy method to relate the cooling
of rock, as it is exhumed toward the surface (e.g., Ehlers, 2005),
to the evolution of the orogen. The link between the cooling
experienced by a rock sample and the exhumation history is
often assumed to be similarly direct (e.g., Liu et al., 2013; Lease
et al., 2021), but for rapid exhumation rates, often occurring in
active orogenic systems, the thermal history will differ from
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simple cooling with exhumation as a result of heat advection,
propagation rates of thermal perturbations, and other processes
that affect the cooling behavior (Moore and England, 2001;
Braun, 2003; Ehlers, 2005). These effects become amplified as
exhumation rates increase, and so although simple assumptions
of constant temperature gradient may be adequate to describe a
slowly eroding system, in regions experiencing exhumation
rates greater than ~0.2-0.3 mm/yr (0.2-0.3 km/Ma) such
assumptions will bias the subsequent interpretation.
Additionally, in most orogenic events, deformation is often
unsteady, and the superimposition of time-varying uplift and
exhumation influences the resultant evolution of crustal thermal
structure.

Here we explore, through a suite of generalized models, the
impact of exhumation rate and duration on the resulting thermal
history and apparent age results. We then apply these lessons
from simply exhuming systems to a data set from the high-relief
ranges that demarcate the eastern margin of the Tibetan Plateau
(e.g., Kirby et al, 2013) in order to determine exhumation
histories ~ involving non-steady rates of exhumation,
constrained by that data. Comparison of the exhumation
history to the results of a similar study from the nearby
Pengguan Massif (Wang et al., 2012) provide constraints on
the onset of Cenozoic exhumation, the subsequent pace of
exhumation, and on the tectonic history of one of the major
fault systems in the central Longmen Shan.

Tectonic Setting of the Longmen Shan
The Longmen Shan refers broadly to the collection of high
mountain ranges that mark the eastern margin of the Tibetan
Plateau adjacent to the Sichuan Basin (Figure 1). The tectonic
evolution of this region remains enigmatic and has played a
central role in debates over the role of lower crustal flow during
plateau development (c.f., Clark and Royden, 2000; Hubbard and
Shaw, 2009). Topographic relief between the peaks in the range
and the adjacent basin exceeds 5-6 km (Clark and Royden, 2000;
Kirby et al., 2002) along the mountain front and corresponds to
an abrupt increase in crustal thickness from ~40 km beneath the
Sichuan Basin to >60 km beneath the plateau margin (Robert
etal., 2010). The modern topographic front is coincident with the
Longmen Shan Thrust Belt, a series of east-vergent thrust faults
that developed during the Late Triassic—Early Jurassic
Indosinian orogeny (Dirks et al., 1994; Burchfiel et al., 1995)
and emplaced allochthonous rocks of the Songpan-Ganzi flysch
basin atop the western margin of the Yangtze craton (Chen et al.,
1994; Jia et al., 2006). These fault systems were reactivated during
the Cenozoic growth of the Tibetan Plateau (Burchfiel et al., 1995;
Jia et al., 2010), but most workers agree that Cenozoic shortening
appears to be limited to ~30-35km (Burchfiel et al., 1995;
Hubbard and Shaw, 2009; Hubbard et al, 2010). This
observation, combined with the absence of a modern flexural
basin (Burchfiel et al, 2008), suggests that present-day
topography did not grow entirely by shortening and
thickening of the upper crust (Royden et al, 1997; Royden
et al., 2008).

The exhumation of rocks within the Longmen Shan, as
recorded by thermochronology, plays a central role in the
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understanding of the timing and rates of growth of high
topography (Arne et al, 1997; Xu and Kamp, 2000; Kirby
et al, 2002; Wang et al,, 2012) and places constraints on the
total amount of Cenozoic slip along fault systems in the thrust
belt (e.g., Godard et al., 2009; Wang et al., 2012; Tan et al., 2017;
Ansberque et al., 2018; Shen et al, 2019). In addition, recent
studies of the Mesozoic metamorphic conditions experienced
during Indosinian crustal thickening (Airaghi et al., 2017; Airaghi
et al., 2018a; Airaghi et al., 2018b) provide important constraints
on depth and temperature of the rocks prior to the Cenozoic.
These results are briefly summarized in terms of three
tectonostratigraphic domains that are separated by major fault
systems in the central Longmen Shan (Figure 1):

Along the western margin of the Sichuan Basin,
autochthonous strata of the carbonate-dominated passive
margin sequence (Burchfiel et al., 1995; Li et al.,, 2003) are
deformed in a fold and thrust belt in the footwall of the
Yingxiu-Beichuan fault (Figure 1). The rocks in this region
exhibit no indication of elevated metamorphic conditions
(Airaghi et al, 2017) and apatite fission-track ages are
largely unreset (Arne et al, 1997). Partial resetting of
fission-track ages appears to be confined to folds at the
leading edge of the fold belt (Richardson et al., 2008).

In the hanging wall of the Yingxiu-Beichuan fault, crystalline
basement rocks of the Pengguan Massif are imbricated in a
series of thrust nappes that contain a strongly deformed
stratigraphic package of metapelites and carbonates that are
paraautochthonous relative to the sedimentary successions in
the Sichuan Basin (Burchfiel et al, 1995). Nappe
emplacement was associated with the development of a
foreland basin of Late Triassic to early Jurassic age (Chen
et al., 1994; Burchfiel et al., 1995; Chen and Wilson, 1996; Jia
etal., 2006). Notably, basement rocks in the Pengguan Massif
experienced a greenschist facies metamorphic event with
temperatures between 250 and 300°C and pressures of
~7 kbar at ca. 140 Ma (Airaghi et al., 2017), suggesting the
possibility that the Yingxiu-Beichuan fault was reactivated at
that time. Zircon fission-track ages from the massif yield ages
>200 Ma (Wang et al., 2012), consistent with residence of
these rocks below the closure temperature of ~250-300°C
(Reiners and Brandon, 2006). Systematic age-elevation
relationships from thermochronologic systems with lower
closure temperatures, however, yield important constraints
on the exhumation of the massif (Wang et al, 2012).
Although during early Cenozoic time, the region was
characterized by modest rates of exhumation (~100m/
Myr), exhumation rates increased dramatically around
30 Ma to ~800 m/Myr, marking the onset of Cenozoic
mountain-building in this range (Wang et al, 2012).
Notably, variations in the thermochronologic data require
a hiatus in exhumation, and a subsequent acceleration, in the
Late Cenozoic (Wang et al, 2012). These data will be
discussed further below.

