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In their comment on our publication about the discovery of two hydrothermal events in the Linzizong
Group (Huang et al., 2022), Zhao et al. question the reliability of our thermochronologic data and the
existence of hydrothermal events experienced by these rocks. They argue that their field and microscopic
observations, as well as paleomagnetic studies, indicate that the lower Linzizong volcanic rocks preserve
primary igneous textures and paleomagnetic signals. In this reply, we address these issues raised by Zhao
et al., provide more field evidence, and conduct additional analyses that show that their assertions are
not supported. We emphasize that hydrothermal events related to magmatism and deformation have
systematically induced resetting of thermochronologic, stable isotopic, and paleomagnetic records of the
lower Linzizong Group in the Linzhou basin of southern Tibet.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The well-exposed Linzizong volcanic-sedimentary sequence in
the Linzhou basin of the Gangdese arc comprises the Dianzhong
(~69-58 Ma, E1d), Nianbo (58-52 Ma, Ezn), and Pana (52-47 Ma,
E;p) formations separated by two unconformities. It is located in
the footwall of the north-dipping Gulu-Hamu thrust, and has been
a primary target for investigating the surface uplift and latitude
drift history of southern Tibet (e.g., Dupont-Nivet et al., 2010; In-
galls et al., 2018). In Huang et al. (2022), we conducted zircon
U-Pb, whole rock 4°Ar/39Ar, zircon U-Th/He (ZHe), and apatite U-
Th-Sm/He (AHe) dating of the Linzizong Group, dikes (~52 Ma) in-
truded into the E1d and E;n, and the Qianggeren granite (~52 Ma)
in the hanging wall of the Gulu-Hamu thrust. Both inverse and
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forward modeling of the thermochronologic data reveals that the
Linzizong Group experienced two episodes of hydrothermal events.
Combined with field observations, we attributed the ~54-50 Ma
thermal event, which heated the E;d and E;n to 300°C, to the
eruption of massive E;p ignimbrite, intrusion of dikes and con-
comitant hydrothermal fluid flow. We suggest that the second
~42-27 Ma thermal event, reheating the Linzizong Group to 130-
170°C, was induced by the Gulu-Hamu thrust activity and associ-
ated faulting-pumped hydrothermal fluid flow. We argue that the
older thermal event caused by magmatic activity is part of the
regional conductive cooling of the Gangdese arc after a high-flux
magmatic event that peaked at ~52 Ma. Post-magmatic conduc-
tive cooling can explain the 50-45 Ma zircon fission track and ZHe
dates. It implies that erosional exhumation of the Gangdese arc
was of low magnitude and rate and that a low relief proto-plateau
was established in the southern Lhasa terrane during Eocene time.
We also suggest a limited exhumation of ~3 km for the Linzizong
Group based on cooling after the ~42-27 Ma thermal event. More-
over, the hydrothermal events provide a reasonable explanation for
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the calcite recrystallization and 8180 and A4y alteration in carbon-
ates from the Linzizong Group.

2. Field and petrographic evidence for the hydrothermal events

Our field observations show that volcaniclastic sandstones in-
tercalated with tuff layers from the upper E;p and the ignimbrites
above the bottom of E,p are fresh, whereas the remaining strata
below are variably hydrothermally altered (Fig. 2 in Huang et
al. (2022)). The hydrothermal alteration aureole is characterized
by precipitation of reddish pigmentary hematite and/or yellowish
goethite or other secondary iron oxides, on rock surfaces, along mi-
crofractures, and within the interiors of the rocks (Fig. 1). Replace-
ment of silicate minerals (e.g., biotite, feldspar) by sericite, calcite
and rutile is prevalent in volcanic rocks (Huang et al., 2015). The
strongest alteration is observed in strata adjacent to the dikes and
two unconformities, indicating that the alteration was controlled
by the distance from dikes and fluid flow channel. The upper E;d
lavas, which are below the unconformity between E;n and E;d and
were intruded by dikes extensively and are strongly to completely
altered (Figs. 1d-f). The distribution of the alteration aureole along
joints or fractures in the volcanic rocks further confirms that fluid
flow has played a role in the alteration (Figs. 1g, h). The lower E;d
lavas and volcanic breccias lie above the angular unconformity be-
tween the Linzizong Group and Cretaceous redbeds. Most of these
rocks are moderately to strongly altered, and alteration is weak for
very few lavas (Figs. 1i-0).

