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Abstract

The southern US and northern Mexican Cordillera experienced crustal melting during the Laramide orogeny (c. 80-40 Ma). The
metamorphic sources of melt are not exposed at the surface; however, anatectic granites are present throughout the region, providing
an opportunity to investigate the metamorphic processes associated with this orogeny. A detailed geochemical and petrochronological
analysis of the Pan Tak Granite from the Coyote Mountains core complex in southern Arizona suggests that prograde metamorphism,
melting, and melt crystallization occurred here from 62 to 42 Ma. Ti-in-zircon temperatures (Tt;.,,) correlate with changes in zircon
rare earth elements (REE) concentrations, and indicate prograde heating, mineral breakdown, and melt generation took place from 62
to 53 Ma. Ty, increases from ~650 to 850 °C during this interval. A prominent gap in zircon ages is observed from 53 to 51 Ma and is
interpreted to reflect the timing of peak metamorphism and melting, which caused zircon dissolution. The age gap is an inflection point
in several geochemical-temporal trends that suggest crystallization and cooling dominated afterward, from 51 to 42 Ma. Supporting
this interpretation is an increase in zircon U/Th and Hf, a decrease in Tty 4, increasing zircon (Dy/Yb),, and textural evidence for
coupled dissolution-reprecipitation processes that resulted in zircon (re)crystallization. In addition, whole rock REE, large ion lithophile
elements, and major elements suggest that the Pan Tak Granite experienced advanced fractional crystallization during this time. High-
silica, muscovite+ garnet leucogranite dikes that crosscut two-mica granite represent more evolved residual melt compositions. The
Pan Tak Granite was formed by fluid-deficient melting and biotite dehydration melting of meta-igneous protoliths, including Jurassic
arc rocks and the Proterozoic Oracle Granite. The most likely causes of melting are interpreted to be a combination of (1) radiogenic
heating and relaxation of isotherms associated with crustal thickening under a plateau environment, (2) heat and fluid transfer related
to the Laramide continental arc, and (3) shear and viscous heating related to the deformation of the deep lithosphere. The characteristics
and petrologic processes that created the Pan Tak Granite are strikingly similar to intrusive suites in the Himalayan leucogranite belt
and further support the association between the North American Cordilleran anatectic belt and a major orogenic and thermal event
during the Laramide orogeny.
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INTRODUCTION

The Himalayan leucogranite belt is an Oligocene to Miocene,
~3000 km long, intrusive province in southern Tibet that includes
the High Himalayan leucogranite belt and the North Himalayan
leucogranite belt (Guo & Wilson, 2012; Weinberg, 2016). It is
the most famous and well-studied anatectic province on Earth
and is central to understanding the tectonic evolution of the
Himalayan-Tibetan orogen (Le Fortet al., 1987; England et al., 1992;
Harris & Massey, 1994; Hodges, 1998; King et al,, 2011). One of
the most striking features of the Himalayan leucogranite belt is
that crustal melting, and the generation of anatectic granites has
been a prolonged process. Most of the Himalayan leucogranites
crystallized between 30 and 10 Ma and contain a relatively broad
range of ages (commonly ~10 Myr) of U-Th-Pb accessory mineral

ages (Zhang et al., 2004; Lederer et al., 2013; Rubatto et al., 2013;
Finch et al., 2014; Kohn, 2014; Horton et al., 2015; Cottle et al.,
2018;Jietal., 2020; Ding et al., 2021). This phenomenon is observed
from the regional scale to within a single rock sample and is
generally interpreted to reflect the duration of partial melting,
protracted crystallization, mineral resorption and regrowth, melt
and fluid (re)mobilization, and the recycling of accessory minerals
(Weinberg, 2016). Furthermore, an increasing number of studies
have recognized that during this prolonged process, melts can
undergo advanced fractionation to produce high-silica, strongly
peraluminous leucogranite (Scaillet et al., 1990, 1995; Liu et al.,
2014, 2019; Huang et al., 2017; Yang et al., 2019; Wang et al,
2020; Wu et al.,, 2020; Chen et al.,, 2021). Regardless of the exact
mechanisms involved, the picture that emerges is the existence
of a hot, migmatitic, deep crust that remains close to the solidus

