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Two-phase growth of high topography in eastern
Tibet during the Cenozoic
E. Wang1*, E. Kirby2,3, K. P. Furlong2, M. van Soest4, G. Xu5, X. Shi2, P. J. J. Kamp5 and K. V. Hodges4

High topography in eastern Tibet is thought to have formed
when deep crust beneath the central Tibetan Plateau flowed
towards the plateau margin, causing crustal thickening and
surface uplift1,2. Rapid exhumation starting about 10–15 million
years ago is inferred to mark the onset of surface uplift and
fluvial incision3–6. Although geophysical data are consistent
with weak crust capable of flow7,8, it is unclear how the timing9

and amount of deformation adjacent to the Sichuan Basin
during the Cenozoic era can be explained in this way10,11. Here
we use thermochronology to measure the cooling histories
of rocks exposed in a section that stretches vertically over
3 km adjacent to the Sichuan Basin. Our thermal models
of exhumation-driven cooling show that these rocks, and
hence the plateau margin, were subject to slow, steady
exhumation during early Cenozoic time, followed by two
pulses of rapid exhumation, one beginning 30–25 million years
ago and a second 10–15 million years ago that continues to
present. Our findings imply that significant topographic relief
existed adjacent to the Sichuan Basin before the Indo-Asian
collision. Furthermore, the onset of Cenozoic mountain building
probably pre-dated development of the weak lower crust,
implying that early topography was instead formed during
thickening of the upper crust along faults. We suggest that
episodes of mountain building may reflect distinct geodynamic
mechanisms of crustal thickening.

The evolution of topography throughout the Indo-Asian
collision zone remains at the centre of debates over the links
between plateau growth and the Asian monsoonal climate12, as
well as over the geodynamics of intracontinental deformation8. In
eastern Tibet, the preservation of high-elevation, low-relief surfaces
atop the surface of the Tibetan Plateau13 and an abrupt increase
in cooling rates along the deeply exhumed margin of the plateau
during late Miocene time3–6,14–17 (Fig. 1) have led to the suggestion
that high elevations across much of eastern Tibet developed in
the past 10–15million years (Myr). This conclusion is central to
two geodynamic inferences; first, that the synchrony of mountain
building around the periphery of the Tibetan Plateau and regional
changes in climate are the consequences of a fundamental change in
lithospheric buoyancy beneath the plateau12, and second, that late
Miocene growth of eastern Tibet heralds the initial development of
a weak lower crust beneath the plateau8.

Both of these hypotheses have been challenged recently. Isotopic
data from central Tibet18,19 suggest that thickened crust and high
topography were established early in the collision history. This is
consistent with slow erosion rates across the plateau in the past
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Figure 1 | Simplified regional geologic map of the eastern margin of the
Tibetan Plateau. Tectonostratigraphic terranes are shown in the
explanation. Estimates for the onset of rapid cooling based on
thermochronologic data are given in Myr before present and are referenced
in citations. Dashed box shows location of Fig. 2.

40Myr (ref. 20) and with the preservation of relict plateau surfaces
in the western Himalaya21. In northern Tibet, evidence for both
deformation22 and the establishment of high elevations23 by Eocene
time are likewise consistent with the expansion of a broad region of
high topography in the Early Tertiary period. The eastern extent of
such a proto-plateau, however, remains uncertain.

In eastern Tibet, the role of lower crustal flow in the development
of high topography has been questioned in the Longmen Shan
(Dragon’s Gate Mountains), adjacent to the Sichuan Basin. Here,
Cenozoic shortening11,24 along an imbricate fan of basement-
involved thrust faults has been argued to be primarily responsible
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Figure 2 | Geologic map of the southern Longmen Shan range. Sample locations along an elevation transect (yellow) were sampled in the Pengguan
Massif, a crystalline massif in the hanging wall of the Yingxiu–Beichuan Fault zone. Data from previous studies are available in the Supplementary
Information. Explanation of geologic units as in Fig. 1.

for high topography and thickened crust10. Four primary fault
systems seem to have accommodated Cenozoic deformation
(Fig. 2): first, the Wenchuan–Maowen Fault, a steep to subvertical
structure along the western flank of the Pengguan Massif; second,
the Yingxiu–Beichuan Fault, a steep to moderately dipping reverse
fault that places crystalline basement of the Pengguan Massif
against Triassic rocks of passivemargin affinity; third, the Pengguan
Fault, a splay fault that forms the range front along the Longmen
Shan; and fourth, an unnamed, blind structure beneath the
Sichuan Basin10,11,24. Both the Yingxiu–Beichuan and the Pengguan
faults are active and experienced relatively large displacements
during the 2008 Mw 7.9 Wenchuan earthquake25. Because these
structures have significant Mesozoic displacement24, assessing the
amount of shortening that accumulated during Cenozoicmountain
building is challenging.

The timing of deformation and relief generation along the Long-
men Shan is likewise uncertain. Cooling ages from the crystalline

massifs in the range (Fig. 1) imply significant exhumation since
about 10–15Myr ago4,5,14. Slow cooling before this time is argued
to reflect little to no topographic relief between the range and
its foreland5. However, thermally reset apatite-fission-track ages
from the Xiongpo anticline, a fault-related fold in the southwestern
Sichuan Basin (Fig. 1), suggest exhumation about 40Myr ago9.
Structural relationships between a belt of klippen that lie to the east
of the basement massifs and folded Cretaceous—Eocene strata in
the Sichuan Basin (Fig. 2) suggest the emplacement of the klippen
since Eocene time24. Thus, geologic data permit the possibility that
deformation began as early as themid-Cenozoic era26.

To assess the timing and history of mountain building in the
Longmen Shan, we present new thermochronologic data from a
densely sampled (n= 20) age–elevation transect in the Pengguan
Massif, adjacent to the Sichuan Basin (Fig. 1). The transect spans
nearly 3 km of relief and is located in the immediate hanging wall of
the Yingxiu–Beichuan Fault, the primary structure responsible for
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Figure 3 | Age–elevation relationships for thermochronologic data from the Pengguan Massif. 2σ analytical uncertainties are shown as error bars. a, ZFT
determinations. b, ZHe ages (circles) and titanite (U–Th)/He ages (star). Filld symbols denote grain replicates included in the mean age determination.
Open symbols denote excluded grain ages. c, AFT ages. d, AHe ages. Symbols as in b.

the Mw 7.9 2008 Wenchuan earthquake25. Thus, the exhumational
history of this portion of the range provides an important constraint
on the history of slip along this fault system4. We present results
from numerous thermochronologic systems, including (U–Th)/He
in apatite (AHe) and zircon (ZHe) and fission track in apatite
(AFT) and zircon (ZFT) in Fig. 3 and Supplementary Tables
S5–S9. Together, the kinetics of He diffusion and fission-track
annealing in these systems span a temperature window ranging
from ∼250–300 ◦C down to ∼60 ◦C (ref. 27) and allow us to
interrogate the thermal history of this part of the plateau margin
in unprecedented detail.

Results from ZFT analysis of seven samples yield ages that range
from about 200 to 250Myr (Fig. 3a), implying that rocks now at the
surface resided at or above ∼250 ◦C during the early Cenozoic27.
These results place a maximum bound on total exhumation
of ∼10–12 km (see Supplementary Information). In contrast,
ZHe ages from 12 samples vary systematically with elevation
(Fig. 3b), ranging from 51.5± 3.4 at ∼4,200m to 24.7±1.7 at
∼1,400m elevation (all uncertainties are quoted at two standard

deviations (σ )). Although generally older than previous ZHe
determinations from this massif4, our results are confirmed by
numerous replicates of individual grains (Supplementary Table S7)
and by analyses of titanite from a single sample (Fig. 3b). These
results imply cooling through ∼180 ◦C (ref. 27) during the early
and mid-Cenozoic.

Ages from AFT and AHe thermochronologic systems provide
additional insight into the late Cenozoic cooling history. AFT
ages range from 27.6± 16.2Myr at ∼4,000m to 15.0± 4.4Myr
at the base of the transect (Fig. 3c), but most ages are relatively
invariant with elevation about 25Myr ago (Fig. 3c). Relatively
long confined track lengths in these samples (Supplementary
Fig. S2) are consistent with a period of increased cooling rate
during this time interval. AHe ages are generally young in
the lower half of the transect (Fig. 3d), ranging in age from
10.9± 0.6Myr at∼1,900m to 4.1±0.5Myr at∼1,160m. AHe ages
above 1,900m elevation are sparse, owing to poor-quality apatites
(see Supplementary Information), but two well-determined results
yield ages of about 22–23Myr.
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Figure 4 | Composite age–elevation transect comparing data with predictions of thermal models. Uncertainties are shown as 2σ . Insets show time-depth
histories of samples exposed at the surface at present used in forward models. Numbers represent average exhumation rates in m Myr−1 for each stage.
a, Single-stage exhumation histories that represent acceleration starting 30 Myr (solid lines) or 25 Myr ago (dashed lines). Shaded region between two
histories represents range of solutions between these time periods. b, Two-stage thermal histories consistent with the ensemble of low-temperature
thermochonometers. Onset of rapid exhumation 30 Myr (solid lines) or 25 Myr ago (dashed lines) is followed by a period of slow exhumation (inset).
Rapid exhumation commencing 10 Myr ago is common to both histories.

These results clearly reveal a protracted history of exhumation
along the Longmen Shan and challenge the interpretation that
topographic relief along this margin of the plateau developed
entirely in the late Miocene4,5. Although the duration and extent
of exhumation recorded by our data preclude preservation of
abrupt changes in the slope of age–elevation arrays of any single
system3, thermal modelling of exhumation histories consistent
with the suite of thermochronologic data require protracted, but
episodic, exhumation.

First, some topographic relief clearly existed along the Longmen
Shan during the Early Tertiary period. A linear fit to the age–
elevation trend of ZHe results suggests exhumation at rates of∼90–
100mMyr−1 during the interval 50–30Myr ago (Supplementary
Fig. S3). A simple analysis of scaling relationships between the relief
along actively incising river profiles and modern erosion rates from
eastern Tibet28,29 demonstrates that sustained, slow denudation
rates were probably associated with relatively low relief across
the Longmen Shan in the Early Tertiary. Our analysis follows a
broad body of work that demonstrates that channel steepness (a
measure of channel gradient normalized for differences in basin
shape) is correlated with erosion rate. In modern-day eastern
Tibet, erosion rates of ∼100mMyr−1 are associated with relatively
low-gradient channels (channel steepness indices of ∼50–100m0.9;
ref. 29). Assuming that channels were of similar length to today
(a conservative minimum, see Supplementary Information), the
difference in elevation across the Longmen Shan was probably no
greater than∼750–1,000m (Supplementary Fig. S4), implying that
∼
>75% of the present-day relief between the plateau and the Sichuan
Basin (∼4,000m) developed during the Cenozoic.

Second, thermal histories imply that exhumation rates must
have increased in the late Oligocene–early Miocene. This result is
required by the steep age–elevation trend of the AFT data, by the
convergence of ZHe and AFT ages near the base of the transect
(Fig. 4) and by AFT lengths (Supplementary Fig. S2). Although
our data do not distinguish whether the onset of accelerated
exhumation occurred 30 or 25Myr ago (Fig. 4), it is clear that
rapid exhumation (∼1,000mMyr−1) was ongoing during the early
Miocene. Thus, our results directly contradict previous studies4,5

that infer slow cooling during the mid-Cenozoic and imply that
substantial relief along the present-day margin of eastern Tibet had
begun to develop by Oligocene–Miocene time.

Third, our results require temporally unsteady exhumation
during themid-to-late Cenozoic. A key result is the presence of AHe
ages of about 20Myr at the top of the range, which demand a hiatus
or decrease in exhumation rate during the mid-Miocene (about
20–10Myr ago, Fig. 3). Although the duration of this period is not
well resolved, models that maintain steady rates of exhumation
from the Oligocene to the present day systematically misfit both
the AFT and AHe data (Fig. 4a). However, all models also indicate
that this hiatusmust have been followed by a second period of rapid
exhumation in the past∼10Myr (as argued previously4,5), such that
relatively young AHe ages (about 4Myr) are present in the lower
half of the transect (Fig. 3d).

This episodic history of exhumation challenges much present
thinking about the timing and processes responsible for the
generation of high topography along the eastern margin of the
Tibetan Plateau. Our results reveal a previously unrecognized pulse
of mountain building adjacent to the Sichuan Basin in Oligocene
time. Deformation at this time is recognized to the south and west
of the Longmen Shan8,26, but the relative contribution to plateau
development remains uncertain.Our results suggest that shortening
along structures in the Longmen Shan foreland10 and emplacement
of klippen was associated in time with significant exhumation
of basement massifs in the core of the range. Thus, crustal
thickening during this early period of deformation and exhumation
represents a significant, if as yet unquantified, contribution to
present-day topography.