The external zone of paraautochthonous nappes is separated
from allochthonous strata of pelitic sediments and flysch of the
Songpan-Ganzi terrane (Harrowfield and Wilson, 2005; Roger
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etal., 2011) by the Wenchuan-Maowen fault (Figures 1, 2). This
sub-vertical fault is marked by a thick zone of fault gouge and
cataclastic fabric (Burchfiel et al, 1995) that overprints the
eastern margin of a shear zone that developed in the Late
Triassic—Early Jurassic (Dirks et al, 1994). This regionally
extensive zone of high strain is interpreted to reflect a mid-
to-lower crustal décollement, that soles beneath the Songpan-
Ganzi flysch and allowed emplacement of allochthonous units
over the external nappe complex (Mattauer et al., 1992; Burchfiel
et al., 1995; Airaghi et al, 2018a). Metamorphic conditions
during fabric formation in the high strain zone surrounding
the Xuelongbao and Tonghua massifs (Figures 1, 2) reached
amphibolite facies (Dirks et al., 1994), with peak temperatures in

'Shi, X., Kirby, E., Furlong, K., Creason, G., Kamp, P., Xu, G., Danisik, M., Wang,
G., He, ], Fan, C, Xu, G, Su, Z, and Wang, E,, in preparation, Protracted
Exhumation from Oligocene to Present in the Xuelongbao Massif.

excess of 530-580°C and pressures of 9-12 kbar (Airaghi et al.,
2017; Airaghi et al., 2018b). This event was overprinted by
retrograde metamorphism at greenschist facies, with
temperatures of 350-400°C and pressures between 2 and
5 kbar (Airaghi et al., 2017; Airaghi et al., 2018b). The abrupt
step in peak temperatures across the present-day trace of the
Wenchuan-Maowen fault suggests that this fault marks a
persistent structural boundary that accommodated differential
exhumation during Mesozoic orogenesis (Airaghi et al., 2018a).
Notably, however, rocks now exposed in basement massifs west
of the Wenchuan-Maowen fault (the Xuelongbao and Tonghua
massifs) appear to have resided at similar crustal levels by the late
Cretaceous (ca. 140 Ma; Airaghi et al,, 2018a). Young cooling
ages for thermochronologic systems west of the
Wenchuan-Maowen fault (Arne et al, 1997; Godard et al,,
2009; Kirby et al,, 2013; Creason et al., 2016; Tan et al., 2017;
Shen et al, 2019) imply significant differential exhumation
during the Late Cenozoic across this fault.
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Despite these extensive studies of the exhumation history of
rocks in the central Longmen Shan, several outstanding questions
remain. First, the onset of rapid cooling associated with Cenozoic
mountain building is not well-constrained in many places. Much of
the allochthonous strata and many of the Triassic plutons that are
exposed on the Tibetan Plateau west of the Longmen Shan appear
to have experienced slow cooling and limited exhumation during
the Cretaceous and early Tertiary (Kirby et al., 2002; Roger et al.,
2004, Roger et al,, 2011). These studies suggest that the onset of
rapid cooling in the Late Cenozoic marks the onset of mountain
building associated with the modern plateau. Although studies of
lower-temperature thermochronologic systems reveal widespread,
rapid exhumation during the Late Miocene to present (Kirby et al,,
2002; Godard et al., 2009; Tan et al., 2017; Shen et al., 2019), few of
these studies precisely determined when exhumation initiated. In
the Pengguan Massif, a densely sampled age-elevation transect and
multiple thermochronometers spanning closure temperatures
from ~250 to ~60°C constrain this transition to around 30 Ma
(Wang et al,, 2012). A similar exhumation event in Oligocene -
Early Miocene has been recognized in SE Tibet, along the Yulong
Shan thrust belt (Zhang et al, 2016; Cao et al., 2019), but the
regional significance remains uncertain. In the central Longmen
Shan, whether Oligocene exhumation was confined to the external
massifs (Wang et al., 2012) or whether it also occurred within the
basement massifs west of the Wenchuan-Maowen fault is
unresolved.

The second outstanding question centers on the pace and
tempo of exhumation during Cenozoic time. Although it is clear
that differential exhumation occurred across two of the primary
fault systems in the central Longmen Shan (Yingxiu-Beichuan
fault and Wenchuan-Maowen fault), the timing, duration, and
rates of differential exhumation are not well known. Moreover,
the significance of discrete, greenschist-grade shear zones along
the western margins of the basement massifs remains enigmatic.
These structures appear to have accommodated top-down-to-
the-N'W shear (Burchfiel et al., 1995; Tian et al., 2016), but the
timing and magnitude of this extension are uncertain. Recent
40Ar/39Ar dating of white mica suggests that many of these
fabrics may have been active in the late Cretaceous (Tian et al.,
2016; Airaghi et al., 2018b; Xue et al, 2021). Determining
differential exhumation histories among blocks has the
potential to provide new insight into the question of how
much shortening and crustal thickening these structures
accommodated during Cenozoic development of the plateau.

Finally, one of the most challenging questions is to what extent
the modern elevations in the eastern Tibetan Plateau reflect
crustal thickening that occurred in Mesozoic time vs. during
the Cenozoic. A number of workers have argued that the
exceptionally slow cooling (1-3°C/Myr) and low exhumation
rates (>10 m/Myr) during the Cretaceous (Kirby et al., 2002;
Roger et al.,, 2011) is inconsistent with the modern topographic
relief and must have occurred on a low-relief landscape. In
contrast, the somewhat more modest rates of exhumation
inferred for the Late Cretaceous - early Tertiary in the external
Pengguan Massif (~100 m/Myr; Wang et al.,, 2012; Airaghi et al.,
2017) imply subdued relief at that time (Wang et al, 2012).
Developing a more quantitative estimate of topographic relief and
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the histories of exhumation across the margin of the Tibetan
Plateau and Sichuan Basin will help address the question of
whether the present-day crustal thickness in eastern Tibet
developed during flow and/or thickening of lower crust
(Royden et al,, 1997; Clark and Royden, 2000).

Thermal History Modeling of Orogenic

Systems

For orogenic belts that develop as a result of rapid uplift and
exhumation, such as the eastern margin of Tibet, low-temperature
thermochronology can provide primary constraints on the recent
stages of the event. In such systems we can place timing and rate
constraints on the exhumation (and associated uplift) typically
involving rock passage through the upper 10 km of the crust. At
exhumation rates of 1-2 mm/yr this represents the past 5-10 Ma.
However, rates of orogenic activity and mountain building do not
occur at constant rates; rather, they appear to occur in intervals of
rapid uplift/exhumation interspersed with times of slower
exhumation and thermal relaxation. Simple analyses of
thermochronologic age data oftentimes assume constant
geothermal gradients in depth or time and infer rates and
timing of such events from the simple application of fixed
geotherms to the apparent ages and closure temperatures for
various low-T thermochronologic systems. Our modeling results
indicate that for exhumation rates exceeding ~100 m/Ma, such
assumptions may significantly bias the interpretation.

Here we explore these non-steady state thermal effects and
assess their role in biasing estimates of rates and timing of
orogenesis in active systems experiencing relatively rapid
exhumation such as the eastern margin of Tibet, New Zealand’s
Southern Alps, and Taiwan. The generalized models presented
here to explore these effects are intentionally kept simple to isolate
the effects of exhumation rate on thermal evolution. Clearly, in
applications to actual orogenic system (which we investigate later
in this paper) exhumation rates vary through time. As a result, the
transient effects from a later period of exhumation will be
superimposed on non-steady state thermal conditions further
complicating the evolution. However, with the intuition we
develop through these simple models, we can better understand
the observations from orogenic systems and better utilize more
complex thermal model realizations.