Received: January 11, 2023. Revised: September 27, 2023. Accepted: October 5, 2023

© The Author(s) 2023. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

£20z 1990100 1§ uo1senb Aq 2/110€2/S.0peba/ABojonad/ce0 L 0L /10p/aonie-aoueape/Abojoiad/woo dno-ojwapeoe//:sdpy woly papeojumoq


https://orcid.org/0000-0002-1145-4687

2 | Journal of Petrology, 2023, Vol. 64, No. 10

for up to tens of millions of years during orogenesis and can
produce anatectic melts, which experience complex fluid-melt-
rock interactions and are periodically extracted to be emplaced
into the middle to upper crust. Geophysical studies suggest that
melt is currently present beneath the Himalaya and Tibetan
Plateau, which indicates that the deep crust may still be producing
anatectic granites today (Nelson et al., 1996; Unsworth et al., 2005;
Klemperer, 2006).

An orogenic plateau, similar to the Tibetan Plateau, called
the Arizonaplano, has been postulated in the southern US and
northern Mexican Cordillera during the Laramide orogeny (c. 80—
40 Ma) (Chapman et al., 2020; Jepson et al., 2022). This region also
experienced crustal melting during the Laramide orogeny and is
part of the broader North American Cordilleran Anatectic Belt
(Chapman et al., 2021). However, there are no known exposures of
migmatite related to the Laramide orogeny in the southern US and
northern Mexican Cordillera, hampering investigations into the
thermal and metamorphic history of the region. Anatectic granitic
rocks, chiefly emplaced into the middle crust and exposed in the
exhumed footwalls of metamorphic core complexes (e.g. Fornash
et al., 2013; Ducea et al., 2020; Scoggin et al., 2021), are one of the
few sources of data for understanding metamorphism and deep
crustal melting processes during the Laramide orogeny in this
region.

The North American Cordilleran Anatectic Belt is the world’s
best example of an anatectic beltin a Cordilleran orogenic system
and provides an analog for processes inferred to occur at depth in
modern orogens like the Andes. For example, the Altiplano-Puna
magma body is a zone of partial melting at ~20 km depth (Delph et
al., 2017; Ward et al., 2017) that may be equivalent to the anatectic
granites exposed in the North American Cordilleran Anatectic
Belt. Associated with the Altiplano-Puna magma body is the 10 Ma
to present Altiplano-Puna volcanic complex that is considered
a product of ‘eruptive migmatites’ (Schilling et al., 2006). Heat
and mass input from the mantle contributed to the formation of
the Altiplano-Puna volcanic complex, but it is fundamentally the
product of crustal melting in an orogenic plateau characterized
by high heat flow and no erosion (Ducea et al., 2013).

Here, we report an intrusive suite from the anatectic belt in
southern Arizona—the Pan Tak Granite in the Coyote Mountains
(Wright & Haxel, 1982) (Figs 1 and 2). We present new age, geo-
chemical, radiogenic isotope (Hf, Nd, Sr) and O isotope data from
the Pan Tak Granite, including a detailed zircon petrochronolog-
ical analysis. The intrusive history, differentiation trends, geo-
chemistry, and crystallization sequence of the Pan Tak Granite
are remarkably similar to many intrusive suites in the Himalayan
leucogranite belt and can be interpreted in terms of metamor-
phic and anatectic processes. A critical observation is that the
zircon cargo of the Pan Tak Granite includes antecrysts that
formed in the deep crust, presumably in a migmatitic source,
and retain information on the earliest history of partial melting.
These data from the Pan Tak Granite provide the first constraints
on the timing and timescales of metamorphism, peak meta-
morphic conditions, and mechanisms of crustal melting for this
region.