This conclusion also raises the possibility that previous es-
timates of the timing of surface uplift in southeastern Tibet3,6
may be incorrect. These studies implicitly assume a nearly in-
stantaneous response of fluvial incision to surface uplift, but
lags in the response time of erosional systems30 make this
inference subject to uncertainty. Moreover, isolated data from
some regions of eastern Tibet suggest that the onset of rapid
cooling pre-dates ∼14Myr (refs 6,17) and hints at the likelihood
of earlier periods of exhumation. Our results raise the possibil-
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ity that Oligocene–Miocene mountain building may have been
widespread along the eastern plateau margin and that large re-
gions of eastern Tibet may have attained significant elevation
before the late Miocene9.

Our findings carry important implications for the geodynamics
of plateau formation in eastern Tibet. Notably, significant crustal
thickening along the margin of the Sichuan Basin in Oligocene
time cannot be readily attributed to the flow of lower crust. The
timescales required for thermal weakening of the thickened crust
to attain effective viscosities permissible of widespread flow are
of the order of ∼20Myr (ref. 31). Even allowing for reasonable
propagation velocities of a tunnelling channel32, the onset of
mountain building in eastern Tibet seems to be too close in time to
the Indo-Asia collision for this process to be active.

Renewed exhumation in the Longmen Shan during the late
Miocene, however, may still reflect thickening of the lower crust8.
Although we cannot definitively rule out a role for climatically
enhanced incision, the sustained exhumation required by our data
from about 10Myr ago to present (Fig. 4) and the widespread onset
of exhumation at this time (Fig. 1) suggest an underlying tectonic
driver. Late-Miocene plateau growth during the emplacement
of weak lower crust is consistent with timescales of crustal
flow31,32. We suggest that the onset of exhumation across eastern
Tibet in the late Miocene probably reflects a fundamental shift
in the dynamics of mountain building at this time such that
plateau growth subsumed pre-existing ranges in the Longmen
Shan and elsewhere24. Regardless, modern plateau topography in
eastern Tibet retains a palimpsest of early Cenozoic mountain
building that may be revealed only through high-resolution
thermochronologic records.

Methods
Apatite and zircon were extracted from rock samples and concentrated following
standard density and magnetic separation procedures. Fission-track ages were
determined at the University of Waikato, using the external detector method
and a zeta calibration factor for Fish Canyon, Durango and Mt. Dromedary age
standards for AFT ages. Samples were irradiated in the Forschungsreaktor Heinz
Maier-Leibnitz II reactor in Munich, with nominal fluences of 1×1016 neutrons
cm−2 for apatite and 2×1015 neutrons cm−2 for zircon. Neutron fluences were
monitored using CN5 (apatite) and CN1 (zircon) dosimeter glass and mica
detectors were etched in HF. All samples were measured by G. Xu. Confined track
lengths in apatite were measured by digitizing track terminations using a projection
tube and are estimated to have a precision of 0.2 µm.

Euhedral crystals of apatite and zircon were hand-picked on the basis of size
and clarity for (U–Th)/He analysis at the Arizona State University (ASU) and
measured using digital images taken under ×184 magnification and dark-field
illumination using a Leica MZ16 binocular microscope. Individual grains were
loaded into Nb tubes and analysed for He on an Australian Scientific Instruments
Alphachron (U–Th)/He system. He was released from each crystal by heating using
a 980 nm diode laser and the gas was spiked with 3He, gettered to remove impurities
andmeasured on a Pfeiffer-Balzers PrismaQuadrupole mass spectrometer. Average
blank at ASU is 0.036± 0.013 (1σ ) fmol. 4He concentrations were calculated
by comparison to a spiked 4He standard (known to ± 1.2%) analysis run in
sequence with the unknowns. All samples were subjected to re-extraction to
ensure complete gas removal and grains were subsequently subjected to digestion
for U and Th measurement. Details of the digestion procedures are available
in the Supplementary Information. Solutions were spiked with 230Th and 235U
and analysed on a Thermo X series quadrupole inductively coupled plasma
mass spectrometer at ASU, using a micrometreebulizer. Finally, individual grain
ages were calculated using blank-corrected values and corrected for a-ejection
effects. Shards of Durango apatite, euhedral zircon crystals of Fish Canyon
Tuff and abraded shards of titanite from Fish Canyon Tuff were analysed with
the samples as age standards. Mean values of individual grain replicates were
determined using a subset (n> 3, in all cases) of grain ages and propagating all
uncertainties. A complete discussion of analytical procedures can be found in the
Supplementary Information.

Forward models of the thermal response to exhumation were conducted using
a one-dimensional finite-difference approximation to the advection–diffusion
equation. Various exhumation histories were imposed subject to the constraint
that total exhumation ranges between 10 and 12 km, using a constant initial
surface heat flow of 75mWm−2, thermal conductivity of the crystalline basement
of 3Wm−1 K−1, surface radiogenic heat production of 2 µWm−3 (with an
exponential scaling length of 10 km) and subject to a constant surface temperature

of 0 ◦C. Comparison of these thermal histories with thermochronologic data
was accomplished through modelling codes that track the radiogenic production
and diffusion of He in apatite and the annealing of AFT. As the kinetics of
diffusive loss of He from zircon are not completely understood, we simply
track the 180 ◦C isotherm as a proxy for the closure temperature of this system.
A full discussion of model parameters and sensitivity can be found in the
Supplementary Information.
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SUPPLEMENTARY INFORMATION FOR TWO-PHASE GROWTH OF HIGH 

TOPOGRAPHY IN EASTERN TIBET DURING THE CENOZOIC 

 

Fission-track methods 

Sample preparation and experimental methods used in this study follow those 

reported by Green1 and Gleadow and others2, as adopted in the University of Waikato 

Fission-Track Laboratory3,4.  Apatite and zircon concentrates were separated from 2 kg 

samples of basement rocks using standard magnetic and heavy liquid (SPT) techniques.   

The external detector method5 has been used exclusively in this study.  Teflon zircon 

mounts were etched in NaOH:KOH eutectic solution at 230 ± 1°C  for 5-8 hours.  Apatite 

and zircon mounts were irradiated at the FRM II reactor at Munich, with nominal 

fluences of 1x1016 n/cm2 for apatite and 2 x 1015 cm2 for zircon.  The fission track ages 

were determined using the zeta calibration method1,6 and calculated as central ages7.  

Confined track lengths in apatite were measured using a digitizing tablet connected to a 

computer, superimposed on the microscope field of view via a projection tube.  This 

system was calibrated against a stage graticule ruled in 2 –µm divisions. Tracks with this 

system can be measured with a precision of 0.2 µm.  Tracks were measured using the 

recommendations of Laslett and others8.  

 

(U-Th)/He thermochronology methods 

Analytical methodology 

Heavy mineral separates were prepared using standard crushing, magnetic, and heavy 

liquid separation methods. From these separates apatite and zircon grains were picked, 

based on size, clarity, euhedral crystal shape and in case of apatite lack of optically 

detectable inclusions using a Leica MZ16 binocular microscope with 184x magnification 

equipped with a video camera and capable of dark-field illumination. When available, 

inclusion free zircons were also selected, but it was not always possible to find 5 optically 

inclusion free zircons. The camera takes high resolution digital still pictures that are 

processed using imaging software to measure the crystal dimensions that are used to 

correct the (U-Th)/He age of the crystal for He loss due to α-recoil. To make sure the 
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measurements obtained from the digital pictures are correct, each magnification setting of 

the microscope and the camera itself are calibrated using a traceable NIST dimension 

standard on a yearly basis. 

For one sample (LME-11) titanite grains were also picked, usually in sub- to anhedral 

shape, but the grains were large enough to allow removal of the outer 20-30 microns by 

air abrasion, so that an α-ejection correction did not have to be carried out.  Around 30 

shards of titanite were abraded in a steel abrader that was constructed following the 

general design as presented by Krogh9, with a small amount of similarly sized pyrite 

abrasive. During the abrasion process the size of the titanite grains was regularly checked 

under the microscope and when all grains were <30-40 µm smaller than the shortest 

dimension found in the original grains the process was assumed to be complete and the 

grains are cleaned before final grain selection for analysis. 

Each selected grain was loaded into a small 0.027” OD x 0.04” long Nb tube. Tubes 

were then loaded in batches of 20 into a 25 spot stainless steel sample-holder of an ASI 

Alphachron (U-Th)/He dating system (‘mini-He’), with 2 empty tubes to be used as 

blanks, and 3 tubes loaded with a shard of Durango apatite age standard for apatite 

samples, a combination of Durango apatite (1) and Fish Canyon zircon (2) age standards 

for zircon samples, or 3 tubes loaded with abraded Fish Canyon titanite age standards for 

titanites, and then pumped down overnight. Helium was released from apatite by laser 

heating with a 980nm diode laser for 5 minutes at 10 Amps, from titanite by laser heating 

for 5 minutes at 15 Amps, and from zircon by laser heating for 10 minutes at 15 Amps. 

After laser heating the released gas was spiked with 3He and exposed to a hot SAES NP-

10 getter for 2 minutes, after which the gas was expanded into a Pfeiffer – Balzers Prisma 

Quadrupole which also has a room temperature SAES NP-10 getter in the vacuum 

chamber. Measurements are made using the channeltron multiplier of the instrument. The 

ASI Alphachron does not have a He cryogenic refrigerator to concentrate the sample gas 

before inlet into the quadrupole mass spectrometer as the volume of the extraction line is 

so small that the gain in volume and gas let into the mass spectrometer chamber would be 

minimal.   

Helium blanks were determined by heating Nb tubes following apatite, titanite, and 

zircon procedures. The long-term average for the blanks at ASU is 0.036 ± 0.013 (1 
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standard deviation – all errors are reported as 1 standard deviation of the mean unless 

noted otherwise) femto-mole for all procedures. Contributions of HD to the 3He peak 

were corrected for by monitoring mass 1, using the established constant ratio between 

mass 1 and HD when no 3He is present in the machine, and the measured mass 1 signal 

during sample analysis. 4He concentrations were calculated by comparing the sample 
4He/3He to a set of standard 4He/3He analyses, using a precisely known 4He standard, run 

prior to and after the sample analysis. Short-term (5-10 standard analyses) reproducibility 

is on the order of 0.03-0.05%, while the long-term (complete sample holder run) 

reproducibility is on the order of 0.05-0.08%. The composition of the 4He standard gas 

tank is known to 1.2%, which represents the largest contribution to the error in this part 

of the analytical process.  

After initial He extraction all samples where re-extracted with the same analytical 

procedure. In case of apatite if the re-extract did not yield blank levels the grains was 

considered to contain inclusions and not processed further. Many zircons and some 

titanites were re-extracted until helium yields were less than 0.5% of the originally 

extracted gas.  On occasion this required multiple re-extractions, the reasons for this 

phenomenon are poorly understood, but it appears to not negatively affect the final age 

calculated10.  

Following He measurement the Nb tubes containing the grains were unloaded and 

digested for U and Th analysis on an ICP-MS. Given the characteristics of the three 

different mineral phases used for analysis the digestion procedures are quite different. 

Apatite is dissolved in concentrated HNO3
11, while zircon and titanite require the use of 

concentrated HF, HNO3, and HCl combined with higher than ambient temperature and, in 

case of zircon, pressures10,12-14. 

For the apatite digestion the general procedures described by Evans and others11 were 

followed: The Nb packages containing the apatites were transferred to 1.5 ml 

polypropylene microvials and a 25 µl 235U and 230Th spike solution aliquot made up in 

50% distilled ultra pure HNO3 was added. The 235U and 230Th spike solution has a 

concentration of 15ng/ml and 5ng/ml respectively. Samples were then sonicated for 15 

minutes and rested for 4 hours to allow for apatite dissolution. After this the samples 
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were diluted with 375 µl of MilliQ 18.2 MegaOhm polished water to make up the final 

solution for analysis. 

Zircon samples were dissolved following procedures described by Reiners10, that 

were modified to suit our specific needs where needed. The Nb tubes containing the 

extracted samples were transferred into Teflon microvials (0.50 ml) and 50 µl of the same 

spike used for the apatite analysis was added together with 300 µl of distilled ultra pure 

concentrated HF. The vials were then put in the Teflon liners of large 125 ml Parr 

digestion vessels which each will hold a total of 10 vials. For pressure balance 10 ml of 

trace metal grade concentrated HF and 0.45 ml trace metal grade concentrated HNO3 

were added to the liner. The digestion vessels were heated at 225˚C for 72 hours after 

which the samples were heated to dryness at low (60-75˚C) heat. When dry the samples 

were put back in the Parr digestion vessels, but now with 300 µl of distilled ultra pure 

concentrated HCl added to each vial, and 9 ml of trace metal grade concentrated HCl 

added to the liner and heated at 200˚C for 24 hours. Following this samples were again 

heated to dryness at low (60-75˚C) heat before adding 12.5 µl of distilled ultra pure 

concentrated HF and 100 µl of distilled ultra pure concentrated HNO3 followed by a final 

30 minutes on the hot plate. The sample liquid was then transferred to acid cleaned 15 ml 

vials holding 1.5 ml of MilliQ 18.2 MegaOhm polished water to make up the final 

solution of 0.8% HF and 6% HNO3 that was used for analysis. 