To model these effects, we use a 1-D, numerical (finite
difference) code that allows us to specify standard crustal
geothermal properties (conductivity, diffusivity, radiogenic
heat production), and act on that initial condition with
periods of burial, exhumation, thrusting, and variations in
basal heat flux. The code, TQTec, has been used in a variety
of previous studies (e.g., Furlong and Edman, 1989; Furlong and
Guzofski, 2000; Guzofski and Furlong, 2002; Wang et al., 2012;
Furlong and Chapman, 2013; and; Piotraschke et al,, 2015), and
allows substantial flexibility in defining tectonic events and
determining the resultant thermal history effects.

For analyzing the thermal effects of exhumation, we specify
exhumation rates and timing in the models and calculate the
evolving thermal regime. The upward advection of heat with
exhumation (or downward with burial) is accomplished (in the
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finite-difference scheme) by explicitly removing (adding) finite
thickness units at the top of the model at specified times and
allowing the system to continue to thermally evolve. The specified
boundary conditions are surface temperature, and a basal heat
flow applied at a depth of 60 km, along with specifications of
crustal material properties and the distribution of heat generation
in the crust. For the simple models here, the conditions are:

Surface T (T,) = 0°C
Surface heat flow (qo) = 75mW /m’
Crustal Thermal Conductivity (k) = 2.5 W/m - K
Heat Production (Ay) = 0

These conditions, particularly the lack of a crustal heat production
component, lead to an initial constant thermal gradient of 30°C/km
throughout the model. The models are run for 50 Ma (model time),
with exhumation starting at 45 Ma, and the models run forward in
time until 0 Ma. When horizons being tracked reach the surface
(depth = 0km) their thermal histories continue at the assigned
surface T. Note that models later in this paper that test the
exhumation history of the Xuelongbao data use different initial
and boundary conditions, appropriate for that setting.

Simple Exhumation Models

We explore thermal histories for upper-crustal layers at
exhumation rates of 0.5 mm/yr (km/Ma), 1.0, and 2.0 mm/yr.
In each case the interval of exhumation begins 5 Ma after the start
of the model, and continues as long as necessary to exhume 18 km
of crust. That is at 0.5 mm/yr the exhumation lasts for 36 Ma, at
I mm/yr - 18 Ma, and at 2mm/yr - 9Ma. Although the
exhumation histories are extremely simple, even such simple
assumptions lead to significant variations in the resulting thermal
history (and hence thermochronologic observations).

Three aspects of the exhumation and thermal history are
shown in Figure 3. Figure 3A records the exhumation history,
tracking nine positions in the crust (2km apart), initially
spanning depths from 2 to 18km. Figure 3B shows the
resulting temperature history at the three exhumation rates
for the points tracked. Figure 3C shows the
Temperature-Depth (T-Z) history for each tracked horizon.
It is important to remember that although the overall time
interval for all models is 50 Ma, the interval of active
exhumation (which brings all tracked units to the surface)
represented in Figure 3C varies from 9 Ma for the most
rapid (2 mm/yr) exhumation rate to 36 Ma for the slowest
(0.5 mm/yr) exhumation rate. On the temperature plots we
also indicate the approximate closure temperature for four
standard low-T thermochronologic systems: 250°C for
Zircon Fission Track (ZFT); 180°C for Zircon (U-Th)/He
(ZHe); 120°C for Apatite Fission Track (AFT), and 60°C for
Apatite (U-Th)/He (AHe) systems. We recognize these are
simply approximations to actual closure and retention/
annealing processes, but they serve as useful markers of
approximate apparent ages.
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There are several things that are immediately clear in the results
shown in these figures. For the three exhumation rates shown (0.5,
1.0, 2.0 mm/yr), the cooling history of the rock units does not
simply follow along the initial (30°C/km) geotherm (blue dashed
line in Figure 3C). In general, cooling rates are slower initially,
particularly for the units that are more deeply buried. Over time, as
the units approach the surface, cooling rates increase. This is a
consequence of the geotherm (initially a simple constant
T-gradient with depth) becoming perturbed by the exhumation
and heat advection. The result, typical of most exhumation
scenarios is initial exhumation along a low T-gradient
increasing to a much higher T-gradient as rocks near Earth’s
surface. The actual temperature path followed by a particular
horizon is shown in Figure 3C, and it is clear that a non-linear
temperature gradient trajectory is followed by each horizon.

As is discussed later, it should also be noted that the T-Z path
followed by different horizons at the same exhumation rate, and over
the same depth intervals differs. For example (using Figure 3C), for
the same exhumation rate of 1 mm/yr, a rock horizon initially at
10 km depth would be at ~220°C when it reached 5km depth,
whereas a unit starting at 16 km depth would be at ~260°C when it
reached that same 5 km depth. These effects are more exaggerated as
the exhumation rate increases. As discussed later, this effect can

introduce systematic bias into age-elevation vertical transects. The
depth at which rock units may cross critical temperatures (and
acquire their exhumation age) can vary as a result of whether
reaching that depth is early or late in the exhumation event.

The key effect shown in these simple results, is that for the same
initial geotherm, the depth at which horizons will cross critical
temperatures (e.g., closure T or equivalent) will vary both as a
function of exhumation rate at faster unroofing rates the critical T
will be at shallower depths, and whether it is early or late in an
exhumation event later in the event the critical T will be shallower.
Both of these effects will potentially lead to interpretations of
higher than actual exhumation rates, and/or an apparent increase
in exhumation rate as the exhumation event proceeds.

Transient Thermal Evolution During

Exhumation

During an exhumation event, even at relatively slow rates of
0.1-0.2 mm/yr, the temperature structure is perturbed by
advection and assumptions of a constant temperature gradient
are not met. Previous studies have described techniques to utilize
analytical methods to approximate these effects (e.g., Moore and
England, 2001; Willett and Brandon, 2013). However, such
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methods need to make significant assumptions about the
duration and amount of exhumation events. Even in cases of
relatively slow exhumation (0.1 mm/yr) it may take up to
~100 Ma for the system to reach a dynamic steady state. Prior
to that time the geotherm will be changing. These effects are
magnified at higher exhumation rates, but the impact on
interpretations of thermochronologic data are not always
considered. Here we assess the impact of simple exhumation
scenarios for the position of isotherms and the associated
geotherm during significant exhumation events. These results
represent the steady, single-event exhumation histories shown in
Figure 3, and involve a total exhumation of 18 km. The duration
of each event varies based on its exhumation rate. Figure 4 shows
the evolution of isotherms and geotherms during single
exhumation events from Figure 3 for exhumation at 0.5 mm/
yr and 2.0 mm/yr; spanning typical ranges of exhumation rates
for orogenesis. In these cases, significant upward movement of
isotherms occurs during the main phase of exhumation. For
example, during exhumation the 300°C isotherm moves upward
(Figure 4) approximately 6 km in the 2.0 mm/yr case (i.e., an
average rate of 0.67 mm/yr), and approximately 4.4 km in the
0.5mm/yr case (~0.12mm/yr). If a constant temperature
gradient is assumed, these effects can seriously bias the
interpretation (as shown in Figure 5). In the case of the rapid
exhumation model (2.0 mm/yr), the thermal regime is still far
from equilibrium even after ~35 Ma of thermal relaxation; the
300°C isotherm in this example is still elevated by more than 2 km
(Figure 5). These effects are generally recognized for rapid
exhumation, but are difficult to correct for with simple models
linking depth to temperature during exhumation. There is also a

general assumption that at exhumation rates less than ~0.2 mm/
yr these transient effects are minor. However even at a rate of
0.1 mm/yr, the 300°C isotherm will rise approximately 1km
during 3.6 km of exhumation; surface heat flow will increase
by almost 15%. These effects will have the effect of biasing
exhumation rates determined using methods that rely on the
slope of age-elevation data, as those approaches require an
assumption of constant depth of key isotherm during the time
interval represented. Quantification of this effect is discussed
below, but for studies of relatively shallow crustal exhumation
associated with low-T thermochronometers, these effects may be
a significant fraction of the total exhumation.