GEOLOGIC BACKGROUND

The Coyote Mountains form the footwall of the Coyote Mountains
metamorphic core complex that experienced rapid exhumation
from 29 to 24 Ma (Gottardi et al.,, 2020). The core complex is one
of several found in southern Arizona, USA, and northern Sonora,
Mexico, that contains Paleocene to Eocene age anatectic granites

(Chapman et al., 2021). Other examples include the Wilderness
Suite in the Catalina-Rincon Mountains (Fornash et al., 2013;
Ducea et al., 2020), the Relleno Suite in the Pifialeno Mountains
(Scoggin et al., 2021), and the Presumido Peak Granite in the
Pozo Verde Mountains (Haxel et al., 1984; Goodwin & Haxel, 1990)
(Fig. 1). The Pan Tak Granite intrudes into the Kitt Peak Plutonic
Suite, which is part of the Jurassic continental arc system (Haxel et
al., 2008; Tosdal & Wooden, 2015; Busby & Centeno-Garcia, 2022).
The Kitt Peak Plutonic Suite is generally high-K, calc-alkaline, and
metaluminous, and comprises the Aquirre Peak Quartz Diorite
(165 to 170 Ma), Kitt Peak Granodiorite (c. 165 Ma), and Pavo Kug
Granite (c. 159 Ma) (Haxel et al., 2008). Metamorphosed Paleo-
zoic sedimentary rocks, including metasedimentary schist, calc-
silicate schist, marble, and quartzite, are locally exposed as small
rafts (<500 m) within the Pan Tak Granite (Fig. 2) but are oth-
erwise not present in the Coyote Mountains (Wright & Haxel,
1982; Haxel et al., 2008). Crystalline basement is also not exposed
but is inferred to be the Paleoproterozoic (c. 1.6-1.8 Ga) Pinal
block within the larger Mazatzal terrane (Farmer & DePaolo, 1984;
Karlstrom & Bowring, 1993). The Pinal block is regionally intruded
by Mesoproterozoic (c. 1.4 Ga) granites that have affinities to A-
type granites, including the Oracle Granite (Anderson & Morrison,
2005), interpreted to be a potential melt source for the Pan Tak
Granite and Wilderness Suite (Wright & Haxel, 1982; Fornash et
al., 2013).

The Pan Tak Granite comprises an equigranular, weakly to
moderately peraluminous, two-mica + garnet granite pluton that
is intruded by a garnet-muscovite leucogranite, chiefly as dikes
and sills (Fig. 3). Wright & Haxel (1982) refer to the equigran-
ular two-mica granite as the ‘old phase’ and the leucogranite
dike network as the ‘young phase’. Leucogranite dikes are up
to a few tens of meters thick and are predominantly located
within the two-mica granite, but locally intrude several kilometers
into the Kitt Peak Plutonic Suite. The leucogranite intrudes the
two-mica granite in such volume as to be the dominant phase
across large (~5 km?) areas. The leucogranite comprises small
intrusive bodies and multiple types of dikes, including aplite
dikes, pegmatitic dikes, and granite-textured dikes. The granite-
textured dikes, aplitic dikes, and small intrusive bodies crosscut
one another and appear to have intruded at approximately the
same time. The pegmatitic dikes crosscut all other intrusive units
(Fig. 3). Previous studies of the Pan Tak Granite suggested a crys-
tallization age of ~58 Ma for the two-mica granite, including a
multi-grain, zircon isotope dilution-thermal ionization mass spec-
trometry (ID-TIMS), lower concordia intercept age of 58+2 Ma
(Wright & Haxel, 1982) and a zircon laser ablation-inductively
coupled-mass spectrometry (LA-ICP-MS) age of 58.1 £ 0.5 Ma (Got-
tardietal., 2020). The Pan Tak leucogranite has not been previously
dated.