Titanite samples were dissolved following a procedure that was modified from 

Reiners and Farley12 and Stockli and Farley14. Nb tubes were transferred to 7 ml teflon 

vials and 50 µl of the spike, 50 µl of ultrapure concentrated HF, and 500 µl of ultrapure 

concentrated HCl were added. Vials were closed and heated on a hot plate at 150˚C for at 

least 24 hours. After heating the samples were dried down at low heat (60-75˚C) and then 

10µl of ultrapure HF, and 50 µl of ultrapure HNO3 were added followed by a final 30 

minutes on the hot plate. To make the final solution for analysis 0.94 ml of MilliQ 18.2 

MegaOhm polished water was added and the solution was transferred to acid cleaned 15 

ml vials. 

The solutions were analyzed on a Thermo X series quadrupole ICP-MS in the W.M. 

Keck Foundation Laboratory for Environmental Geochemistry at ASU, using a 

micronebulizer with an uptake rate of 100 µl/minute for apatite and ~200 µl/minute for 
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zircon and titanite. The analytical procedure consisted of 7 and 10 cycles for apatite and 

zircon/titanite solutions respectively, in each cycle 150 sweeps of the following isotopes 

were conducted: 230Th, 232Th, 235U, 238U and 234U, which can be used as a proxy for 

detection of isobaric interferences on the U mass spectrum for platinum-argides. 

Analyses are standardized by analyzing a spiked standard (SPST) solution, which is a 

mixture of the same spike solution used for the apatite and zircon solutions and a U and 

Th standard of known concentration. For SPST solutions run with the apatite samples 25 

µl of spike is added to 25µl of the standard solution, which has a concentration of 

25ng/ml of U and Th in 4% HNO3, which is then diluted with 350 µl MilliQ 18.2 

MegaOhm polished to make the final solution. For zircons 50 µl of spike is mixed with 

50 µl of the standard solution to which 100 µl of distilled ultra pure concentrated HNO3 

and 12.5 µl of distilled ultra pure concentrated HF is added after which the solution is 

diluted with 1.5 ml of MilliQ 18.2 MegaOhm polished water to make up the final 

solution of 0.8% HF and 4-6% HNO3 that is ready for analysis. One SPST solution is also 

added to each Parr digestion vessel to monitor for any effects of contamination during the 

Parr digestion process. So far we have not encountered any major differences between the 

SPST solutions that have gone through the Parr digestion process and those that are 

prepared without going through that process. Reproducibility of the spiked standard 

analysis is on the order of 0.75% for U and 0.85% for Th.  

Total process blanks were determined by taking the empty Nb tubes used to 

determine the He blanks and process them with the samples through the preparation steps 

for U and Th analysis. Average Nb tube blanks for the apatite procedure are 0.62 ± 0.05 

pg U and 0.55 ± 0.01 pg Th, while average Nb tube blanks are higher for the zircon and 

titanite procedure at 2.9 ± 0.9 pg U and 3.4 ± 2.0 pg Th, reflecting the fact that the tube is 

totally dissolved. 

 

Age determination 

Ages were calculated with an iterative process using blank corrected He, Th, and U 

values. Raw ages were corrected for a-ejection effects following methods described in 

Farley and others15 and Farley16 for apatite and described by Hourigan and others17 and 

Reiners10 for zircon; due to the abrasion method no α-ejection correction needs to be 
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applied to the titanite ages. The long-term average age determined for DURANGO 

apatite in the NG3L is 31.77 ± 1.24 Ma with a standard error of 0.06 Ma (n=371), the 

equivalent weighted average age calculated with ISOPLOT18 (no rejections allowed) is 

31.62 ± 0.13 Ma (95% confidence Standard Error (SE), MSWD 5.8). The long-term 

average for Fish Canyon zircon is 27.92 ± 1.40 Ma with a standard error of 0.15 Ma (n = 

83), the equivalent weighted average age calculated with ISOPLOT is 27.78 ± 0.29 Ma 

(95% confidence SE, MSWD 9.0). The current average for Fish Canyon titanite is 28.30 

± 1.02 Ma with a standard error of 0.34 Ma (n = 9), the equivalent weighted average age 

calculated with ISOPLOT is 28.16 ± 0.75 Ma (95% confidence SE, MSWD 5.1). All age 

standards analyzed with the sample grains fall within the age population defined by our 

long-term averages. Analytical errors were propagated throughout the process and 

generally amount to 1.5 – 2.5% (1σ). Errors associated with the α-ejection correction 

were not directly determined, but following discussions in for example Farley and 

others15, Spotila and others19, and Hourigan and others17, they are estimated to push the 

total error for the method to 3-4% 1σ. The α-ejection corrections were made assuming a 

homogeneous U and Th distribution, which, especially for zircon17, but also apatite20 and 

likely titanite may often not be realistic and among other things can account for 

significant added scatter in the age data, beyond the expected uncertainty. This and other 

possible explanations for excess scatter are discussed specifically with the data. 

 
(U-Th)/He results 

Apatite 

A total of 84 apatites from 15 samples along the transect were dated of those 75 dates 

are presented in Supplemental Table S7. Those dates not shown either gave clear 

indications during analysis that an inclusion was present or the obtained date for that 

grain was geologically irrelevant for the sample either suggesting the presence of 

undetected inclusions or possibly an unnoticed issue during sample analysis. 

There are no obvious analytical reasons to exclude any of the remaining dates, 

although for many of the samples the dates show significant dispersion beyond the 

analytical precision or even the expected precision when an assigned error for the 

assumptions related to the α-ejection correction is included. The reasons for the extreme 
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dispersion in the dates from individual samples are likely related to a combination of 

several causes, which are discussed below. 

One of the causes is likely the overall quality of the grains that were dated, in most of 

the samples (except for the lower 5 samples in the transect: LME-16, 17, 18, 19, and 20) 

apatites that had a decent shape, clarity and were large enough to date were scarce and 

many of the grains that were of reasonable size and shape were heavily included.  In 5 of 

the samples, however, most of which were located in the higher elevation reaches of the 

transect, no suitable apatites were found at all (LMW-03, 04, 05 and LME-10, and 12).  

So despite our best efforts some of the grains that were analyzed normally would be 

considered marginal in terms of suitability based on size, shape and clarity. However, 

while many of the 11 grains (dates in italics in Table S7) that are clearly responsible for 

the extreme over dispersion of some of the data can be argued to have flaws, there are 

many other grains showing similar flaws that gave decent dates, so it is hard to establish a 

reasonable and clear exclusion criterion based on one of these parameters. 

Of the 11 grains that are causing the extreme over dispersion of the average date in 

the respective sample they are associated with 9 are significantly older, and 2 are 

significantly younger than the bulk of the remaining dates in those samples. The most 

likely explanation for the older dates is the presence of unobserved (micro)-inclusions, 

that contribute He to the sample analysis, but are not dissolved during the apatite 

dissolution process and hence do not contribute the U and Th contained within them. It 

has been argued that the presence of (micro)-inclusions might not be as serious a problem 

as often assumed21, but especially for relatively low U and Th apatites the presence of 

undetected U and Th rich mineral inclusions (such as zircon, monazite, xenotime, but 

also thorite, uraninite) can easily attain the enrichment factors of 3-4 orders of magnitude 

more Th and U than is present in the apatite, that are required to significantly affect the 

date of the grain. At ASU, grains are not weighed before analysis, since this is not a 

requirement for obtaining a successful (U-Th)/He date, so U and Th contents in ppm can 

only be calculated approximately by using the measured grain dimensions to calculate an 

idealized volume and using the given specific weight of apatite (3.20 g/cm3) to convert 

that volume into a crystal weight. Based on these calculations the average U contents of 

all apatites analyzed are ~12 ppm, and ~23 ppm Th, with concentrations as low as 1 ppm 
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for both U and Th, and maxima of ~88 ppm for U and ~110 ppm for Th. The effects of 

the presence of (micro)-inclusions can be exacerbated by the effects of α particle 

implantation from U and Th rich minerals situated next to the apatite grain22, and by the 

effects of U and Th zoning in the apatite16,20. 

The 2 much younger grains are more difficult to explain, while the unaccounted for 

effects of specific types of U and Th zoning can lead to younger dates when applying the 

FT correction based on the assumption of a homogeneous distribution, the effects would 

exceed a 30% difference in date only in some extreme cases17. In this case both the dates 

are significantly younger than that.  A possible explanation for this is that both grains 

have internal fractures, which may act as preferential pathways for He loss23, and one of 

the grains is missing a significant portion of it, which may exacerbate the effects of 

zoning if the part of the grain that remains contains the zones with high U and Th. 

The effects of two other potential causes for over dispersion of AHe data: the effects 

of radiation damage24-27 and grain size28 on He retention in apatite are usually thought to 

be most significant in rocks that cooled relatively slowly through the apatite partial 

retention zone.  We see no evidence for these effects in the data: none of the samples with 

grains that have significantly different eU contents show any clear correlations between 

eU and date, and the two samples where a wide range of grain sizes were analyzed 

(LME-17 and 20) show no correlation between grain size and age either. However, given 

that the ZFT ages range from ~175 – 370 Ma (Supplemental Table S5), these samples 

spent a significant amount of time at temperatures below ~250-300˚C, where some 

radiation damage will be retained, which could mean that some radiation damage effects 

could be present in grains with distinctly different U and Th concentrations compared to 

the other grains from the same sample, but these effects are hard to identify as such, 

especially since the effects of U and Th zoning can as easily mask these effects as 

reinforce them20. 

Even without the 11 grains that cause the extreme dispersion in the dates, there is 

significant dispersion in the dataset. This dispersion is likely caused by a combination of 

the effects described above, with an emphasis on zoning in U and Th, and possibly some 

radiation damage related effects. So, for many of the samples calculating a reasonable 

average age was not straightforward. The average ages presented in Table S7 exclude the 
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11 dates, which are given in italics, that are the cause for the extreme dispersion of the 

data, which we feel comfortable excluding based on how much younger or older they are 

compared to the other grains from the samples they are derived from. The averages in 

Table S7 represent standard weighted mean ages (calculated using an in-house MATLAB 

code), where the analytical uncertainty of each individual analysis was used as the 

weight. Given the large dispersion in the most of the data for each individual sample, it is 

highly unlikely that the simple propagation of the analytical error does not represent the 

actual error on the calculated weighted mean age very well. So for samples where the 

MSWD exceeded 1 ± 2σ MSWD an error expansion was conducted were the 2σ 

analytical error is multiplied by the square root of the MSWD29. This new uncertainty is 

larger than the simple error propagation, and is more proportional to the dispersion in the 

data used in the calculation the weighted mean. Except for sample LMW-07 this does not 

actually change the average ages calculated for the samples that much. Sample LMW-07 

now only has one valid date associated with it. Given the fact that the 3 other dates 

appear to cluster well around ~30 Ma one could argue that those dates possible represent 

the actual cooling age of the sample better, but based on the average ages of the samples 

that occur around it in the transect it would seem that the remaining date of 10.93 Ma is a 

much better fit. 

Compared to published data (2 ages of 4.6 and 4.8 Ma) for this general area30 the ages 

of samples presented here are slightly older (~8-11 Ma) at the same elevation (1700-

1900m), but ages from our transect right below and above the elevation range appear to 

be more similar. This may imply some local differences in tectonic history. 

 

Zircon and Titanite 

A total of 71 zircons were dated from 12 samples along the transect.  Additionally, 5 

titanites were dated from a single sample. Two zircons were lost during sample analysis 

and one of the 5 titanite dates is excluded because of an analytical issue. The data from 

the 69 remaining zircons and 4 titanites are shown in Table S8.  Zircons were relatively 

abundant in most of the samples, but many grains clearly showed evidence of their age of 

formation in the Proterozoic and the protracted history they experienced since then.  So 

grains were carefully selected based on clarity, the minimal presence of inclusions, 
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internal cracks, and high birefringence.  A lowering of the birefringence colors to lower 

orders is one sign for the presence of radiation damage, also birefringence occasionally 

allows significant zoning within the crystal to be detected. 

In all of the samples the majority of the analyzed zircon grains yielded dates that 

cluster reasonably well, but in almost all the samples there are one or more grains that 

deviate significantly from that cluster and which one could consider outliers (a total of 19 

in the dataset).  One obvious explanation for such outliers are the effects of zoning in U 

and Th17,31, which the α-ejection correction does not correct for, since the nature of the 

zoning is not known for, and cannot easily be determined on, the analyzed grains because 

of the requirements of the analytical process. However, there is a maximum effect of 

about ±30% (more in some rare extreme cases) associated with the effects of zoning in 

terms of over- or underestimates of the zircon (U-Th)/He date17.  Of the 19 zircon dates 

that represent obvious outliers in the dataset 7 could be explained by the effects of 

zoning, but not the remaining 12.  All but one of the 12 dates that would not be explained 

by zoning in U and Th are significantly older, and those older grains are often also 

characterized by the lowest U and Th contents of the analyzed grains in the sample (as 

described above in the apatite section, since the grains are not weighed prior to analysis U 

and Th contents cannot be presented in ppm, but concentrations in ppm can be roughly 

estimated). 