These results indicate several key points to consider in analyses
of low-T thermochronologic data (Figure 4).

After long periods of continued exhumation, the thermal
regime is still non-steady state, even at rates as low as
0.1 mm/yr. Assumptions of a constant geotherm during
exhumation are almost never met.

Similarly, there is a long period of thermal relaxation after an
exhumation event. For units in the upper crust (depth <10 km),
this period of secular cooling lasts for tens of millions of years.
Upper crustal units could cool through several characteristic
closure temperatures during this relaxation phase, which might
be interpreted as a period of continued exhumation.

This cooling behavior will be superimposed on later
exhumation events perturbing them away from “single
event” type behavior. That is the ongoing thermal evolution
from previous events will influence the temperature history
during a subsequent sequence of exhumation events.
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This transient behavior during and following an exhumation
event provides an important constraint in linking observed
thermochronologic data to tectonic events. Although it makes
it difficult to directly link a thermal history obtained from direct
inversion of thermochronologic data, it does provide the
opportunity to identify multiple events and periods of hiatus
or slow exhumation during the evolution of an orogen.

Bias in Exhumation Interpretations

These variations in thermal structure associated with exhumation
rate that also may change during an exhumation event, can lead
to systematic bias in the results. For example, the assumption of a
simple constant geotherm (25°C/km, surface T of 5°C), will lead to
an increasing over-estimation of the exhumation rate as the actual
exhumation rate increases (Furlong and Chapman, 2013). In
Figure 5 we show the results for various exhumation rates, and
the apparent exhumation rate one would infer using the Apatite
low-T systems ((U-Th)/He, Fission Track). At low exhumation
rates the over-estimate is relatively small. As actual exhumation

rates increase, the apparent or inferred exhumation rate becomes
2-3 times larger than the actual rates.

As noted above (Figures 3B,C), there are differences in
cooling rates between periods early in an exhumation event,
and later in the same event. Using these simple exhumation
histories, we can explore how this effect may be manifest in
vertical age transects using various low-T thermochronometers.
In general, having thermochronologic data along a vertical
transect mitigates many of the issues related to the evolution
of the crustal geothermal during exhumation or burial. Implicit
however in using the slope of the age-elevation vertical profile is
the assumption that the depths of critical temperatures remain
constant during the period recorded by the thermochronologic
data. During an exhumation event, the geotherm through the
upper crust will become increasingly steep (Figure 4). This effect
can also be seen in Figures 3B,C where units shallower in the
crustal section cross critical temperatures at greater depths (and
lower cooling rates) than units that started the exhumation
process at greater depths.

Frontiers in Earth Science | www.frontiersin.org

June 2021 | Volume 9 | Article 688374


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Furlong and Kirby

Early vs. Late-Stage Cooling Histories
In particular, units that are higher in the vertical profile will tend

to show lower apparent exhumation rates than units that were
initially deeper, and units whose age is acquired earlier in the
exhumation event will have lower apparent exhumation rates
than those later in the event. For a vertical section that captures
the early parts of the event, the result would be an apparent
increase in exhumation rate over time, as seen in the 180°C curves
in Figure 6. Irrespective of the initial horizon depth, the inferred
exhumation rate is lower than actual for deeper (higher T)
samples in the early stages of the event, and that effect is
greatest at the shallower levels.

For example, in Figure 6B, for a vertical section for which we
had data from multiple low-T thermochronologic systems, we see
that the lowest T system (shallowest, youngest, and hence latest in
the exhumation event) best reflects the actual exhumation rate of
2.0 mm/yr, while the higher T systems (which will record ages
deeper and earlier in the exhumation event), underestimate the
exhumation rate, implying a substantially lower exhumation rate
(almost 50% decrease) during the earliest part of the event
(1.1 mm/yr in the 180°C case for the shallowest units that
acquired their age earliest, compared to the actual rate of
2.0 mm/yr). This effect may be wrongly interpreted to reflect
either an acceleration in exhumation rate, or the capturing of a
partial retention/annealing zone in the data.

Implications for Simple Exhumation Models
Although the model results shown here are for very simple
exhumation histories and might represent only one segment of
actual multi-stage exhumation history associated with the
development of an orogen, they allow us to identify and
isolate various effects that may bias our interpretations of low-
T thermochronologic data. For analyzing the tectonic evolution
of an actual orogen (as is discussed for a case study in eastern
Tibet later) we can use the same modeling approach, but
incorporate the effects of multiple exhumation/burial events
with differing rates and exhumation amounts, along with
periods of relative hiatus in the evolution, (e.g., Wang et al,
2012). From these simple analyses we develop a set of points that
should be considered in most interpretations of exhumation
associated with mountain building.

Thermochronologic data can be interpreted by assuming a
depth to the closure temperature, and dividing that assumed
depth by age to get an exhumation rate (e.g., Lease et al., 2021),
such an approach implicitly assumes that rock cooling during
uplift and exhumation will occur along a simple geotherm (c.f,
Figure 3C). In cases of slow exhumation (i.e., <~0.1-0.2 mm/yr)
this assumption is approximately met, and the impact of a non-
stationary geotherm on the inferred exhumation rates is minimal.
However, at exhumation rates more typical of active orogenic
systems (>0.5 mm/yr), an assumption of a fixed geotherm can
lead to significantly over-estimated exhumation rates, by a factor
of two or greater. This effect is most pronounced for lower-T
thermochronologic systems, where the closure temperature and
depth are at shallower levels (Figure 5).

Age-elevation profiles can mitigate many of the issues
associated with low-T thermochronology. When multiple

Thermochronology Exhumation and Mountain Building

thermochronologic ~ systems,  with  different  closure
temperatures, are available, age-elevation profiles can provide
the best estimates of actual exhumation history. However simple
interpretation tools, such as linear fits to age-elevation profiles,
may lead to misleading results. Our simple modeling shows that
such simple linear fits will often-times underestimate the actual
exhumation rates, particularly for the slightly higher-T
thermochronologic systems such as zircon (U-Th)/He system
(nominal closure temperature of ~180°C, Reiners and Brandon,
2006). This effect of underestimating the actual exhumation rate
is amplified early in the exhumation history, and for units that
acquire apparent ages at shallower levels (Figure 5). This
combined with effects that lead to apparent increases in
exhumation rates closer to the surface can lead to an
interpretation of an increase in exhumation rate as the event
proceeds (moving  from  higher-T  to  lower-T
thermochronometers, and higher in the vertical section to
lower in the vertical section). Because of its effects on the
observed apparent age, this change in slope of the age-
elevation profile at higher elevations may also be interpreted
to reflect that those samples had resided in (near the bottom of) a
partial annealing/retention zone prior to the initiation of the
exhumation event.