ANALYTICAL METHODS

Whole rock powder was analyzed for major and trace elements
using ICP-MS and x-ray fluorescence (XRF) spectroscopy at ALS
Geochemistry in Reno, NV. Whole rock powder and garnet sepa-
rates were analyzed for Nd and Sr isotopes using ID-TIMS at the
University of Arizona. Oxygen isotope data for quartz, magnetite,
muscovite, biotite, and feldspar were measured with isotope ratio
mass spectrometry (IRMS) at the High Temperature Stable Isotope
Lab at the University of Texas at Austin and is reported relative
to Vienna Standard Mean Ocean Water (VSMOW). Zircons were
imaged using scanning electron microscope (SEM) backscatter
electron (BSE) and cathodoluminescence (CL) detectors and then
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Fig. 1. Regional geologic map of southern Arizona, USA, showing the location of the Pan Tak Granite in the Coyote Mountains and the location of other

Paleocene-Eocene anatectic granites in the region.
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2008).

analyzed for U-Pb isotopes, trace elements, and Lu-Hf isotopes
using LA-ICP-MS at the University of Arizona LaserChron Center.
Zircon U-Pb isotopes were also measured with CA-ID-TIMS at
the University of Wyoming using two analytical methods. The
first method involved analysis of individual zircon fragments after
final dissolution. The second method involved multiple analyses

at incremental temperature steps that progressively dissolved
multiple zircon. A single “°Ar/*?Ar step-heating analysis was con-
ducted at the University of Vermont Noble Gas Geochronology
Lab. A detailed description of all analytical methods employed,
including reporting on standards, is presented in Supplementary
File 1.
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A.

Fig. 3. (A) Photograph of a cliff face (~200 m tall) in Mendoza Canyon in the Coyote Mountains showing intrusive relationships of the Pan Tak Granite.
(B) Outcrop photograph showing the two-mica granite intruded by an aplitic leucogranite dike and a pegmatitic leucogranite dike. Pegmatite dikes are
the youngest intrusive phase in the Coyote Mountains, based on crosscutting relationships.

RESULTS

Whole rock geochemistry and isotope ratios

Major, minor, and trace element data were measured for 14 sam-
ples of two-mica granite, 20 samples of leucogranite, 1 sample of a
lamprophyre dike, and 1 sample of the (Jurassic) Pavo Kug Granite
from the Kitt Peak Plutonic Suite (Table S1). The two-mica granite
is weakly peraluminous, with an average aluminum saturation
index (ASI; molar Al,03/Ca0—3.33P,05 + Na,O + K,0) of 1.10. ASI
values for the leucogranite range from 1.05 to 1.18 (Fig. 4A).
Both phases of the Pan Tak Granite are high silica (72-78 wt %
Si0O,) and display sublinear trends on Harker-style diagrams with
the leucogranite exhibiting more evolved compositions, including
higher SiO,, Na,0, and P,Os and lower TiO,, Fe, 03, MgO, and CaO
(e.g. Fig. 4B, C). On chondrite-normalized REE diagrams (Fig. 4D),
the two-mica granite is moderately enriched in LREE, has flat
HREE slope, and has weak negative Eu anomaly. The leucogranite
is significantly depleted in LREE, has a prominent negative Eu
anomaly (low Eu/Eux), and displays a range of HREE compositions
that reflect modal garnet. Several leucogranite samples display a
chondrite-normalized tetrad effect (Irber, 1999; Jahn et al., 2001),
with convex-up lanthanide groups (e.g. La to Nd, Gd to Ho, Er to
Lu). The Pan Tak Granite is moderately enriched in LILE with lower
Sr and Ba contents and higher Rb/Sr in the leucogranite compared
to the two-mica granite (Fig. 4E, F).