There are no immediately obvious explanations for these much older dates.  No 

obvious analytical issues were observed during the analysis of these particular grains and 

the Th and U systematics compared to the other grains from the same sample do not 

suggest that U was lost by vaporization during laser heating.  Nb micro-crucibles were 

closed tightly so that no parts of the grain could fall out if the grain disintegrated during 

laser heating.  So, although one explanation could be that parts of these grains were lost 

between He extraction and dissolution of the grains for U and Th analysis, we found no 

evidence for this and if it was the case it would be the first time ever that it had occurred 

in over 1000 zircon (U-Th)/He analyses. 

The presence of more He retentive mineral inclusions could explain older dates, but 

for those inclusions to affect the date significantly they would have to be significant in 

size (to retain some of the He within their own crystal structure and not have all the He 
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implanted in the zircon host – and thus have the He be lost following zircon diffusive 

behavior) and rich in U and Th21.  If such inclusions were the cause for the older dates 

one would not expect the U and Th contents of those zircons to be among, if not, the 

lowest of the zircons analyzed from the particular sample, which in most cases they are.  

Additionally, although most of the zircons analyzed did have some inclusions in them, 

those inclusions were at most 5 µm diameter in size, but generally significantly smaller, 

which is not large enough to retain significant amounts of He within their structure, most 

of the produced He would be implanted into the zircon itself. 

One consideration could be the effects of radiation damage on He diffusive behavior 

and retention within zircon.  High radiation doses damage and eventually destroy the 

zircon crystal structure, which then becomes much less retentive for He10,32.  The 

threshold at which this modification of He diffusivity starts is an effective α-dose of ~2 x 

1018 alphas/g10.  Given that these rocks are all of Proterozoic age, the zircons have likely 

seen a significant α-dose throughout their history (the appearance of many grains 

suggests exactly that), but unless the zircons spent most of that time span at low 

temperatures much of that radiation damage is not retained, because even at fairly low 

(100-200˚C) temperatures α radiation damage can be significantly annealed over 

geologic timescales32,33.  Given the complexity of radiation damage accumulation and 

retention in zircon33 it is difficult to estimate the total effective α-dose these samples 

might have retained damage from, but their ZFT ages document the last time these 

zircons cooled below ~250-300˚ C34, so most recently these zircons have seen at most 

175 to 370 Ma of (partial) radiation damage accumulation, which is enough time for only 

the most U and Th rich grains to have accumulated enough α-dose to exceed the 

threshold above which He diffusion is affected.  These grains all are from samples LME-

17 and 18, but in both samples, there are grains of similar age that did not exceed the 

minimum required α-dose in this most recent accumulation period to exceed the 

threshold.  This implies a) that not enough radiation damage was retained in any of the 

grains; or b) that the grains, which remain below the threshold from this most recent 

radiation damage accumulation period still retain radiation damage from earlier in their 

history; or c) that zonation of U and Th causes localized areas where the α-dose exceeds 
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the threshold and He diffusive behavior is affected, but that the grain as a whole is not 

significantly affected. 

In most cases, the effects described here would cause younger dates in the zircons, 

not older dates, but one could speculate that similar to the radiation damage effects 

observed in apatite26, zircons with low concentrations of U and Th might accumulate just 

enough radiation damage for it to act as an obstruction to He diffusion rather than a fast 

pathway.  This combined with zoning effects could explain the dates that are too old.  

However, while this is not implausible there are currently no peer-reviewed studies 

published that show that this actually occurs. 

Weighted mean ages for the samples were calculated using the in-house MATLAB 

code using the same procedures described above for apatite.  The 19 dates discussed 

above were excluded from those calculations and despite that there is still significant 

dispersion of the dates, which is most likely caused by minor U and Th zoning effects. 

The one sample that stands out clearly is LME-20, it is the lowest sample in the transect, 

and it has the oldest mean age, but given the discussion above it should be noted that all 5 

grains were characterized by very low U and Th contents (they are 5 of the 6 lowest U 

and Th concentrations within the complete dataset), so all 5 dates could be deemed as 

unreasonably old.  However, this sample also yielded the oldest ZFT age, which suggests 

that there might be a geological explanation, rather than one possibly related to zoning 

and/or He diffusivity effects.  The position of the sample at the very eastern margin of the 

Pengguan Massif, and adjacent to the Yingxiu-Beichuan fault system (Supplemental 

Figure S1) suggests that this anomalously old age may reflect either lateral thermal 

effects adjacent to the primary reverse fault, or possibly the presence of unrecognized 

fault slivers along the margin of the massif.  Thus, we exclude this sample from 

interpretation. 

The THe data from LME-11 yielded one date that was clearly younger than the other 

three dates.  This is likely due to the effects of zoning of U and Th and/or the presence of 

a partial α particle ejection zone.  The titanites are abraded to eliminate the α particle 

ejection zone, but it is hard to evaluate with 100% certainty that abrasion was even 

throughout the grain.  The weighted mean age was calculated excluding that one date and 

it overlaps, but is somewhat older than the ZHe age from the same sample.  This is not 
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surprising given that titanite usually forms larger crystals than zircon and hence will have 

a slightly higher closure temperature at the same cooling rate12.  The THe age provides 

clear confirmation of the ZHe age from the same sample and suggests that even though 

radiation damage effects on the He diffusivity in zircon could be a concern, given the 

formation age of the samples and the U and Th contents of some of the zircons, it would 

not appear to be a huge concern for the interpretation of the data. 

Similar to the AHe data, the zircon ages for this age elevation transect are 

significantly older than published data30,35 from the massif.  We believe that the most 

likely reasons for this discrepancy involve a combination of local/regional differences in 

exhumation history and the composite age-elevation transect constructed by Godard and 

others30.  The Kirby and others35 study was in areas far enough removed from the 

location of the present transect for such differences to be acceptable.  Moreover, this data 

was some of the first ZHe results published, and the multi-grain aliquots may have 

masked some of the true grain-to-grain variability.  However, some of the Godard and 

others30 data are from locations that are fairly close by, and the ages reported at similar 

elevations are in most cases at least 10 Ma younger than those reported here. Although 

these may reflect local differences in exhumation history, it should be pointed out that the 

method of data acquisition is distinctly different.  The Godard and others30 data was 

acquired using multi grain aliquots in a high temperature vacuum furnace, while the data 

for this study was obtained using single crystal analyses and laser heating.  Theoretically, 

there should be very little difference in the results from the two methods, but in practice 

this may not be the case.  Single crystal analyses can identify clear outliers as 

demonstrated here, while multi-grain aliquot analyses could average out the effects of 

outliers if grains were picked randomly.  However, multi-grain aliquots require all grains 

to be of very similar size so that their dimensions can be easily averaged for use with the 

FT correction and not introduce a hard to quantify extra error to the FT correction by 

having to estimate the error that very different grain sizes adds to the FT correction.  The 

requirement to pick grains that are of very similar size could: a) Potentially bias an 

aliquot to reflect an age population that may be associated with grain size - we see no 

obvious relationship between grain size and age for the samples in our dataset, so deem 

this unlikely -, and/or b) force the use of grains that are not of great quality (i.e. radiation 
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damaged), which could bias the multi-grain aliquot towards younger ages., and/or c) limit 

the number of replicate aliquots that one can run due to lack of suitable grains – this 

would limit the ability to evaluate whether or not the obtained age is correct. 

Interestingly, data from Godard and others’30 “East Pengguan Transect” show a trend of 

younger ages with increasing eU, which may be consistent with the second explanation, 

above.  Regardless, although one could argue that there are possible reasons why the 

analytical procedure could cause the difference in results, we believe that the consistency 

of our results along single age-elevation transect, rather than a composite transect from 

different portions of the massif30, and the internal consistency of different 

thermochronometers (ZHe, THe, AFT, and AHe) provides a compelling argument that 

our data provide a robust record of the cooling and exhumational history of the Pengguan 

Massif. 

 

Thermal modeling 

Thermal histories were determined for prescribed exhumation histories, under 

assumed thermal conditions. A range of background heat flow conditions were explored 

and a background value of crustal heat flow of 75 mW m-2, with a crystalline thermal 

conductivity of 3 W m-1K-1 , best satisfies the thermal gradients implicit in the ages seen 

at different positions along the vertical profile (i.e. similar ages at different positions for 

different thermochronometric systems). Radiogenic heat production of 2 µW m-3  with an 

exponential decay with depth (length scale of 10 km) was also assumed. A surface 

temperature of 0°C was imposed, and a basal (reduced) heat flow of ~ 55 mW m-2  was 

imposed as the bottom boundary condition at a depth of 60 km. The finite difference 

model has a vertical space step size of 50 meters and a time step 5,000 years. This 

ensures that a nominal maximum exhumation rate of 10 mm/yr is accurately modeled. 

Comparison of these thermal histories to thermochronologic data was accomplished 

through modeling codes that track the radiogenic production and diffusion of He in 

apatite36,37, and the annealing of fission-tracks in apatite38-40.  Because the kinetics of 

diffusive loss of He from zircon are not completely understood10, we simply track the 

180°C isotherm as a proxy for the closure temperature of this system. 

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



The selection of 0°C as the surface temperature throughout the model has very minor 

effects on the ages determined. For example, if the surface temperature is assumed to be 

5°C (rather than 0°C) ages recorded in the various thermochronometric systems (for the 

same exhumation history) vary by no more than 1 million years, and average difference is 

less than 0.5 million years. These effects are much smaller than the uncertainties we 

assign to individual ages.  

In our modeling we assume 1-D vertical heat transfer (whether conductive or 

advective) dominates over lateral heat transfer. We feel this is a reasonable assumption to 

make for several reasons. We have little control or specific knowledge over the pattern or 

magnitude of relief through the time interval we are evaluating.  Additionally during the 

intervals of relatively rapid exhumation, when we might expect the largest values of 

vertical relief, the increase in vertical temperature gradients associated with that regional 

exhumation will dominate over lateral temperature gradients. For example, today in the 

vicinity of our vertical section, elevations increase approximately 3 km over a distance of 

20-25 km, even in this extreme case this implies a lateral temperature gradient (at shallow 

levels) that would be at most approximately 10% of the vertical temperature gradient.  In 

the depth range where our thermochronologic information is being set (3-10 km depth), 

the effects of lateral temperature gradients would be significantly reduced. The overall 

effect would be that we might have slight overestimation of exhumation rate if our 

samples were close to an escarpment during exhumation, but since we have the additional 

overall constraint of 10-12 km total exhumation (unaffected by such lateral effects), any 

such overestimates are tempered by the constraints imposed by total exhumation. 

 
Estimate of Early Cenozoic Relief along the Longmen Shan 

As noted previously, the nearly linear age-elevation trend of ZHe ages (Figure 2) is 

consistent with relatively slow, steady exhumation of the Pengguan Massif at rates of 

~90-100m/Myr during the Paleocene.  Although such rates are relatively slow by 

Himalayan standards41, they are substantially greater than most inactive orogens42 and 

imply the presence of substantial topographic relief.  To develop a quantitative estimate 

of how much relief could have been present, we use a simple, empirical scaling between 

the channel steepness index (essentially a measure of channel gradient that normalizes for 
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differences in upstream drainage area)43,44 and erosion rates measured via inventories of 
10Be in modern fluvial sand42.  In eastern Tibet, there have been several studies in recent 

years that have collectively developed a relatively comprehensive data set of such 

inventories45-47 that span a range of rock types and erosion rates (Supplementary Figure 

S4A).  Channel steepness indices were determined for each of these basins using a single 

methodology48, and the resulting scaling relationship (Supplementary Figure S4A) forms 

the basis for our analysis. 

It is clear from this data that, in the present day, watersheds eroding at rates of ~90-

100 m/Myr exhibit channels with a relatively restricted range of channel steepness 

indices (ksn ~ 50-100 m0.9).  We exploit this scaling to estimate that the maximum likely 

relief along channel systems eroding the Longmen Shan during the early Cenozoic was 

on the order of ~750 – 1000 m (Supplementary Figure S4B).  We argue that this estimate 

is a maximum for several reasons.  First, our estimate assumes that the present-day length 

of channels has remained the same since the early Cenozoic.  The fact that the present-

day headwaters of channels draining the Longmen Shan is ~50-70 km west of the locus 

of maximum exhumation implies that channels have been eroding headward into the 

plateau45,49.  Thus, if the drainage divide were located closer to the Sichuan Basin in the 

Paleocene, drainages would be shorter, and the relief along the range front would have 

been even more subdued.  Second, during the early Cenozoic, exhumation had not yet 

exposed crystalline basement rocks; provenance of Paleocene – Oligocene sediments in 

the southwestern corner of the Sichuan basin suggests derivation from the Paleozoic – 

Triassic cover sequence exposed in thrust sheets along the range50.  Third, although we 

do not fully understand how climate variability influences the relationship between 

channel steepness and erosion rate51, it seems likely that the warm, humid conditions 

prevalent in east Asia during the early Cenozoic would have facilitated rapid weathering 

and breakdown of rock.  Thus, with the caveat that we cannot quantitatively assess how 

this would impact our estimate of channel relief, it seems likely that channel systems 

would not have required steep channel slopes to transport weathered detritus.  In 

summary, we believe that these factors suggest that topographic relief along the Longmen 

Shan during the early Cenozoic was likely limited to <1000m.  The present day channel 
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relief of nearly 4000m must then reflect growth of high topography during the Oligocene 

– present.  
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Supplementary Figure Captions 

Figure S1: Geologic map of the central Longmen Shan, adjacent to the Sichuan Basin 

showing locations of samples from the Pengguan Massif.  Ages from this study are 

shown in yellow, and those from previous studies (Kirby et al., 2002; Godard et al., 2009) 

in white. 