In their comment, Zhao et al. argue that the lack of meta-
morphism and preservation of original sedimentary and volcanic
structures and mineralogy of the red mudstones from the bot-
tom E;n and volcanic rocks from the E;d preclude hydrothermal
events. Firstly, hornfels (baked siltstones) can be found in the con-
tact metamorphic zone of dike (Fig. 1a). The formation of other
types of metamorphic minerals and rocks requires elevated tem-
perature/pressure at sufficient time. When the E;d and E;n rocks
were heated to 300°C during the older hydrothermal event, these
strata were at shallow crustal levels (<3 km) and the timescale of
heating was relatively short. Secondly, the red mudstones from the
bottom of the E;n were relatively impermeable to hydrothermal
fluid circulation, so it is not surprising that they preserve the origi-
nal sedimentary structure and mineralogy (Fig. 1b). In contrast, the
permeable conglomerate layers interbedded with the mudstone
clearly show signs of hydrothermal alteration indicated by their
yellowish color (Fig. 1a in Zhao et al. and Fig. 1b in this reply).
Thirdly, the structure of strongly to completely altered E{d lavas
has been modified (Figs. 1d-g). Preservation of volcanic structure
and texture in some slightly to moderately altered lavas does not
exclude hydrothermal alteration. Zhao et al. agree on the alteration
of the upper Eqd volcanic rocks, but argue that such an alter-

Earth and Planetary Science Letters 603 (2023) 117973

ation occurred during the late-stage of volcanism. For the lower
Eqd lavas, they and Yi et al. (2021) exaggerate the observation
of slightly altered (not fresh) lavas and mistakenly interpret the
widespread hydrothermally altered yellowish lavas as being weath-
ered. However, neither alteration in the late-stage of volcanism nor
weathering could induce such extensive, intensive, and infiltrative
replacement of minerals within the rocks. They also could not ex-
plain the thermal disturbance of the Linzizong rocks shown by the
reset thermochronologic ages (Huang et al., 2022).

3. High fidelity of our %°Ar/3°Ar and U-Th/He thermochronologic
results

The whole rock 49Ar/3?Ar results of both volcanic samples SH25
from the E;n (Huang et al.,, 2022) and SHO1 from E{d (Huang et
al., 2015) show high degrees of disturbance with high scatter: this
reminds us that they must be interpreted with caution. A >10 Myr
time lag between these ages and the zircon U-Pb ages of the same
samples suggests that the “°Ar/3°Ar ages do not represent the
formation age, but a later thermal resetting age. In contrast, the
whole rock 4°Ar/3Ar ages of two volcanic samples from the over-
lying E;p are consistent with their zircon U-Pb ages, suggesting
the absence of such a thermal event (Huang et al., 2015). More-
over, these reset whole rock “°Ar/3°Ar ages of the E;n and E;d
samples are similar to the “°Ar/3?Ar ages and zircon U-Pb ages of
dikes intruded into the E;n and E;d and volcanic rocks from the
E;p, which strongly suggests that this thermal event was due to
dike intrusion and E;p ignimbrite eruption. The reliability of our
whole rock *°Ar/??Ar ages of the Exn and E;d samples is also con-
firmed by the ZHe dates of 37 grains: the ZHe ages of the E;n
and Eid volcanic and sedimentary samples are reset and have a
maximum age of ~52 Ma (Figs. 4 and 7 in Huang et al. (2022)).
Therefore, the scatter of the whole rock 4°Ar/39Ar results itself is
the result of a later thermal disturbance. We reported these ages to
characterize the thermal disturbance via comparison between in-
dividual samples, as well as between geochronologic methods (i.e.,
whole rock 49Ar/39Ar, plagioclase 4°Ar/3?Ar, and zircon U-Pb and
ZHe). For these reasons, the whole rock 4°Ar/>?Ar results serve our
purpose well and are of high fidelity. As to the question about the
comparable whole rock and single plagioclase “0Ar/3?Ar ages of
sample LZ9931 from the Eqd, the apparent ages of the whole rock
sample during degassing vary from 58-70 Ma and no plateau age
could be calculated as stated by Zhou et al. (2004). Such whole
rock ages are thus unreliable and cannot be used to compare with
the plagioclase age.