Whole rock Sr and Nd isotopes were measured for five sam-
ples of Pan Tak leucogranite, two samples of Pan Tak two-mica
granite, and one sample of Jurassic Aguirre Peak diorite (Table 1).
Leucogranite ¢Nd: values range from —-8.3 to —10.6 (average,
—9.7), the two-mica granite eNd; values are —8.3 and — 8.8, and
eNd; = —4.5 for the Aguirre Peak diorite sample (Fig. 5). Leucogran-
ite 8/Sr/%6Sr; values range from 0.709 to 0.717 (average 0.713),
the two-mica granite & Sr/%®Sr; values are 0.711 and 0.710, and
87Sr/%6Sr; = 0.706 for the Aguirre Peak diorite (Fig. 5).

Mineral oxygen isotopes

8'80 values were measured for quartz, feldspar, biotite, muscovite,
magnetite, and garnet from five samples of Pan Tak leucogranite
and two samples of two-mica granite (Table 2). Quartz §'80 values
overlap for both phases and range from 9.01 to 9.80%o (average,
9.30%0). Garnet §'0 values for both phases range from 5.37 to
5.54%0 (average 5.43%o).

Zircon textures

The intrusive units of the Pan Tak Granite have distinctive zircon
textures. Zircons from pegmatite dikes are subhedral, relatively

large (200-500 um long), and do not display any internal structure
such as zoning or inherited cores (Fig. 6A). These zircons have
a spongy, metamict texture made up of numerous microscale
(<10 um) pores and mineral inclusions. Larger inclusions, up to
50 pum, are present in some grains. Zircons from granite-textured
leucogranite dikes are similar to the pegmatite dike zircons but
are smaller (100-300 um long) and contain relicts of oscilla-
tory zoning that have been overprinted by the development of
micro-porosity and spongy texture (Fig. 6B). There are no clear
rim-core structural relationships or other evidence for inherited
(xenocrystic or antecrystic) components. Zircons from the aplite
leucogranite dikes are similar to the granite-textured dikes but are
smaller (50-200 um long), and the microporous, spongy domains
are limited to zircon interiors (Fig. 6C, D). These domains are
surrounded by oscillatory zoned zircon. Localized overprinting of
oscillatory zoning and the presence of fractures (Fig. 6D) suggest
the zircon interiors were altered after the oscillatory zones crys-
tallized. The finely spaced oscillatory zoning is locally convoluted
(Fig. 6D). The oscillatory/convoluted zoning and spongy texture
in zircons from the aplite dikes are both discordantly crosscut
by irregularly shaped domains of relatively homogenous, low-U
zircon, characterized by a bright CL response (Fig. 6D, top right of
crystal).

Zircons from the two-mica granite contain abundant inher-
ited xenocrystic cores and lack spongy textures characterized
by abundant mineral inclusions (Fig. 6E-1). Several zircons inves-
tigated display patchy, lobate, and amoeboid textures in their
interiors, surrounded by oscillatory zoned domains (Fig. 6E, F).
The patchy textures consist of bright CL (low-U) recrystallized
domains that replaced primary, dark CL (high-U) zircon interi-
ors. Although the unusual patchy to lobate textures in the two-
mica granite zircons are conspicuous, a large majority of zir-
con interiors (>90%) display ordinary oscillatory or sector zoning
(Fig. 6G, H). The zoned domains and patchy texture domains are
surrounded by thin (<10 pm), dark CL, zircon overgrowths (i.e.
‘rims’) that display oscillatory zoning and locally replace and
crosscut the pre-existing crystalline structure (Fig. 6E-H).