 

Figure S2: Apatite fission-track lengths from the Pengguan Massif. 

 

Figure S3: Age-elevation relationship of mean (U-Th)/He ages (ZHe) from the Pengguan 

Massif.  Linear regression of data yields a well-defined relationship with a slope that 

implies exhumation rates of ~90 m/Myr. 

 

Figure S4: A. Compilation of erosion rates determined from inventories of 10Be in 

modern sediment from small watersheds in eastern Tibet.  Compilation after Kirby and 

Ouimet, 2011.  B. Steady-state channel profiles of varying steepness index illustrating the 

range of channel steepness of channels eroding at ~100 m/Myr (blue - ksn of 50; green - 

ksn of 100) and of channels eroding at ~400 – 500 m/Myr (red - ksn of 400). 

  

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



Supplementary References: 

1 Green, P. F. Comparison of zeta calibration baseline for fission track dating of 
apatite, zircon, and sphene. Chemical Geology 58, 1-22 (1985). 

2 Gleadow, A. J. W., Duddy, I. R., Green, P. F. & Hegarty, K. A. Fission track 
lengths in the apatite annealing zone and the interpretation of mixed ages. Earth 
and Planetary Science Letters 78, 245-254 (1986). 

3 Kamp, P. J. J., Green, P. F. & Tippett, J. M. Tectonic architecture of the mountain 
front-foreland basin transition, South Island, New Zealand, assessed by fission 
track analysis. Tectonics 11, 98-113 (1992). 

4 Kamp, P. J. J., Green, P. F. & White, S. H. Fission track analysis reveals character 
of collisional tectonics in New Zealand. Tectonics 8, 169-195 (1989). 

5 Gleadow, A. J. W. Fission track dating methods: What are the real alternatives? 
Nuclear Tracks Radiation Measurements 5, 15-25 (1981). 

6 Hurford, A. J. & Green, P. F. A guide to fission track dating calibration. Earth 
Science Letters 59, 343-354 (1982). 

7 Galbraith, R. F. & Green, P. F. Estimating the component ages in a finite mixture. 
Nuclear Tracks Radiation Measurements 17, 197-206 (1990). 

8 Laslett, G. M., Kendall, W. S., Gleadow, A. J. W. & Duddy, I. R. Bias in the 
measurement of fission track length distributions. Nuclear Tracks Radiation 
Measurements 6, 79-85 (1982). 

9 Krough, T. E. Improved accuracy of U-Pb zircon ages by the creation of more 
concordant systems using an air abrasion technique. Geochimica et 
Cosmochimica Acta 46, 637-649 (1982). 

10 Reiners, P. W. in Low-temperature thermochronology Vol. 58  (eds P.W. Reiners 
& T.A. Ehlers)  151-179 (Mineralogical Society of America, 2005). 

11 Evans, N. J., Byrne, J. P., Keegan, J. T. & Dotter, L. E. Determination of uranium 
and thorium in zircon, apatite, and fluorite: Application to laser (U-Th)/He 
thermochronology. Journal of Analytical Chemistry 60, 1159-1165 (2005). 

12 Reiners, P. W. & Farley, K. A. Helium diffusion and (U-Th)/He 
thermochronometry of titanite. Geochimica et Cosmochimica Acta 63, 3845-3859 
(1999). 

13 Reiners, P. W., Farley, K. A. & Hickes, H. J. He diffusion and (U-Th)/He 
thermochronometry of zircon: Initial results from Fish Canyon Tuff and Gold 
Butte, Nevada. Tectonophysics 349, 297-308 (2002). 

14 Stockli, D. F. & Farley, K. A. Empirical constraints on the titanite (U-Th)/He 
partial retention zone from the KTB drill hole. Chemical Geology 207, 223-236 
(2004). 

15 Farley, K. A., Wolf, R. A. & Silver, L. T. The effects of long alpha-stopping 
distances on (U-Th)/He ages. Geochimica et Cosmochimica Acta 60, 4223-4229 
(1996). 

16 Farley, K. A. in Noble gases in geochemistry and cosmochemistry Vol. 47 
Reviews in Mineralogy and Geochemistry (eds D. Porcelli, C.J. Ballentine, & R. 
Wieler)  819-844 (Mineralogical Society of America, 2002). 

17 Hourigan, J. K., Reiners, P. W. & Brandon, M. T. U-Th zonation-dependent 
alpha-ejection in (U-Th)/He chronometry. Geochimica et Cosmochimica Acta 46, 
637-649 (2005). 

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



18 Ludwig, K. R. User's manual for Isoplot 3.70: A geochronological toolkit for 
Microsoft Excel. Vol. 4 (Berkeley Geochronological Center Special Publication, 
2008). 

19 Spotila, J. A., Farley, K. A. & Sieh, K. Uplift and erosion of the San Bernardino 
Mountains associated with transpression along the San Andreas fault, California, 
as constrained by radiogenic helium thermochronometry. Tectonics 17, 360-378 
(1998). 

20 Farley, K. A., Shuster, D. L. & Ketcham, R. A. U and Th zonation in apatite 
observed by laser ablation ICPMS, and implications for the (U-Th)/He system. 
Geochimica et Cosmochimica Acta 75, 4514-4530 (2011). 

21 Vermeesch, P. et al. Alpha-emitting mineral inclusions in apatite, their effect on 
(U-Th)/He ages, and how to reduce it. Geochimica et Cosmochimica Acta 71, 
1737-1746 (2007). 

22 Spiegel, C., Kohn, B., Belton, D., Berner, Z. & Gleadow, A. J. W. Apatite (U-Th-
Sm)/He thermochronology of rapidly cooled samples: The effect of He 
implantation. Earth and Planetary Science Letters 285, 105-114 (2009). 

23 Fitzgerald, P. G., Baldwin, S. L., Webb, L. E. & O'Sullivan, P. B. Interpretation 
of (U-Th)/He single grain ages from slowly cooled crustal terranes: A case study 
from the Transantarctic Mountains of southern Victoria Land. Chemical Geology 
225, 91-120 (2006). 

24 Flowers, R. M., Shuster, D. L., Wernicke, B. P. & Farley, K. A. Radiation damage 
control on apatite (U-Th)/He dates from the Grand Canyon region, Colorado 
Plateau. Geology 35, 447-450 (2007). 

25 Gautheron, C., Tassan-Got, L., Barbarand, J. & Pagel, M. Effect of alpha-damage 
annealing on apatite (U-Th)/He thermochronology. Chemical Geology 266, 166-
179 (2009). 

26 Shuster, D. L. & Farley, K. A. The influence of artifical radiation damage and 
thermal annealing on helium diffusion kinetics in apatite. Geochimica et 
Cosmochimica Acta 73, 183-196 (2009). 

27 Shuster, D. L., Flowers, R. M. & Farley, K. A. The influence of natural radiation 
damage on helium diffusion kinetics in apatite. Earth and Planetary Science 
Letters 249, 148-161 (2006). 

28 Reiners, P. W. & Farley, K. A. Influence of crystal size on apatite (U-Th)/He 
thermochronometry: An example from the Bighorn Mountains, Wyoming. Earth 
and Planetary Science Letters 188, 413-420 (2001). 

29 Wendt, I. & Carl, C. The statistical distribution of the mean squared weighted 
deviation. Chemical Geology 86, 275-285 (1991). 

30 Godard, V. et al. Late Cenozoic evolution of the central Longmen Shan, eastern 
Tibet: Insight from (U-Th)/He thermochronmetry. Tectonics 28, TC5009 (2009). 

31 Dobson, K. J., Stuart, F. M., Dempster, T. J. & EIMF. U and Th zonation in Fish 
Canyon Tuff zircons: Implications for a zircon (U-Th)/He standard. Geochimica 
et Cosmochimica Acta 72, 4745-4755 (2008). 

32 Nasdala, L. et al. Incomplete retention of radiation damage in zircon from Sri 
Lanka. American Mineralogist 89, 219-231 (2004). 

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



33 Ewing, R. C., Meldrum, A., Wang, L., Weber, W. J. & Corrales, L. R. in Zircon 
Vol. 53  (eds J.M. Hanchar & P.W.O. Hoskin)  387-425 (Mineralogical Society of 
America, 2003). 

34 Reiners, P. W. & Brandon, M. T. Using thermochronology to understand orogenic 
erosion. Annual Reviews of Earth and Planetary Science 34, 419-466 (2006). 

35 Kirby, E. et al. Late Cenozoic uplift and landscape evolution along the eastern 
margin of the Tibetan Plateau: Inferences from 40Ar/39Ar and (U-Th)/He 
thermochronology. Tectonics 21, TC1246 (2002). 

36 Farley, K. A. Helium diffusion from apatite: General behavior as illustrated by 
Durango fluorapatite. Journal of Geophysical Research 105, 2903-2914 (2000). 

37 Ketcham, R. A. in Low-temperature thermochronology Vol. 58  (eds P.W. 
Reiners & T.A. Ehlers)  275-314 (Mineralogical Society of America, 2005). 

38 Carlson, W. D. Mechanisms and kinetics of apatite fission-track annealing. 
American Mineralogist 75, 1120-1139 (1990). 

39 Green, P. F., Duddy, I. R., Tingate, P. R., Gleadow, A. J. W. & Laslett, G. M. 
Thermal annealing of fission tracks in apatite 4. Quantitative modeling techniques 
and extension to geologic time scales. Chemical Geology 79, 155-182 (1986). 

40 Willett, S. D. Inverse modeling of annealing of fission tracks in apatite 1: A 
controlled random search method. American Journal of Science 297, 939-969 
(1997). 

41 Blythe, A. E., Burbank, D. W., Carter, A., Schmidt, K. & Putkonen, J. Plio-
Quaternary exhumation history of the central Nepalese Himalaya: 1. Apatite and 
zircon fission track and apatite [U-Th]/He analyses. Tectonics 26, TC3002 (2007). 

42 Portenga, E. W. & Bierman, P. R. Understanding Earth's eroding surface with 
10Be. GSA Today 21, 4-10 (2011). 

43 Wobus, C. W. et al. in Tectonics, climate, and landscape evolution Vol. Special 
Paper 398, Penrose Conference Series  (eds S.D. Willett, N. Hovius, M.T. 
Brandon, & D.M. Fisher)  55-74 (Geologic Society of America, 2006). 

44 Whipple, K. X., DiBiase, R. & Crosby, B. in Treatise in Fluvial Geomorphology 
Vol. 9.29 Specific fluvial environments  (ed L. Owen)  (2011). 

45 Godard, V., Cattin, R. & Lavé, J. Erosional control on the dynamics of low-
convergence rate continental plateau margins. Geophysical Journal International 
179, 763-777 (2009). 

46 Harkins, N., Kirby, E., Heimsath, A., Robinson, R. & Reiser, U. Transient fluvial 
incision in the headwaters of the Yellow River, northeastern Tibet, China. Journal 
of Geophysical Research 112, F03S04 (2007). 

47 Ouimet, W. B., Whipple, K. X. & Granger, D. E. Beyond threshold hillslopes: 
Channel adjustment to base-level fall in tectonically active mountain ranges. 
Geology 37, 579-582 (2009). 

48 Kirby, E. & Ouimet, W. in Growth and Collapse of the Tibetan Plateau Vol. 353  
(eds R. Gloaguen & L. Ratschbacher)  165-188 (Geological Society of London, 
2011). 

49 Kirby, E., Whipple, K., Tang, W. & Chen, Z. Distribution of active rock uplift 
along the eastern margin of the Tibetan Plateau: Inferences from bedrock channel 
longitudinal profiles. Journal of Geophysical Research 108, 2217 (2003). 

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



50 Burchfiel, B. C., Chen, Z., Liu, Y. & Royden, L. H. Tectonics of the Longmen 
Shan and adjacent regions. International Geology Review 37, 661-735 (1995). 

51 DiBiase, R. A. & Whipple, K. X. The influence of erosion thresholds and runoff 
variability on the relationships among topography, climate and erosion rate. 
Journal of Geophysical Research 116, F04036 (2011). 