In our publication, we reported zircon U-Pb and dates from
multi-thermochronometers (whole rock 49Ar/3°Ar, ZHe, and AHe)
and combined them with the published geochronologic results to
determine the thermal history. Every selected zircon grain fulfills

Fig. 1. Field observations of the Nianbo (E;n) and Diazhong (E1d) formations from the Linzizong Group in the Linzhou basin and results of susceptibility versus temperature
measurements. The division of the Linzizong Group in the Linzhou basin presented in Zhao et al. follows Yi et al. (2021), in which the mudstone and conglomerate layers
from bottom of E;n that unconformably overlie E;d lavas in our and most geologists’ division (e.g., Zhu et al., 2015; Huang et al., 2022) was termed as member III of the
E;d (Fig. 1a in Zhao et al. and Fig. 1 in Yi et al. (2021)). (a) Siltstones from the upper Nianbo Formation were intruded by a dike with hornfels formed along the contact
metamorphic zone. (b) Conglomerates interbedded with red mudstones from the bottom of the Nianbo Formation. The impermeable mudstones show no sign of alteration,
but the permeable yellowish conglomerates are clearly affected by hydrothermal alteration. (c) The lower sedimentary strata of the Nianbo Formation unconformably overlie
the lavas of the upper Dianzhong Formation. Aureoles of the hydrothermal alteration of the lavas are characterized by its reddish, yellowish, and purplish color. (d-e) Dikes
intruded the Nianbo and Dianzhong formations, the adjacent Dianzhong lavas were completely altered. (f-h) Moderately to completely altered lavas from the upper Dianzhong
Formation. Distributions of calcite veins within the dike and alteration zone along the joints and fractures of the lavas strongly suggest the existence of hydrothermal fluid
flow. (i-1) Altered lavas and volcanic breccias from top of the lower Dianzhong Formation. The volcanic breccias layer is ~30 m thick. Baked and chilled margins can be
observed between the clasts and matrix. The petrology of clasts is identical to the underlying lavas, indicating that fragments of consolidated lavas were emplaced by
later magma. These volcanic breccias were mistakenly identified as conglomerates, and thus were the focus of a paleomagnetic conglomerate test by Yi et al. (2021). (m-o0)
Altered lavas from the lower Dianzhong Formation. Slightly altered lavas are rarely observed, whereas most lavas are strongly hydrothermally altered. (p) Low-field multicycle
susceptibility versus temperature curves of three moderately to strongly altered E;d lava samples from Huang et al. (2015). The defined Curie temperatures of 550-560°C
of the three samples correspond to Ti-poor titanomagnetite. Slow increase in susceptibility upon heating to 300°C and following graduate decrease until 500°C form a
maghemite bump (Bilardello, 2020); Ti-rich titanomagnetite is not identified from these results. The experiments were performed on bulk material in air using Kappabridge
KLY3-CS at Fort Hoofddijk Palaeomagnetic Laboratory, Utrecht University, Netherlands. Successive heating and cooling steps of 20, 350, 250, 450, 300, 700, and 20°C were
used. Red and blue curves represent heating and cooling steps, respectively. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this
article.)
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typical standards for ZHe dating. Most single grain ZHe ages of
the Linzizong samples show positive correlations with their con-
centration of effective uranium (eU). Such a variation and trend
in the same sample was caused by accumulation of radiation
damage over time in grains with different U-Th concentrations.
We binned samples from distinct stratigraphic levels into several
groups and applied forward modeling to retrieve the best-fit t-T
paths, in which every single ZHe date was considered to evalu-
ate to the modeled ZHe-eU envelopes of a designed t-T path. Our
forward modeling thus avoided the use of mean values of vari-
able ZHe dates from the same sample as such in inverse modeling.
Therefore, the question from Zhao et al. that we dated too few zir-
con grains in each sample is not tenable and ignores the forward
modeling of the positive ZHe-eU correlations. The cooling curves
restored by Zhao et al. after arbitrarily ignoring our thermochrono-
logic results show that the Linzizong Group cooled rapidly after
eruption, which is typical for volcanic rocks. Their estimated cool-
ing rates are unreasonable because the error bar of each zircon
U-Pb date far exceeds the cooling time of the magma.