Geochronology

For the two-mica granite, LA-ICP-MS zircon U-Pb dates were
obtained from samples CM-246, CM-218, and CM-214 (Table S2).
There are two major 2°°Pb/?38U age populations, centered on ~58
and ~166 Ma (Fig. 7A, B). The Jurassic age population predomi-
nately reflects analyses of zircon cores. The Paleocene-Eocene
age population shows an inverse linear relationship between
zircon U-Pb date and U concentration (Fig. 8A). After discarding
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Fig. 4. Whole rock geochemical data from the Pan Tak Granite. (A) Aluminum saturation index plotted against MgO. (B) CaO plotted against SiO,. (C)
Fe O3 plotted against Na,O/K;0. Dehydration melting fields from Weinberg & Hasalova (2015) and mineral fractionation trends calculated using the

method of Jagoutz (2010). (D) Chondrite normalized (McDonough & Sun, 19

95) rare earth element data. (E, F) Rb/Sr plotted against Ba. Melt reaction
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Table 1: Rb-Sr and Sm-Nd isotopic compositions of the Pan Tak Gr

anite and Aguirre Peak diorite. WR= whole rock.

Sample Type Latitude Longitude eNdy 87Rb/&6Sr
(°N) (°VV) 147Sm/144Nd 143Nd/144Nd(0}43Nd/144Nd(t) 8751’/8651’(0) 87Sr/8651'(i)
Pan Tak: two-mica granite
CM-246 WR 31.992 111.509 0.128718 0.512188 0.512142 —8.3 4.389609 0.713761 0.710331
CM-252 WR 31.966 111.494 0.134407 0.512165 0.512117 —8.8 5.315005 0.715394 0.711241
Pan Tak: leucogranite
CM-9 WR 31.986 111.516 0.23005 0.512128 0.512053 —10.2 34.856251 0.738298 0.713541
CM-11a WR 31.986 111.517 0.189277 0.512208 0.512146 —8.3 3.029359 0.711486 0.709334
CM-248 WR 31.992 111.509 0.336517 0.512147 0.512037 -10.5 8.906962 0.718855 0.712529
CM-224 WR 31.995 111.467 0.183452 0.512088 0.512033 -10.7 4.252525 0.720181 0.717161
CM-224 Garnet 31.995 111.467 1.083661 0.512362 0.512036 —10.6
CM-256 WR 32.005 111.51 0.134407 0.512165 0.512125 —-8.9
CM-256 Garnet 32.005 111.51 0.72198 0.512346 0.512129 —8.8
Aguirre Peak diorite
CM-260 WR 32.008 111.494 0.111884 0.512316 0.512195 —4.5 0.424458 0.707256 0.706260

strongly discordant (>20%) and reverse discordant (>5%) data,
calculated according to Gehrels (2012), these dates range from 42
to 62 Ma. Three discordant analyses from the two-mica granite
have Paleozoic to Proterozoic dates and yield an upper intercept
of 1420420 Ma (20) on a Wetherill concordia plot (Fig. 7C), which

overlaps with the approximate crystallization age of the Ora-
cle Granite (Fornash et al., 2013). LA-ICP-MS zircon dates were
obtained from leucogranite samples CM-208, CM-224, and CM-248
and likewise display an inverse relationship between zircon U-Pb
date and U concentration. Concordant zircon U-Pb dates from the
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Fig. 5. (A) Whole rock Sm-Nd and Rb-Sr isotopic compositions for the
Pan Tak Granite. Data fields for the Laramide arc, Wilderness Suite,
Oracle Granite, and Pinal Schist are presented in Scoggin et al. (2021).
Mixing line shows percentage mixing between the Aguirre Peak diorite
(sample CM-260) and an average Oracle Granite (see text for details). (B)
Single grain zircon Lu-Hf isotopic compositions from the Pan Tak
two-mica granite. Data fields for the Laramide arc, Oracle Granite and
Pinal Schist are adapted from Fornash et al. (2013) and Scoggin et al.
(2021).

leucogranite range from 41 to 48 Ma. All but two analyses from
samples CM-224 (granite-textured dike) and CM-248 (pegmatite
dike) produced strongly discordant or otherwise unreliable U-
Pb data (e.g. anomalously low 2°°Pb/2°4Pb). Considering all con-
cordant zircon LA-ICP-MS ages from the two-mica granite and
leucogranite together, there is an apparent age gap (discussed
below) from about 51 to 53 Ma (Fig. 7B).