 
 

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



W-M
 fa

ult

Y-B
 fa

ult

Pengguan fault

LM231
10.1±0.8

SC062
4.8±0.4
9.1±0.7

SC067
12.4±1.0

SC064
19.8±1.6SC065

4.6±0.4
13±1LM195

9.7±0.9

SC083
12.5±1.0 SC084

6.3±0.5

SC085
60.7±4.9

LM235
18.6±1.5

LM234
17.0±1.4

SC081
9.9±0.8

SC079
3.2±0.3

SC077
7.5±0.6

SC074
20.6±1.7 93-3

4.6±0.3

LMW08
19.9±8.4

LMW05
37.4±5.0

LMW02
27.6±16.2

LM229
25.0±2.0

LM228
8.7±0.7

LM2196
7.8±0.6

LM223
14.6±1.2

LM227
24.4±2.0

LM226
24.1±1.9

LM225
15.8±1.3

93-4 
11.0±0.9

LMW01
51.5±3.4
56.5±39.6
22.6±0.7

LMW03
44.7±6.1

LMW06
17.8±21.2
20.9±2.1

4.8±0.4

LMW07
25.5±5.3
27.2±17.4
10.9±0.6

LME09
33.5±1.7
27.0±8.2
7.1±2.2LME11

37.2±4.2
19.8±6.0
2.9±0.4LME13

33.9±3.6
23.5±5.6
4.9±1.3LME14

18.4±6.2
10.1±1.2

LME15
31.7±4.7
17.3±5.4
7.7±3.7LME16

23.9±3.1
21.3±11.4

2.1±0.4LME17
22.5±3.2
23.0±5.6

2.5±0.2LME18
24.7±1.7

2.9±0.8LME19
15.1±5.4

4.7±0.8

LME20
109±14
15.0±4.4
4.1±0.5

XWXW
XW
XWXW

XWXWXWXWXW
XW

XW

XWXW

XWXW

XW_̂

_̂

104°E

104°E

103.5°

103.5°

31
.5

°N

31
.5

°N

31
°

31
°

0 10 20 305
KM

.

Mesozoic pluton
Proterozoic basement

Carboniferous
Devonian

Cambrian

Paleogene

Jurassic
Cretaceous

Neogene

Ordovician

Permian

Silurian

Triassic

Proterozoic

Godard et al., 2009

this studyXW

Kirby et al., 2002_̂

ZHe age

AHe age

AFT age

sampleLME09

38.2±10

27.0±4.1

4.8±0.4

Wang et al., Figure S1

Pengguan
Massif

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

10 11 12 13 14 15 16 

El
ev

at
io

n 
(m

) 

AFT length (um) 

Wang et al., Figure S2

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

0 20 40 60 80 

El
ev

at
io

n 
(m

) 

Age (Ma) 

Wang et al., Figure S3

y = 89.877x - 664.02 
 r2 = 0.95 

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



0

200

400

600

800

1000

Er
os

io
n 

Ra
te

 (m
 M

yr
-1

)

0 100 200 300 400 500

Normalized Channel Steepness - ksn (m
0.9) 

Granite and crystalline basement

Ouimet et al., 2009

Godard et al., 2009

Harkins et al., 2007

Ouimet et al., 2009

Greywacke and schist

Wang et al., Figure S4

A.

Paleocene exhumation rates

020406080100
0

1000

2000

3000

4000

distance (km)

el
ev

at
io

n 
(m

)

B.

ksn = 400

ksn = 100

ksn = 50

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 



Table S5: Zircon Fission Track Data 
 

Sample Number of Spontaneous   Induced  P(χ2)      ρd  Nd   Age (Ma) 
Number crystals    ρs      Ns      ρi    Ni    %         ±1σ 

 
0901-1 9 27.331 1245 10.362 472 1.09 1.407 6675 242.4 ± 19.7 
0901-5 15 31.711 2889 9.615 876 4.91 1.407 6675 297.1 ± 15.6 
0901-7 15 26.541 806 14.094 428 18.54 1.407 6675 174.6 ± 10.8 

0901-11 15 28.901 2249 9.985 777 0.11 1.407 6675 263.1 ± 17.6 
0901-17 15 24.467 2438 11.782 1174 0.0 1.407 6675 194.8 ± 13.2 
0901-18 6 30.123 829 14.643 403 0.05 1.407 6675 197.0 ± 23.4 
0901-20 15 25.625 3283 5.995 768 2.39 1.407 6675 369.6 ± 21.4 

            
 
Track densities (ρ) are x 106 tracks cm-2. All analyses are by the External Detector Method using 0.5 for 
the 4π/2π geometry correction factor. Zircon ages calculated using dosimeter glass CN1 and 
zeta-CN1 = 133.5 ± 1.1 (± 1σ) . P(χ2) is the probability of obtaining χ2 value for v degrees of freedom 
(where v is the number of crystals -1) [Galbraith, 1981]; pooled ρs/ρi ratio is used to calculate 
age and uncertainty where P(χ2) >5%; mean ρs/ρi ratio is reported for samples where P(χ2) <5% and 
for which Central ages (Galbraith and Green, 1990) are calculated. 
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Table S6: Apatite Fission Track Age and Track Length  
 

FT sample Field sample Number of     Spontaneous  Induced P(χ2)  ρd Nd Age (Ma) Mean Track Standard Number of 
Number Number crystals ρs Ns ρi Ni %   ±1σ Length ± 1σ Deviation lengths 

           (µm) (µm)  
0901-1 LMW-1 5 0.220 10 0.988 45 95.4 1.468 6950 56.5 ± 19.8 13.99 ±  0.29 0.41 2 
0901-2 LMW-2 7 0.147 13 1.360 120 77.6 1.468 6950 27.6 ± 8.1 10.16     1 
0901-6 LMW-6 2 0.151 3 2.158 43 91.0 1.468 6950 17.8 ± 10.6      
0901-7 LMW-7 10 0.120 11 1.119 103 99.8 1.468 6950 27.2 ± 8.7      
0901-8 LMW-8 20 0.132 24 1.690 308 96.4 1.468 6950 19.9 ± 4.2      
0901-9 LMW-9 20 0.342 49 3.224 462 86.9 1.468 6950 27.0 ± 4.1 12.48 ±  0.91 2.04 5 

0901-11 LMW-11 20 0.316 47 4.061 605 97.7 1.468 6950 19.8 ± 3.0 14.87 ±  0.43 1.54 13 
0901-13 LMW-13 20 0.383 80 4.153 867 97.0 1.468 6950 23.5 ± 2.8 15.02 ±  0.27 0.48 3 
0901-14 LMW-14 20 0.234 39 3.245 542 97.9 1.468 6950 18.4 ± 3.1 14.65 ±  0.40 1.57 15 
0901-15 LMW-15 20 0.258 45 3.797 663 63.0 1.468 6950 17.3 ± 2.7 15.11 ±  0.13 0.35 7 
0901-16 LMW-16 9 0.122 15 1.459 180 39.0 1.468 6950 21.3 ± 5.7      
0901-17 LMW-17 20 0.216 77 2.388 852 18.36 1.468 6950 23.0 ± 2.8 14.46 ±  0.30 1.80 38 
0901-19 LMW-19 20 0.140 35 2.355 590 97.77 1.468 6950 15.1 ± 2.7 14.14 ±  0.35 0.87 6 
0901-20 LMW-20 20 0.081 48 1.385 819 74.33 1.468 6950 15.0 ± 2.2 14.71 ±  0.38 1.68 19 

                  
8424-12F*  20 0.185 33 1.648 294 99.9 1.468 6950 28.6 ± 5.3      

 
Track densities (ρ) are x 106 tracks cm-2. All analyses are by the External Detector Method using 0.5 for the 4π/2π geometry correction factor. Apatite ages 
calculated using dosimeter glass CN5 and zeta-612 = 348.8 ± 5.5 (± 1σ) by Ganqing Xu. P(χ2) is the probability of obtaining χ2 value for v degrees of freedom 
(where v is the number of crystals -1) [Galbraith, 1981]; pooled ρs/ρi ratio is used to calculate age and uncertainty where P(χ2) >5%; mean ρs/ρi ratio is reported 
for samples where P(χ2) <5% and for which Central ages (Galbraith and Green, 1990) are calculated. 
* Fish Canyon tuff age (27.9 ± 0.7 Ma). 
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Table S7: Apatite (U-Th)/He data.
Sample Elevation Grain# [U]1 1σ [Th]1 1σ [He]1 1σ Th/U 1σ Raw Age 1σ R L Mean FT Corr. Age 2σ Av. Age 1 SD MSWD

m pmol pmol pmol pmol fmol fmol Ma Ma μm μm Ma Ma Ma Ma

LMW-01 4174 22.60 0.73 2.06
a001 0.2009 0.0040 0.5690 0.0072 0.903 0.020 2.833 0.067 2.12 0.05 40.1 119.3 0.64 3.32 0.17
a002 0.0234 0.0008 0.1402 0.0031 1.134 0.023 5.988 0.238 15.82 0.44 47.3 172.0 0.69 22.9 1.3

a004 0.1079 0.0019 0.1868 0.0041 2.564 0.063 1.732 0.048 13.22 0.37 31.3 111.0 0.57 23.2 1.3
a005 0.0498 0.0013 0.5822 0.0087 3.109 0.073 11.690 0.351 13.13 0.35 38.4 103.9 0.60 21.9 1.2

LMW-02 4009 0.8 1.1 3.2
a001 0.0914 0.0025 0.0213 0.0026 0.084 0.011 0.233 0.029 0.68 0.09 29.5 97.8 0.55 1.22 0.31
a002 0.2455 0.0041 0.2218 0.0059 0.134 0.009 0.903 0.028 0.35 0.02 29.4 92.5 0.54 0.65 0.09
a003 0.0437 0.0010 0.0093 0.0014 0.103 0.014 0.212 0.033 1.74 0.24 28.4 93.5 0.54 3.23 0.89
a004 0.0874 0.0020 0.0231 0.0023 0.084 0.010 0.265 0.027 0.71 0.08 27.6 114.0 0.55 1.30 0.31

LMW-06 3212 20.9 2.1 -
a001 0.0053 0.0004 0.0311 0.0029 0.179 0.014 5.820 0.678 11.11 1.09 32.5 113.9 0.57 19.5 3.8
a002 0.0291 0.0011 0.0607 0.0035 0.869 0.022 2.083 0.146 15.67 0.64 58.6 167.8 0.74 21.1 1.7
a003 0.0110 0.0010 0.1053 0.0025 0.318 0.014 9.554 0.856 7.00 0.37 51.0 106.3 0.67 10.4 1.1

LME-09 2900 7.1 2.2 62.00
a001 0.0847 0.0015 0.0557 0.0033 0.479 0.015 0.657 0.040 3.83 0.14 30.9 147.0 0.59 6.48 0.46
a002 0.1175 0.0037 0.0790 0.0031 1.042 0.022 0.672 0.034 5.98 0.21 32.2 148.7 0.60 9.91 0.70
a003 0.0702 0.0016 0.0427 0.0017 0.641 0.020 0.609 0.028 6.24 0.23 39.5 91.1 0.62 10.01 0.74
a004 0.0924 0.0015 0.0640 0.0020 0.523 0.014 0.693 0.025 3.81 0.12 38.9 120.4 0.64 5.93 0.36
a005 0.1174 0.0020 0.0810 0.0026 1.884 0.032 0.690 0.025 10.79 0.25 38.8 120.9 0.64 16.83 0.77

LME-11 2500 2.90 0.40 9.2
a001 0.0610 0.0014 0.3083 0.0054 0.665 0.017 5.054 0.147 3.92 0.11 42.4 97.8 0.63 6.24 0.36
a002 0.0454 0.0008 0.0846 0.0030 0.190 0.011 1.863 0.075 2.28 0.14 33.4 114.9 0.59 3.86 0.47
a003 0.1599 0.0020 0.3739 0.0072 0.596 0.017 2.338 0.054 1.89 0.06 44.6 162.8 0.68 2.76 0.17
a004 0.1631 0.0024 0.3187 0.0062 0.523 0.017 1.954 0.048 1.72 0.06 33.2 108.3 0.58 2.95 0.20
a005 0.0571 0.0011 0.2501 0.0043 0.257 0.013 4.378 0.115 1.74 0.09 35.0 134.0 0.60 2.88 0.31

LME-13 2100 4.9 1.3 20
a001 0.0700 0.0009 0.0485 0.0016 0.298 0.014 0.693 0.024 2.86 0.14 28.9 78.5 0.52 5.44 0.54
a002 0.1181 0.0023 0.0779 0.0018 0.451 0.015 0.659 0.020 2.58 0.09 33.8 110.2 0.60 4.31 0.32
a003 0.0681 0.0010 0.0310 0.0017 0.268 0.015 0.455 0.027 2.77 0.16 37.3 75.1 0.59 4.68 0.54
a004 0.0424 0.0008 0.0173 0.0017 0.224 0.014 0.409 0.042 3.77 0.24 28.9 70.5 0.52 7.30 0.94
a005 0.0395 0.0016 0.0273 0.0011 0.213 0.014 0.692 0.040 3.63 0.28 27.3 73.8 0.50 7.2 1.1