Multi-Stage Exhumation Models and
Geotherms

Most orogenic events likely do not proceed as simple single-stage
tectonic events with a constant-rate exhumation/uplift history.
Rather, it is more common for an orogenic event to wax and wane
in intensity with intervals of rapid uplift and/or exhumation
separated by periods of limited tectonic activity, all within the
lifetime of an orogenic event. It is these details of orogenic
evolution that are key to understanding the underlying
tectonic drivers and feedbacks between the tectonics and the
resulting geologic signature left in the rock record. Moving from
observations of apparent ages to estimates of the actual tectonic
history is a major target of studies utilizing low-T
thermochronologic systems to evaluate thermal histories.
There are a range of possible methods to move from observed,
apparent age data to the causative tectonic or exhumation history.
As discussed above, simple estimates of exhumation rate,
typically using individual sample ages, or vertical age-elevation
profiles can be used to estimate exhumation rates averaged over
specified time intervals. This is often done assuming a
background heat flow or geothermal gradient, which is used to
map from temperature to depth, in order to move from a closure
temperature to a closure depth and exhumation rate.
Additionally, = apparent age data from  multiple
thermochronologic ~ systems, with differing temperature
sensitivities and closure temperatures, can be analyzed
(oftentimes with an inversion methodology), estimating a
time-temperature history for the samples (e.g., Gallagher,
2012). To convert from such a time-temperature history to an
exhumation (or uplift) history requires mapping the
temperatures to their equivalent depths. This can be done
assuming a constant or specified geotherm over the time
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interval of interest (e.g., Lease et al., 2021). There are also methods
available to approximate the transient effects and link thermal
histories to equivalent exhumation or uplift histories (e.g., Willett
and Brandon, 2013), but these approaches generally work best for
single-stage exhumation events.

As shown above, even at relatively low exhumation rates
(<0.1-0.2 mm/yr), the crustal geotherm can be significantly
perturbed as a result of heat advection with the exhumation/
burial events. How this affects multi-stage exhumation is more
complex than in the simple single-stage models shown above. To
develop a sense of the style of these effects, their time lags, and the
magnitudes of the effects, we have modeled a multi-stage
exhumation event, and compared the actual (modeled)
exhumation and thermal histories with those that would be
obtained assuming constant heat flow or thermal gradient
during the event.

This difference between a simple linkage between cooling rate
and exhumation rate presents problems for directly interpreting
thermochronologic data. Standard approaches, many based on
the early analyses of Stockli et al. (2000), Stockli et al. (2003),
follow one of several routes. In cases where there is a vertical age-
elevation  profile  (preferably  with  multiple low-T
thermochronometers used), the slope of the age-elevation data
can be assumed to represent the exhumation rate during the age
interval considered. As shown in Figure 6, this slope may
underestimate the exhumation rate, and also will vary for the
same exhumation event depending on when during the
exhumation event (early vs. late) that the age data are
acquired. These perturbations are least pronounced for the
lower-T age systems.

Another approach is to utilize an age data-thermal history
inversion tool (e.g., Ketcham, 2005; Gallagher, 2012), which

construct time-temperature histories that will produce the
observed age (and in fission track analyses also the track
length distribution) for a multi-system sample. To convert
this temperature history to an exhumation/uplift history, a
range of assumptions of the temperature gradient need to be
made. Although the T histories obtained through these
inversions may produce the observed ages, transforming
these T-histories to uplift/exhumation histories requires a
number of assumptions about the crustal thermal structure.
As seen in Figure 3, the T-history (for the same exhumation
history) varies significantly both as a function of depth, and
time during an exhumation event. Assuming a constant
crustal geotherm (temperature gradient) during rapid
exhumation is not consistent with actual crustal thermal
processes. Additionally, periods of slow exhumation or
hiatus are hard to discern with this approach, as during a
hiatus after a period of rapid exhumation, the crustal thermal
regime will continue to cool, but following this approach, that
additional cooling might be interpreted as further
exhumation.

Case Study: Multi-Stage Exhumation in
Eastern Tibet

To illustrate these principles, we use a densely sampled age-
elevation transect from the Xuelongbao Massif, in the central
Longmen Shan (Figures 1, 2) to explore the effects variations in
exhumation history. The massif is composed primarily of
granodiorite and tonalite plutonic rocks of Neoproterozoic age
(748 + 7 Ma; Zhou et al, 2006) in intrusive contact with
Mesoproterozoic schists and paragneisses along its eastern and
southern margins (Zhou et al, 2006). Sheared Paleozoic units
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form a carapace around the western and northern margins of the
massif. We collected an age-elevation transect that spans elevations
from ~1,600 m at the base of the massif to nearly the summit just
below 5,500 m (Figure 7). These data have been described in Kirby
etal. (2013), Creason et al. (2016), and Shi et al. (2018), and complete
analytical details are in Shi et al. (in preparation)'. We describe
briefly the primary results and trends in these data that motivate the
thermal models. Although other data exist from this massif (e.g.,
Godard et al., 2009; Tan et al., 2017; Shen et al., 2019), we focus on
this single data set here for simplicity. The Godard et al. (2009) data
set includes Zircon (U-Th)/He age results for samples from locations
near the samples of this study. These data lie between and
compliment the AFT and ZFT results shown in Figure 7, as
expected based on the relative closure temperatures of these
systems. However, the vertical extent of these data is limited and
do not substantively inform the exhumation history.

One of the key aspects of thermochronologic studies that seek
to characterize the onset of mountain building is the need to
estimate the initial depth and thermal conditions at the start of
the tectonic event. For regions experiencing relatively limited
exhumation, this is typically estimated from the break in slope of
age-elevation data for low-temperature thermochronometers
such as AHe or AFT (e.g., Clark et al, 2005; Ehlers, 2005).
However, in regions subjected to rapid and/or deeper
exhumation, age-elevation arrays may be relatively uniform
(see AHe data in Figure 7), and the slope of the line only
provides a guide to exhumation rate, if heat advection in the
shallow crust can be reasonably modeled (as discussed above). In
these cases, the application of multiple thermochronometers with
a range of closure temperatures can provide significantly
improved information regarding the pace and tempo of
cooling and exhumation, as the age difference between
different thermochronometers contains information about
both the rate and timing of exhumation.

In the Xuelongbao massif, 40Ar/39Ar ages of biotite exhibit
significant scatter, but generally define a trend of increasing age
with elevation (Figure 7, right panel). Notably, a cluster of
samples exhibit ages between ~150 and ~200 Ma, which are
consistent with temperature estimates for the regrograde,
greenschist facies metamorphic conditions experienced by the
nearby cover sequence (Airaghi et al., 2018a). In our data, the
lowest elevation sample yields an age of ~75 Ma, providing an
indication of relatively slow cooling following peak metamorphic
temperatures, similar to ages observed in the southern Longmen
Shan along strike (Tian et al., 2016). Thus, these data imply that
the ~4 km crustal section currently exposed in the massif resided
at or near ~350°C (Grove and Harrison, 1996; Reiners and
Brandon, 2006) until at least the latest Cretaceous. This allows
us to constrain the initial temperatures and depths for the thermal
models.