4. Stable isotopic and paleomagnetic evidence of hydrothermal
alteration

Microscopic petrography has documented extensive calcite re-
crystallization in the lacustrine and pedogenic carbonate samples
from the Epn and E,p. The extremely low 880 values (—9%o to
—22%o, VPDB, Vienna Peedee belemnite) of most carbonate sam-
ples were interpreted to have been reset (Ingalls et al., 2018;
Quade et al., 2020). Moreover, T(A47) values determined from
clumped isotopic analysis of most E;n carbonate rocks vary from
41 to 105°C, indicating that the primary clumped isotopic com-
positions are not retained and that the E;n was heated above the
clumped isotope closure temperatures of 100-150°C. This is also
consistent with the vitrinite reflectance result of >135°C from
a E;n shale sample (Ingalls et al., 2018). The elevated temper-
atures cannot be solely explained by burial heating. Therefore,
widespread calcite recrystallization and §'80 and A47 reset sup-
port the hydrothermal fluid alteration of the E;n carbonates.

Our previous paleomagnetic and rock magnetic studies show
that the E;d lavas, which yield an abnormally low latitude (~6°N)
of the Gangdese arc in the early Paleocene, were hydrothermally
chemically remagnetized (Huang et al., 2015). Yi et al. (2021) chal-
lenged this interpretation by using a positive conglomerate test of
cobbles of a ‘conglomerate layer’ in the lower E;d. However, pre-
vious field investigations of the Linzizong Group did not document
any sedimentary layers in the E1d (e.g., Zhu et al., 2015). Our own
revisiting of the section confirms that this layer comprises volcanic
breccias, not ‘conglomerates’. The clasts have the same lithology
as the underlying lavas and chilled/baked margins are commonly
observed (Fig. 1i-1). Volcanic clasts within volcanic breccias may
or may not record a consistent paleomagnetic direction, depend-
ing on the emplacement temperature of the clasts (e.g., Chadwick,
1971). Moreover, the compact clasts are different from the loss
matrix in lithology (Fig. 1j-1), the matrix can easily be chemically
remagnetized but not the clasts. We thus conclude that the con-
glomerate test of Yi et al. (2021) is meaningless. Our multicycle
susceptibility versus temperature experiments show a rapid de-
crease in susceptibility between 300 and 500°C (Fig. 1p): this does
not represent Ti-rich titanomagnetite, but rather the transforma-
tion of (titano)maghemite to hematite (Bilardello, 2020). We argue
that the absence of magmatic Ti-rich titanomagnetite and presence
of authigenic (titano)maghemite provide support that the E1d vol-
canic rocks were hydrothermally altered.
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5. Summary

Paleocene exhumation, paleoaltimetry and paleolatitude history
of the Gangdese arc in southern Tibet is crucial for investigating
growth of the Tibetan plateau. Discrepancies exist, however, on
how to interpret the reported thermochronolgic, stable isotopic,
and paleomagnetic results. Our recent geochronologic and ther-
mochronologic studies on the Linzizong Group of the Gangdese
arc in the Linzhou basin provide a new perspective to reevalu-
ate these data and reconcile previous interpretations (Huang et
al,, 2022). Our conclusions are, however, challenged by Zhao et
al. In this reply, we show that the comments from Zhao et al. on
our work are based on their incorrect interpretation of the field
and petrographic observations, and incomplete understanding of
thermochronology and stable isotope paleoaltimetry. Their positive
paleomagnetic conglomerate test, a key to argue for preservation of
primary remanence in the E;d, was mistakenly conducted on vol-
canic breccias. We reject their assertions and emphasize that inves-
tigations of exhumation, paleoelevation, and paleolatitude history
of southern Tibet, and other tectonically and magmatically active
areas, should carefully consider the effects of hydrothermal events.
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