LME-14 2000 10.1 1.2 0.43
a001 0.0146 0.0004 0.0070 0.0017 0.108 0.010 0.480 0.120 5.21 0.51 37.2 124.2 0.63 8.2 1.6
a002 0.1089 0.0016 0.0632 0.0025 2.059 0.037 0.580 0.024 12.98 0.30 41.3 134.8 0.66 19.54 0.90
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a004 0.0590 0.0012 0.0399 0.0016 0.528 0.017 0.677 0.030 6.03 0.23 31.3 101.0 0.57 10.58 0.80
a005 0.0514 0.0012 0.0377 0.0019 0.457 0.013 0.733 0.041 5.93 0.21 32.6 102.4 0.58 10.18 0.71

LMW-07 1908 10.93 0.64 -
a001 0.0138 0.0005 0.0581 0.0028 0.210 0.011 4.212 0.243 6.00 0.35 28.4 155.2 0.55 10.9 1.3

a003 0.0119 0.0005 0.0415 0.0026 0.449 0.016 3.469 0.259 16.25 0.83 28.5 101.7 0.53 30.9 3.1
a004 0.0147 0.0003 0.0554 0.0026 0.482 0.018 3.758 0.193 13.64 0.61 25.7 90.2 0.48 28.3 2.6
a005 0.0127 0.0007 0.0511 0.0026 0.432 0.017 4.036 0.295 13.75 0.73 24.0 85.2 0.45 30.4 3.2

LME-15 1800 7.7 3.7 120
a001 0.0594 0.0012 0.0493 0.0020 0.618 0.017 0.830 0.038 6.81 0.22 38.2 107.8 0.63 10.84 0.70
a002 0.0476 0.0017 0.0558 0.0014 0.475 0.015 1.174 0.052 6.12 0.26 34.3 108.6 0.60 10.24 0.88

a004 0.1266 0.0016 0.1316 0.0027 2.343 0.042 1.039 0.025 11.62 0.25 42.8 99.4 0.65 17.97 0.76
a005 0.1052 0.0016 0.0497 0.0018 0.600 0.017 0.473 0.018 4.01 0.13 37.9 147.5 0.65 6.18 0.39

LMW-08 1670 8.5 1.2 1.88
a001 0.0170 0.0007 0.0562 0.0028 0.168 0.012 3.316 0.213 4.37 0.33 34.2 109.8 0.59 7.4 1.1
a002 0.0214 0.0005 0.0329 0.0012 0.205 0.013 1.537 0.064 5.52 0.37 34.3 78.0 0.57 9.8 1.3
a003 0.0152 0.0004 0.0388 0.0016 0.126 0.010 2.556 0.129 4.07 0.35 36.5 123.7 0.62 6.6 1.1
a004 0.0493 0.0009 0.1200 0.0021 0.517 0.017 2.431 0.062 5.23 0.18 33.2 95.5 0.57 9.16 0.64
a005 0.0113 0.0006 0.0515 0.0020 0.138 0.010 4.544 0.292 4.61 0.36 31.9 127.7 0.57 8.0 1.2

LME-16 1550 2.10 0.42 1.78
a001 0.0339 0.0010 0.1323 0.0029 0.109 0.009 3.908 0.147 1.32 0.11 30.8 132.3 0.57 2.32 0.40
a002 0.3104 0.0035 0.8525 0.0106 2.064 0.040 2.746 0.046 3.17 0.07 36.1 166.7 0.63 5.03 0.21
a003 0.0457 0.0013 0.1407 0.0024 0.104 0.010 3.079 0.104 1.04 0.10 34.7 81.5 0.57 1.84 0.36

a005 0.0130 0.0008 0.0290 0.0028 0.046 0.008 2.226 0.258 1.83 0.34 39.5 93.0 0.62 3.0 1.1

LME-17 1430 2.51 0.19 2.85
a001 0.0217 0.0006 0.0959 0.0033 0.102 0.010 4.416 0.194 1.81 0.19 44.3 165.9 0.68 2.68 0.55
a002 0.0717 0.0013 0.2682 0.0044 0.420 0.017 3.740 0.091 2.45 0.11 41.3 175.0 0.66 3.68 0.32
a003 0.1140 0.0027 0.3321 0.0045 0.413 0.013 2.912 0.080 1.69 0.06 44.6 179.0 0.69 2.45 0.17
a004 0.0424 0.0009 0.1256 0.0028 0.156 0.011 2.964 0.089 1.70 0.12 42.0 128.7 0.65 2.61 0.36
a005 0.0315 0.0006 0.0803 0.0025 0.095 0.009 2.551 0.095 1.48 0.15 33.2 124.8 0.59 2.51 0.51
a006 0.2296 0.0036 0.5052 0.0103 0.850 0.021 2.200 0.057 1.91 0.05 59.9 164.2 0.74 2.57 0.14
a007 0.0950 0.0021 0.4197 0.0076 0.443 0.013 4.419 0.125 1.80 0.06 60.3 162.4 0.74 2.43 0.16
a008 0.1261 0.0020 0.3661 0.0060 0.547 0.014 2.903 0.066 2.02 0.06 55.9 178.0 0.73 2.75 0.16
a009 0.0671 0.0018 0.2398 0.0037 0.284 0.014 3.574 0.110 1.81 0.10 55.2 150.8 0.72 2.51 0.26
a010 0.1242 0.0039 0.3483 0.0052 0.354 0.016 2.806 0.097 1.35 0.07 36.2 186.1 0.64 2.12 0.21

LME-18 1390 2.92 0.82 2.47
a001 0.0806 0.0022 0.2672 0.0046 0.317 0.015 3.315 0.107 1.73 0.09 39.9 179.1 0.66 2.63 0.27
a002 0.1297 0.0023 0.2210 0.0031 0.464 0.016 1.704 0.038 2.00 0.07 53.0 206.5 0.74 2.72 0.20
a003 0.0481 0.0011 0.1459 0.0025 0.288 0.011 3.033 0.084 2.74 0.11 46.6 202.1 0.70 3.91 0.33
a004 0.0591 0.0017 0.1348 0.0017 0.188 0.013 2.279 0.073 1.62 0.12 36.0 140.9 0.62 2.60 0.38
a005 0.0164 0.0007 0.0501 0.0023 0.100 0.009 3.058 0.188 2.78 0.28 38.9 119.1 0.63 4.43 0.88
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LME-19 1280 4.68 0.74 22

a002 0.0764 0.0018 0.4209 0.0065 0.800 0.022 5.506 0.158 3.59 0.11 47.7 97.7 0.65 5.49 0.34
a003 0.1220 0.0026 0.2922 0.0049 0.665 0.020 2.394 0.064 2.73 0.09 33.4 77.4 0.55 4.94 0.33
a004 0.0390 0.0011 0.0896 0.0041 0.168 0.012 2.299 0.123 2.20 0.16 35.3 96.6 0.59 3.73 0.55
a005 0.1914 0.0034 0.4002 0.0073 1.084 0.024 2.091 0.053 2.98 0.08 47.0 134.4 0.69 4.34 0.23

LME-20 1160 4.14 0.51 25
a001 0.1172 0.0020 0.2650 0.0061 0.629 0.016 2.261 0.065 2.75 0.08 41.7 171.4 0.67 4.10 0.24
a002 0.0592 0.0012 0.1261 0.0030 0.332 0.014 2.129 0.067 2.93 0.13 41.3 153.0 0.66 4.41 0.39
a003 0.0730 0.0018 0.1517 0.0030 0.404 0.014 2.079 0.065 2.92 0.11 43.9 167.8 0.68 4.27 0.34
a004 0.0712 0.0010 0.1139 0.0033 0.297 0.012 1.600 0.052 2.38 0.10 43.3 122.0 0.66 3.59 0.31
a005 0.0886 0.0016 0.2285 0.0052 0.636 0.014 2.579 0.074 3.50 0.09 45.4 210.4 0.70 5.01 0.26
a006 0.4884 0.0069 1.0048 0.0150 4.012 0.059 2.057 0.042 4.34 0.08 79.3 306.3 0.82 5.31 0.19
a007 0.2221 0.0038 0.6044 0.0081 1.440 0.032 2.722 0.059 3.10 0.08 66.5 258.8 0.78 3.96 0.20
a008 0.3190 0.0030 0.8573 0.0104 1.945 0.035 2.688 0.041 2.93 0.06 65.2 237.1 0.78 3.78 0.15

a010 0.5611 0.0065 0.6743 0.0093 2.637 0.058 1.202 0.022 2.87 0.07 69.6 288.9 0.80 3.59 0.17

Blanks 0.0024 0.0026 0.027

1 These represent the measured U, Th and He yields, since individual grains were not weighed they can not be presented in a per gram notation.
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Table S8: Zircon and Titanite (U-Th)/He data.
Sample Elevation Grain# [U]1 1σ [Th]1 1σ [He]1 1σ Th/U 1σ Raw Age 1σ R1 R2 L H1 H2 Mean FT Corr. Age 2σ Av. Age 2σ MSWD

m pmole pmole pmole pmole pmole pmole Ma Ma μm μm μm μm μm Ma Ma Ma Ma

LMW-01 4174 51.5 3.4 1.6
z001 2.3297 0.0369 2.2754 0.0283 0.1205 0.0014 0.977 0.020 32.82 0.57 27.6 25.4 165.9 23.6 22.7 0.653 50.3 1.8
z003 1.3993 0.0263 1.6777 0.0231 0.0539 0.0007 1.199 0.028 23.49 0.45 24.9 25.8 107.5 23.4 19.9 0.612 38.4 1.5
z004 2.3278 0.0371 2.8121 0.0433 0.1272 0.0014 1.208 0.027 33.21 0.57 33.9 30.5 109.2 26.9 27.7 0.665 49.9 1.7
z005 1.5142 0.0257 1.4447 0.0220 0.0872 0.0010 0.954 0.022 36.69 0.68 31.9 28.3 119.3 25.4 25.8 0.662 55.4 2.1

LMW-03 3802 51.7 2.0 26
z001 1.7915 0.0283 1.8838 0.0259 0.0983 0.0012 1.052 0.022 34.33 0.60 32.2 31.3 120.3 22.8 23.8 0.678 50.7 1.8
z002 2.6638 0.0403 3.2111 0.0413 0.1598 0.0019 1.205 0.024 36.48 0.62 33.9 38.4 146.0 30.2 27.3 0.715 51.0 1.7
z003 3.2427 0.0518 3.4761 0.0448 0.1255 0.0015 1.072 0.022 24.14 0.43 33.6 25.9 154.6 28.9 21.5 0.674 35.8 1.3
z004 3.0852 0.0495 2.9673 0.0379 0.2404 0.0027 0.962 0.020 49.51 0.87 41.3 35.2 157.1 35.8 34.7 0.729 67.9 2.4
z005 3.0450 0.0466 3.4400 0.0386 0.1840 0.0022 1.130 0.021 37.27 0.64 29.8 31.6 173.8 27.1 24.1 0.691 53.9 1.9

LMW-05 3385 44.7 6.1 25
z001 1.3773 0.0223 3.4067 0.0443 0.0685 0.0008 2.473 0.051 24.64 0.41 31.9 22.1 115.7 23.3 19.4 0.620 39.8 1.3
z002 0.8898 0.0157 0.9420 0.0165 0.0744 0.0009 1.059 0.026 52.19 0.99 29.5 30.2 124.7 22.2 22.2 0.666 78.3 3.0
z003 1.2807 0.0227 1.6853 0.0237 0.0755 0.0009 1.316 0.030 35.15 0.66 29.7 29.9 116.2 20.8 22.4 0.659 53.3 2.0
z004 1.2220 0.0235 1.5377 0.0203 0.0646 0.0008 1.258 0.029 31.85 0.61 32.3 30.9 105.9 22.7 27.1 0.661 48.2 1.8
z005 1.0082 0.0196 1.2193 0.0204 0.0457 0.0006 1.209 0.031 27.54 0.55 24.4 29.9 114.7 18.8 19.7 0.634 43.4 1.7

LME-09 2900 37.4 5.0 23
z001 16.3150 0.2486 12.6159 0.1953 0.7493 0.0087 0.773 0.017 30.31 0.53 46.6 43.0 185.5 39.3 33.8 0.770 39.4 1.4
z002 8.3780 0.1332 14.5827 0.1792 0.6248 0.0072 1.741 0.035 41.34 0.69 35.8 26.7 146.1 19.7 19.7 0.680 60.8 2.0
z003 9.4154 0.1619 6.9884 0.1165 0.3029 0.0035 0.742 0.018 21.38 0.40 27.3 27.7 148.4 15.9 18.7 0.661 32.3 1.2
z004 3.3091 0.0583 3.6206 0.0467 0.1279 0.0015 1.094 0.024 24.01 0.45 30.0 32.4 104.7 26.4 25.4 0.656 36.6 1.4
z005 6.6530 0.1020 6.7422 0.0820 0.3001 0.0035 1.013 0.020 28.44 0.49 26.4 27.4 127.7 19.0 25.5 0.642 44.3 1.5