Significant cooling (and exhumation) is recorded by
systematic age-elevation relationships in ZFT (closure T of
~230-250°C, Reiners and Brandon, 2006), AFT (closure T of
~110 -120°C, Ketcham et al., 1999), and AHe (closure T of ~60°C,
Flowers et al., 2009) systems. Importantly, we do not expect a
significant effect of radiation damage on the systematics of He
retention in apatite (Flowers et al., 2009) for such young samples
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that cooled rapidly from well above temperatures where such
damage anneals (Shi et al. (in preparation)l). These data reveal
three important characteristics of the cooling history that any
exhumation model needs to honor. First, there is a break in slope
of the ZFT data at ~3,500 m elevation that marks an apparent
increase in exhumation rate. Second, ZFT ages are nearly
invariant (at ~ 15Ma) with elevation below this point, and
AFT ages are similar at higher elevations. As we discuss
below, this is characteristic of rapidly cooled crustal sections,
but is rarely observed in transects with more limited topographic
relief. Third, AFT ages from the lowermost samples are nearly the
same age as paired AHe samples. This requires a second relatively
recent period of accelerated cooling and exhumation, as
explained below.

Constraints of Model Boundary Conditions
To guide the development of exhumation history models to
help explain the data in the Xuelongbao vertical transect, we
can place constraints on the initial conditions (timing and
temperature) of the units exposed and sampled. As described
above we have age data from four thermochronologic
systems (Apatite (U-Th)/He and Fission Track (AHe and
AFT); Zircon Fission Track (ZFT); and Biotite Ar/Ar)
(BtAr). With the exception of the BtAr data, all samples
indicate young ages (<30 Ma) indicating the vertical section
sampled was all hotter (deeper) than the ZFT total annealing
T of approximately 250°C. The BtAr data generally show old
ages ranging from about 270-150 Ma, indicating those
samples were likely cooler than the partial retention
temperatures for BtAr. However, one sample near the base
of the transect (i.e., initially most deeply buried) has an
apparent age of ~75 Ma. We interpret that the apparent age
of this sample could represent partial retention, indicating it
was initially (i.e., at the 100 Ma start of our modeling) near
the top of the partial retention zone, and thus all samples
were at a temperature of <~350°C, with the lowest elevation
sample at ~350°C.

This helps provide a constraint on the initial depth and
thermal gradient of the modeled section—the initial ~4 km
section was located at depths spanning a temperature range of
approximately 350-250°C. Using this information to guide
multiple modeling simulations, we have found that geotherm
conditions that produce a temperature gradient of ~25°C/km
or less at initial the depths of samples (assumed heat flow of
~75 mW/m?, with upper crustal radiogenic heat production of
2.0 yW/m?, and thermal conductivity of approximately 2.5 W/
(m-K), at the time of model initiation (~100 Ma) provide the
most consistent results and are what are shown in the
following.

Exhumation Models for Xuelongbao

Age-Elevation Transects

The nearly 4 km vertical extent of our low-T thermochronologic
data allow us to develop a thermal—tectonic history for the
Xuelongbao region, delineating a sequence of well-constrained
exhumation events since ~30 Ma. We show the results from three
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TABLE 1 | Exhumation models.

Model Exhumation stage

XLB-4P-1a (4 stage)

XLB-5P-1b (5 stage)

XLB-5P-1c (5 stage)

O ON =0 ON=~OWN =

of those models that provide good fits to specific aspects of the
data, and also provide examples of the trade-offs and constraints
provided by the data.

Before comparing these model results to the observed age-
elevation profiles for the Xuelongbao Massif, it is instructive to
explore the effects of the differences in such multi-stage
exhumation histories for the thermal evolution of rocks
initially residing at different crustal levels (Table 1). Figure 8
shows exhumation models and resulting thermal evolution
histories for three related models that produce synthetic age-
elevation profiles that share characteristics with those we observe
in our data. These three models have common exhumation
histories from their initiation at 100 Ma (only the time interval
after 50 Ma is shown in the figures) until the start of enhanced
exhumation at 27 Ma. From 27 Ma until 15 Ma they share the
same 2-stage exhumation (which, we will see, is constrained by
the ZFT data). The three models differ in terms of the
exhumation/uplift history since 15Ma. The simplest model
(Figure 8A) has a single constant-rate exhumation event for
15-0 Ma, whereas the other two models (Figures 8B,C) break
that time interval into two events—a slower event initially
(15-6 Ma), followed by a more rapid exhumation from 6 to
0 Ma. Models shown in Figures 8B,C differ only slightly in the
relative rates of the two events (same total exhumation). They
both differ from the simple (Figure 8A) history by having an
extended interval (~9 Ma in duration) of low exhumation
separating two intervals of rapid exhumation. The
introduction of this relative hiatus in exhumation is motivated
by the separation in timing of the upper and lower elevation AFT
results. This hiatus is similar to the exhumation history we
previously modeled in the Pengguan Massif (Wang et al,
2012); this study concluded that the uplift of that region was
accomplished over two time intervals, separated by a period of
slower exhumation.

The primary thermal effect of this change from a constant
exhumation over the past 15MA to a 2-stage (slow/fast)
exhumation (compare Figures 8A-C) is that the shallowest
(highest elevation) rock units will pass through the AFT
closure T (blue line at 120°C in Figure 8—right panels) during
the 17-15Ma period of rapid exhumation, and an increasing

Initiation (Ma)

100
27
17
15

100
27
17
15

6

100
27
17
15

6
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Duration (Ma) Exhumation rate (m/Ma)

73 10
10 400
2 2,000
15 485
73 10
10 400
2 2,000
9 1,50
6 986
73 10
10 400
2 2,000
9 95
6 1,069

delay moving to deeper samples (lower elevation) for that
particular thermochronometer age. The more subtle difference
between the models shown in Figures 8B,C, primarily produces
small changes in the relative ages of the lowest-T
thermochronometers. These thermal histories can then be
mapped into apparent ages for different thermochronologic
systems based on closure temperatures and AFT track-length
annealing kinetics. Those synthetic age-elevation profiles can
then be compared with our observations (Figure 9).

Simple Exhumation Models

The simpler model (XLB-4P-1a) involves a 2-stage exhumation
history between 27 and 15Ma, followed by a single stage
exhumation event from 15 to 0 Ma. A focus of this simpler
model is to constrain the initiation of exhumation affecting
the Xuelongbao Massif. That initial period of exhumation is
recorded in the higher-T (ZFT) age-elevation results
(Figure 9). At the time of initiation of this stage of
exhumation the rocks sampled were at depths of >15km and
so there is a time delay between the onset of exhumation and
when cooling reaches the depth of the samples. We have found
that with exhumation beginning approximately 27 Ma, we best
match the ~24 Ma age of the highest-elevation ZFT sample, while
also fitting the slope of the age-elevation profile. These data (ZFT)
also show an increase in the slope of the age-elevation data (for
rocks initially more deeply buried) starting at approximately
17 Ma. This motivates the modeled increase in exhumation at
17 Ma, lasting ~2 Ma. Part of the difference in age-elevation slope
of the ZFT data between the older (higher in the section) and the
younger (lower in the section) data is a consequence of the
apparent increase in exhumation between older/deeper and
younger/shallower cooling (cf. Figure 5), but that effect is not
sufficient to explain the entire observed change in slope. The
rapid exhumation between 17 Ma and 15 Ma is also motivated by
the AFT observations for the samples above elevation 3.75 km. As
seen in Figure 8, the higher elevation samples will pass through
the approximate AFT closure during this interval of rapid
exhumation, ending at ~15 Ma. The distinct age-offset between
these higher elevation AFT results, and the shallower results is
one indication of the hiatus in exhumation starting at ~15 Ma. All
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FIGURE 8 | Exhumation (left) and thermal (right) histories for three tectonic scenarios used to satisfy the observed Age - Elevation vertical profiles for the
Xuelongbao transect Details in Table 1. All scenarios involve approximately 16 km of exhumation over the past 100 Ma. The exhumation prior to 15 Ma is the same for
each model, but differs since that time. Horizons shown represent the range of initial depths and their final positions that are consistent with the elevation and extent of the
samples evaluated. Samples reach a surface T of 0°C when they reach of depth of 0 km, and remain at that T during the rest of their history (i.e., at depths above

0 km). (A) Simple 4-stage exhumation history with constant exhumation rate since 15 Ma. (B) 5 stage exhumation history with post-15 Ma separated into two
exhumation periods (15-6 and 6-0 Ma). (C) 5 stage exhumation history as in panel (B) with slightly slower exhumation rates in the 15-6 Ma interval and slightly faster
rates in the 6-0 Ma interval. Implications of these variations in exhumation history are seen in the model fits of Figure 9 (Note: Deepest buried units in exhumation plot are
top curves in Temperature plots).

models share this same exhumation history prior to 15 Ma, but ~ exhumation since 15 Ma is not able to satisfy the observations,
the poor fit of this model (XLB-4P-1a) to the lower-elevation AFT  indicating the need for a more complex exhumation history since
results and the AHe results indicate that a simple constant 15 Ma.
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FIGURE 9 | Model results for exhumation histories shown in Figure 8 and Table 1. (A) simple 4-stage exhumation history satisfies age-elevation data with
apparent ages older than ~15 Ma. (B) 5-stage exhumation history with 2-stage exhumation since 15 Ma. (C) 5-stage exhumation history similar to panel (B), with slight
maodifications to rates during each of the post-15 Ma exhumation stages.

More Complex Exhumation Models
In the simpler model (Figure 9A), with a single post-15Ma

exhumation history, we see that both the lower elevation AFT
data and the AHe data are poorly fit by the temperature history.
In particular there is not sufficient age separation between the
AHe and AFT results, (and also the lower elevation AFT and
ZFT data). This separation and the change in slope of the AFT
profile at elevations below ~3.5 km implies that there is a hiatus
or other slowing of cooling for a period of time. This led us to the
more complex models, which divide the last 15Ma of
exhumation into two stages, in which we have an interval of
slow exhumation (hiatus) followed by faster exhumation
(Figures 8B,C and 9B,C). Including this interval of reduced
exhumation is required to produce the observed age separation.
This is a similar effect to what we saw in the Pengguan analyses
(Wang et al., 2012), although the timing of the hiatus in this case
is more recent.

The subtle difference in the rates of the slow-to-faster
exhumation since 15Ma (Figures 8B,C and 9B,C) produces
small, but perhaps important, differences in the fit of the
synthetic age-elevation profiles to the observed data. In
particular the model with the slightly slower initial
exhumation, followed by slightly faster 2nd-stage exhumation
better fits the entire extent of the AHe data, but indicates younger
ages than observed for the lower elevation AFT data. Certainly,
more complex exhumation histories could be derived that slightly
change the fits, but that is not the intent of this current analysis.
Our primary goal in these modeling analyses is not to simply “fit
the data”; rather, our intent is to demonstrate the interactions
among the superimposed exhumation events and develop insight
into the rates, timing, and amount of exhumation that occurred in
building this orogen, which we then can use to inform our
interpretations of its tectonic evolution.

The thermal history of the crust during multiple exhumation
events is hard to characterize by simple patterns of behavior. The
effects of heat advection, time lags in cooling, and the

superposition of secular and active cooling processes combine
to create thermal histories that may produce thermochronologic
signatures that may be superficially misleading. As we see in the
set of models applied to the data set from the Xuelongbao Massif,
although age elevation profiles appear relatively straightforward,
a simple exhumation history (Figures 8A and 9A) does not fit the
suite of data. In particular, the age differences observed among
the three chronometers require a reduction in exhumation rate
post-15 Ma, after a period of rapid exhumation. As seen in the
subtle differences between model fits for XLB-5P-1b and XLB-5P-
1c (Figures 8B,C and 9B,C), details of that slow-down or hiatus
can produce potentially measurable effects. Focusing on the
thermal evolution for model XLB-5P-1c (Figure 10), we see
several key aspects of a multi-stage exhumation history;
similar to what was seen in Figure 4.

Even at relatively slow exhumation rates, there is advection of
heat and a slight shallowing of isotherms.

During the interval immediately following the rapid mid-
Miocene exhumation (17-15 Ma), there is a relaxation of
the thermal field leading to a deepening of isotherms. This
is partially offset by the upward advection effects of the
continued (albeit substantially slower) exhumation during
the post-15 Ma period.

As seen in Figures 8C and 10, rock units within the observed
thermochronologic data set will acquire their apparent ages
during intervals when both the exhumation rates are changing
significantly (~0.1-1.0 mm/yr) and the geothermal gradient
(heat flow) is varying by 50% or more.

Although the 15 and 0Ma geotherms are very similar
(Figure 10), between 15Ma and the present the gradient
changes substantially (from 130 mWm™> at 15Ma to
85 mW m 2 at 10 Ma, returning to 120 mW m™> at 0 Ma).
This superposition of changing exhumation rates and
geotherms is difficult to account for in many of the tools
used to link thermal histories to exhumation/uplift histories.
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FIGURE 10 | Isotherm and geotherm histories for multi-stage

exhumation history. (A) Isotherm evolution for exhumation history given by
Model XLB-5P-1c. Times of changes in exhumation rates are indicated by
arrows. Red dashed line indicates depth of 10 km. Depth to 300°C
isotherm varies by approximately 4 km during this tectonic history. (B)
Geotherms at selected times during thermal evolution. Table indicates surface
heat flow for each geotherm shown.

Exhumation Histories for the Central
Longmen Shan Orogenic Belt
(Xuelongbao-Pengguan Massifs) Derived

From Thermal Models

The exhumation histories modeled here, the associated
thermal histories, and the resulting fits to the observed age-
elevation profiles provide an estimate of the rock uplift history
of the Xuelongbao Massif and the hanging wall of the
Wenchuan-Maowen Fault (WMF). We can use that history
to develop tectonic scenarios for the development of this
orogen. In particular, by combining these results, with our
previous results for the uplift/exhumation history of the
Pengguan Massif (Wang et al., 2012) we can develop a
broader regional model of orogen evolution, and in

Thermochronology Exhumation and Mountain Building

particular constrain the relative exhumation histories of
these two major massifs and the amount and timing of
vertical displacement along WMF that separates the two
massifs (Figure 11).