LME-11 2500 33.5 1.7 3.7
z001 5.3707 0.0556 2.7226 0.0820 0.1983 0.0023 0.507 0.016 25.72 0.39 39.3 33.4 161.7 28.7 29.5 0.726 35.4 1.1
z002 4.6200 0.0523 2.8408 0.0832 0.1740 0.0021 0.615 0.019 25.66 0.41 39.1 46.3 171.3 38.7 42.1 0.754 34.0 1.1
z003 17.7576 0.2348 10.6921 0.1396 0.4931 0.0055 0.602 0.011 18.98 0.31 41.7 55.3 230.0 48.0 69.3 0.784 24.21 0.78
z004 9.3210 0.1066 6.7296 0.1019 0.3426 0.0040 0.722 0.014 24.52 0.38 49.5 42.3 223.0 37.9 50.1 0.781 31.41 0.97
z005 5.3973 0.0696 6.6682 0.1135 0.2213 0.0026 1.235 0.026 24.82 0.39 37.6 39.4 162.3 31.2 27.3 0.735 33.8 1.1

37.2 4.2 8.8
t001 0.8481 0.0134 0.9147 0.0184 0.0555 0.0006 1.078 0.028 - - - - - - - - 40.7 1.4
t002 14.3628 0.1977 16.7981 0.2849 0.5678 0.0022 1.170 0.026 - - - - - - - - 24.22 0.59
t004 5.7965 0.0790 7.6296 0.1322 0.3422 0.0021 1.316 0.029 - - - - - - - - 35.20 0.90
t005 3.5143 0.0511 5.8135 0.4394 0.2431 0.0016 1.654 0.127 - - - - - - - - 38.9 1.9

LME-13 2100 33.9 3.6 21
z001 16.3143 0.2361 16.2046 0.2249 0.6200 0.0058 0.993 0.020 24.06 0.37 38.0 39.3 175.0 21.3 18.8 0.743 32.37 0.99
z002 14.2070 0.2136 18.6449 0.2784 0.6669 0.0073 1.312 0.028 28.02 0.46 34.4 32.7 168.5 19.9 20.8 0.711 39.4 1.3
z003 41.9396 0.4105 13.8083 0.1730 1.3970 0.0142 0.329 0.005 24.10 0.33 47.1 44.4 182.8 35.5 27.9 0.777 31.03 0.85
z004 22.4358 0.2223 28.0498 0.3741 0.9673 0.0104 1.250 0.021 26.03 0.35 38.7 32.3 179.8 23.4 24.2 0.724 35.95 0.97

LMW-07 1908 25.5 5.3 27.2
z001 3.0750 0.0506 2.0190 0.0329 0.1148 0.0014 0.657 0.015 25.22 0.47 31.3 35.8 131.7 34.0 27.4 0.692 36.4 1.4
z002 2.5842 0.0406 1.8156 0.0267 0.0826 0.0010 0.703 0.015 21.40 0.39 28.9 34.6 124.3 24.4 28.4 0.678 31.6 1.1
z003 3.1291 0.0523 2.4953 0.0335 0.0713 0.0008 0.797 0.017 14.99 0.28 30.5 32.6 121.0 29.0 26.5 0.674 22.24 0.83
z004 2.1041 0.0324 1.5570 0.0216 0.0526 0.0006 0.740 0.015 16.62 0.29 26.8 26.6 106.7 22.2 17.8 0.630 26.39 0.94
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z005 3.1394 0.0502 2.4883 0.0364 0.0683 0.0008 0.793 0.017 14.33 0.26 27.8 30.3 121.1 24.8 22.5 0.657 21.79 0.78

LME-15 1800 31.7 4.7 47
z001 15.6394 0.1486 10.1525 0.1471 0.8559 0.0097 0.649 0.011 37.00 0.53 36.1 51.1 220.8 31.1 46.5 0.768 48.2 1.4
z002 29.3451 0.2809 25.0880 0.3066 0.9652 0.0092 0.855 0.013 21.38 0.27 40.6 44.2 199.0 26.4 29.4 0.766 27.92 0.71
z003 18.7511 0.1828 13.2398 0.1832 0.6712 0.0073 0.706 0.012 23.95 0.33 53.6 46.6 169.0 45.3 44.5 0.777 30.81 0.86
z004 30.2178 0.2958 31.2646 0.3680 1.2906 0.0136 1.035 0.016 26.82 0.36 44.9 41.5 181.8 28.5 30.2 0.764 35.12 0.94
z005 14.6853 0.1535 9.7498 0.1328 0.6263 0.0073 0.664 0.011 28.77 0.43 40.4 39.1 184.6 41.5 38.6 0.747 38.5 1.1

LME-16 1550 23.9 3.1 20
z001 20.6383 0.1663 33.2379 0.3530 0.5366 0.0040 1.610 0.021 14.76 0.15 30.2 30.3 139.3 19.6 19.6 0.675 21.85 0.43
z002 25.1514 0.3557 17.5869 0.2420 0.7695 0.0068 0.699 0.014 20.51 0.31 38.4 35.5 166.8 24.7 27.1 0.732 28.01 0.85
z003 25.9205 0.3770 14.7177 0.2056 0.6959 0.0069 0.568 0.011 18.48 0.30 45.7 43.4 158.4 32.7 30.6 0.762 24.25 0.79
z004 19.1666 0.2654 13.0739 0.1774 0.5494 0.0046 0.682 0.013 19.28 0.28 41.7 40.3 139.8 25.3 33.7 0.739 26.09 0.77

LME-17 1430 22.5 3.2 8.8
z001 51.9582 0.7496 53.1134 0.7564 1.4658 0.0164 1.022 0.021 17.77 0.29 56.6 61.2 168.9 51.4 50.7 0.796 22.33 0.73
z002 9.2254 0.1310 6.0059 0.0895 0.5452 0.0063 0.651 0.013 39.93 0.68 48.9 47.4 351.2 49.7 25.0 0.806 49.6 1.7
z003 101.5641 1.0309 68.5584 0.8096 2.5728 0.0267 0.675 0.011 17.07 0.23 59.1 77.9 204.8 62.9 55.8 0.825 20.68 0.57
z004 63.3751 0.6901 66.4909 0.7725 2.1295 0.0243 1.049 0.017 21.06 0.31 62.5 63.0 185.5 58.4 58.4 0.808 26.06 0.76
z005 48.5805 0.5013 47.1830 0.5907 2.6588 0.0309 0.971 0.016 34.76 0.51 66.9 65.6 171.7 62.3 60.3 0.804 43.2 1.3
z006 64.0662 0.7045 38.9266 0.4730 2.6669 0.0285 0.608 0.010 28.40 0.41 55.5 62.3 179.4 38.5 35.3 0.809 35.1 1.0

LME-18 1390 24.7 1.7 11
z001 472.6945 6.5049 362.5799 5.1171 16.7554 0.1790 0.767 0.015 23.44 0.38 97.8 73.9 433.0 85.4 80.0 0.879 26.66 0.85
z002 438.1939 6.6707 277.1201 3.7093 12.9680 0.1308 0.632 0.013 20.11 0.34 76.0 73.6 376.0 68.0 60.4 0.865 23.24 0.78
z003 154.7186 3.2593 115.5775 2.7030 4.4168 0.0497 0.747 0.024 18.96 0.41 65.3 71.8 364.6 59.3 56.9 0.854 22.19 0.95
z004 400.0750 5.6443 272.8865 3.9791 11.9911 0.1352 0.682 0.014 20.16 0.34 79.9 71.0 335.3 68.9 53.4 0.862 23.38 0.78
z005 201.3689 4.5417 130.9233 7.0665 5.7882 0.0517 0.650 0.038 19.46 0.44 49.4 58.0 272.6 51.5 47.4 0.813 23.9 1.1
z006 171.6221 4.9610 146.9730 2.1393 4.1949 0.0409 0.856 0.028 15.89 0.42 53.0 54.7 274.1 45.3 57.3 0.814 19.5 1.0
z007 50.6956 1.0522 32.0673 0.5419 1.7211 0.0184 0.633 0.017 23.06 0.49 58.6 58.8 264.5 52.7 55.7 0.825 28.0 1.2
z008 116.5394 2.6228 90.4313 2.6752 3.2784 0.0384 0.776 0.029 18.58 0.42 52.8 50.8 254.1 41.2 49.2 0.807 23.0 1.1
z009 55.6429 1.0288 34.5624 0.5309 1.7144 0.0199 0.621 0.015 20.98 0.42 47.0 37.9 186.2 53.9 37.2 0.755 27.8 1.1
z010 14.7620 0.2104 14.3876 0.2077 0.7365 0.0082 0.975 0.020 31.68 0.52 38.0 33.0 181.1 32.9 33.0 0.724 43.8 1.4
z011 23.1918 0.3333 17.6670 0.2586 0.7345 0.0086 0.762 0.016 20.97 0.36 39.3 35.0 212.6 38.1 28.4 0.742 28.25 0.97
z012 35.9382 0.5774 26.1119 0.5293 1.0657 0.0115 0.727 0.019 19.77 0.35 33.8 36.2 189.8 31.9 31.1 0.726 27.24 0.97
z013 7.8048 0.1081 4.5972 0.0680 0.4126 0.0049 0.589 0.012 36.18 0.62 29.9 28.4 151.5 27.3 20.5 0.675 53.6 1.8
z014 5.8557 0.0832 2.9863 0.0459 0.2039 0.0024 0.510 0.011 24.25 0.42 34.1 29.0 149.3 29.0 26.5 0.690 35.1 1.2
z015 2.6291 0.0376 2.2947 0.0387 0.2203 0.0024 0.873 0.019 54.15 0.89 29.1 30.0 163.5 27.3 21.2 0.681 79.5 2.6
z016 8.0624 0.0766 5.1123 0.0499 0.4063 0.0043 0.634 0.009 34.19 0.46 29.3 31.1 186.6 26.1 19.9 0.694 49.2 1.3

LME-20 1160 109 14 110
z001 3.9103 0.0653 2.1322 0.0366 0.5137 0.0062 0.545 0.013 90.3 1.7 53.7 46.9 249.8 41.2 47.9 0.802 112.6 4.4
z002 5.3884 0.0722 2.7556 0.0433 0.7511 0.0088 0.511 0.011 96.4 1.6 45.2 55.7 235.8 48.1 59.0 0.796 121.1 4.1
z003 5.2725 0.0725 2.7644 0.0557 0.3979 0.0046 0.524 0.013 52.27 0.89 51.9 45.3 274.8 49.2 47.3 0.799 65.4 2.2
z004 2.1946 0.0271 0.9788 0.0177 0.3447 0.0041 0.446 0.010 110.0 1.8 54.8 46.9 210.7 43.1 43.7 0.796 138.2 4.6
z005 2.5267 0.0323 1.3997 0.0247 0.2886 0.0034 0.554 0.012 78.4 1.3 56.3 51.1 183.5 45.2 45.7 0.795 98.7 3.3

1 These represent the measured U, Th and He yields, since individual grains were not weighed they can not be presented in a per gram notation.
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Table S9: Summary of thermochronologic data from Pengguan Massif

Sample ID Latitude Longitude Elevation AHe age AHe (2σ) AFT age AFT (2σ) ZHe age ZHe (2σ) TiHe age TiHe (2σ) ZFT age ZFT (2σ)
(°N) (°E) (m) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)

LMW-01 31.38327 103.63605 4174 22.6 0.7 56.5 39.6 51.5 3.4 242.4 39.4
LMW-02 31.38803 103.64030 4009 0.8 1.1 27.6 16.2
LMW-03 31.39790 103.64458 3802 51.7 2.0
LMW-04 31.40763 103.64912 3615
LMW-05 31.41285 103.65275 3385 44.7 6.1 297.1 31.2
LMW-06 31.41562 103.65250 3212 20.9 2.1 17.8 21.2
LMW-07 31.43095 103.66220 1908 10.9 0.6 27.2 17.4 25.5 5.3 174.6 21.6
LMW-08 31.44297 103.65258 1670 8.5 1.2 19.9 8.4
LME-09 31.29067 103.64793 2900 7.1 2.2 27.0 8.2 37.4 5.0
LME-10 31.28860 103.64978 2710
LME-11 31.28743 103.65257 2500 2.9 0.4 19.8 6.0 33.5 1.7 37.2 4.2 263.1 35.2
LME-12 31.28732 103.65263 2333
LME-13 31.28532 103.65363 2100 4.9 1.3 23.5 5.6 33.9 3.6
LME-14 31.28482 103.65675 2000 10.1 1.2 18.4 6.2
LME-15 31.28297 103.65952 1800 7.7 3.7 17.3 5.4 31.7 4.7
LME-16 31.26763 103.65183 1550 2.1 0.4 21.3 11.4 23.9 3.1
LME-17 31.22892 103.64650 1430 2.5 0.2 23.0 5.6 22.5 3.2 194.8 26.4
LME-18 31.21647 103.64432 1390 2.9 0.8 24.7 1.7 197.0 46.8
LME-19 31.17402 103.65920 1280 4.7 0.7 15.1 5.4
LME-20 31.16068 103.66920 1160 4.1 0.5 15.0 4.4 108.7 14.1 369.6 42.8

Note:	  Ages	  in	  italics	  represent	  samples	  excluded	  from	  interpretation	  and	  thermal	  model.
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