The exhumation histories of the two adjacent massifs show
similarities in duration of exhumation and approximate timing of
the initiation of the modern period of more rapid exhumation
(~30-27 Ma). The exhumation of the Xuelongbao Massif has
brought a significantly deeper crustal section to the surface as
compared to the exhumation of the Pengguan Massif (16 vs.
10 km, minimum initial depth), and the extreme relief
(3.5-40km) and the availability of a range of
thermochronologic systems allow the identification of specific
stages of exhumation. The similarity in the onset of exhumation
for the two massifs indicates that mountain building and the
growth of the present-day relief along the topographic margin of
the plateau began ~30 Ma. Similarly rapid exhumation occurred
along the Yulong Shan thrust belt in SE Tibet (Zhang et al., 2016;
Cao et al, 2019) around the same time and points to regional
shortening along the eastern margin of Tibet. However, whether
crustal thickening was confined to the thrust belt, or whether it
was widespread beneath the eastern plateau cannot yet be
distinguished from this data.

Of particular importance in piecing together a tectonic
history for the region are the differences in exhumation
history between the two major massifs (Figure 11).
Between ~30 and 15Ma, it appears that the Pengguan
region (in the external zone of the thrust belt) experienced
faster uplift initially while the results from the Xuelongbao
region indicate an acceleration in exhumation at ~17 Ma, at a
time when the Pengguan region was unroofing more slowly.
Both regions underwent periods of reduced exhumation
during the Miocene, followed by a subsequent increase in
exhumation during the Late Miocene. Overall rates of
exhumation for the Xuelongbao Massif are higher, resulting
in the exposure a deeper crustal section and the full resetting
of the Zircon FT samples (Figure 7). In contrast, un-reset
Zircon FT samples from the Pengguan massif (Wang et al,,
2012) reflect residence of these rocks at shallower crustal
levels. Prior to the Neogene start of exhumation, both
massifs appear to have experienced similar background
thermal regimes, with a common tectonic history prior to
the activation of the faults (e.g., Airaghi et al., 2018a) such that
the differences in thermal history reflect differential
exhumation across the WMF (Shen et al.,, 2019).

The two exhumation histories we have obtained (Pengguan
and Xuelongbao massifs) allow us to place constraints on rates
and timing of activities on the various major fault systems in
the region (Figure 2B). From the Wang et al. (2012) study we
can primarily place constraints on the uplift rates associated
with the faults to the east of the Pengguan Massif. Between ~30
and 20 Ma, our modeling showed there was an ~5 Ma interval
with rapid exhumation and thus inferred rapid uplift along
those frontal faults at a rate of approximately 0.8 mm/yr
(0.8 km/Ma). During this time, exhumation rates in the
Xuelongbao region are lower, most likely indicating little
differential motion across the WMF and lower exhumation,
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FIGURE 11 | Modeled Exhumation Histories for the Pengguan Massif (Wang et al., 2012) and the Xuelongbao Massif (this study) since 50 Ma. Exhumation rates
(meters/Ma) for each exhumation stage are labeled on the graph. The two curves for the Pengguan Massif model reflect the range of models determined in that study.
The three curves for the Xuelongbao model are the three models presented in Figures 8, 9.

perhaps because the site is more distant from the mountain
front. To convert these exhumation (uplift) rates to fault slip
rates requires knowledge of faults attitude. For assumed high
angle thrust fault orientations (at least at shallow crustal
levels), the exhumation rates we have determined should be
scaled by factors of ~1.4 (45° dip) to 1.15 (60° dip) to estimate
slip rates on the faults.

The WMF may have begun significant motion at about
20 Ma (when higher exhumation rates relative to the Pengguan
begin in Xuelongbao; Figure 11), with differential vertical
motion along that fault at a rate of ~0.3 mm/yr (0.3 km/
Ma). Continued exhumation in the Pengguan Massif
suggests that the frontal faults (Yingxui-Beichuan fault)
remained active but perhaps at more modest rates of
~0.1 mm/yr (0.1 km/Ma). By ~ 17 Ma, the exhumation rate
in the Xuelongbao Massif accelerated to an extremely high
value of >1.9 mm/yr (1.9 km/Ma), with uplift (at ~0.1 mm/yr)
continuing on the frontal faults. At approximately 15 Ma, the
fault systems appear to dramatically slow or enter into a hiatus
(lasting ~ 5-10 Ma), where exhumation rates are much lower.
The observed data could be explained by no motion on the
WMF during this time and all uplift occurring on the frontal
faults at a rate of ~0.1 mm/yr (0.1 km/Ma).

Over the past 6-10 Ma, both the frontal faults and the
WMF are inferred to accommodate significant rates of
displacement relative to the unexhumed margin of the
Sichuan Basin. During that time, the frontal faults appear
to have accommodated differential exhumation of ~0.35 mm/
yr (0.35km/Ma), and differential exhumation across the
WMF appears to be >0.6 mm/yr (0.6 km/Ma) in the past
~6 Ma. These results imply that, of the 6-8km of
difference in crustal level exposed between the Pengguan
and Xuelongbao Massifs, approximately 4km was
differentially exhumed over a very short period of time
(~2Ma) in the middle Miocene. Whether this substantial

rate of dip-slip motion occurred along the entire WMEF at this
time, or was restricted to the central Longmen Shan is unclear
from these data sets. Numerous other studies present low-T
thermochronologic evidence for late Miocene to Recent
exhumation further south along the southern Longmen
Shan (Arne et al.,, 1997; Xu and Kamp, 2000; Kirby et al,,
2002; Godard et al., 2009; Ansberque et al., 2018; Tan et al.,,
2017; Tian et al,, 2013, Tian et al., 2018), although it is not
clear whether these record the same temporal history as we
find for this study or in Wang et al. (2012).

These rates of multiple mm/yr of sustained fault motion are
high for intra-crustal faults, and likely reflect significant
displacements on mid-crustal structures at depth. The
analyses we have done here do not allow us to specify
details of those mid-to-lower crustal tectonics, but these
results do allow us to reach some specific conclusions about
the evolution of this region.

Prior ~30 Ma, rocks currently exposed in the Xuelongbao
Massif resided near the middle crust at depth levels between 15
and 17 km. Thus, our results are consistent with greater
exhumation of the hanging wall of the Wenchuan-Maowen
fault (Tan et al., 2017; Shen et al., 2019) relative to rock units
exposed in the Pengguan Massif (Wang et al., 2012).

Average exhumation rates since 30 Ma for the region are at
least 0.5 mm/yr (0.5km/Ma), sufficiently high to perturb the
thermal history and preclude simple mapping of cooling rate
to exhumation rate. Periods of very high exhumation rates
(perhaps as high as 2 mm/yr) introduce significant biases into
interpretations using standard approaches to analyzing vertical
age-elevation profiles.

The application of thermal modeling approaches (explicitly
incorporating exhumation) for analyzing the apparent age data
allows us to isolate periods of rapid and slower exhumation,
which we are able to link to periods of activity on major structures
in the region.
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