Zircons from leucogranite sample CM-256 were analyzed for
U-Pb by ID-TIMS (Table S3). Two individual zircons that were
not chemically abraded yielded concordant 2°°Pb/?*¥U dates of
39.14+1.35 (20) and 53.95+0.41 (20). For the two-step chemical
abrasion analysis, eight individual zircon shards yielded concor-
dant 2°Pb/?38U dates ranging from 53.3 to 59.4 Ma, and one shard
yielded a concordant date of 94.91+0.35 (20) (Fig. 7D). The multi-
grain, multi-step chemical abrasion analysis yielded steps with
concordant 2°°Pb/?*8U dates ranging from 38.1 to 55.0 Ma. The last
five (of seven) step dates were within error of one another and
result in a weighted mean date of 54.93 £0.04 (20, mean squared
weighted deviation (MSWD) = 0.84) (Fig. 7D).

Sm-Nd isotopes were measured for whole rock and garnet
separates from leucogranite samples CM-224 and CM-256, both
granite-textured dikes (Table 1). Two-point isochrons, or ‘tie
lines’, yield dates of 47.1+1.6 Ma (20) for sample CM-224
and 46.5+1.2 Ma (20) for sample CM-256 (Fig. 7E). Biotite was
analyzed for “Ar/*°Ar from sample CM-302, a lamprophyre

dike that crosscuts all leucogranite units. The lamprophyre
dike yielded a plateau date of 25.92+0.52 Ma (20) (Fig.7F),
consistent with intrusion during crustal extension that formed
the Coyote Mountains metamorphic complex (Gottardi et al.,
2020). The intrusion of the lamprophyre dike and the extensional
deformation that formed the Coyote Mountains metamorphic
complex are significantly younger than the Pan Tak Granite.

Zircon geochemistry and Lu-Hf isotopes

Zircon trace element concentrations were measured from two-
mica granite samples CM-246, CM-218, and CM-214 and from
leucogranite sample CM-208, an aplite dike. Data are reported
only from zircons that yielded concordant U-Pb dates (Table S4).
Leucogranite zircons contain higher Hf concentrations and higher
U/Th (Fig. 8B, C) compared to two-mica granite zircons. Zircon REE
concentrations overlap between two-mica granite and leucogran-
ite samples, although temporal trends are apparent when data
are plotted against zircon U-Pb date. Eu/Eux [Eun/((Smp + Gdn)/2]
decreases with decreasing date (Fig. 8D). All zircon REE increase
with decreasing date for the two-mica granite (from ~62 Ma to
the age gap) (represented by Yb, in Fig. 8E), with MREE/HREE rel-
atively constant (represented by Dy,/Yby, in Fig. 8F) and LREE/M-
REE increasing markedly (represented by Nd,/Dyy in Fig. 8F). For
the leucogranite (from the age gap to ~42 Ma), LREE and HREE
decrease with decreasing zircon U-Pb date and MREE remains rel-
atively constant (Fig. 8E). MREE/HREE increases during this time
interval and LREE/HREE decreases (Fig. 8F).

Melt crystallization temperatures were estimated using a
version of the Ti-in-zircon thermometer (Tr.,,) of Ferry & Watson
(2007) that was updated by Loucks et al. (2020) to include
pressure. Yang et al. (2022) reported a crystallization pressure
of 704+37 MPa for the Pan Tak Granite, which is the only
pressure estimate available. Following the recommendation of
Schiller & Finger (2019), we used rhyolite-MELTS (Gualda et al,,
2012) to calculate aSiO and aTiO; at 750 °C and 700 MPa for the
average composition of the Pan Tak two-mica granite, assuming a
water content of 3 wt %. The calculated values are aSiO, =1 and
aTiO, =0.55, which are similar to the activities reported by Schiller
& Finger (2019) for high-silica S-type granites that lack major Ti-
bearing phases (e.g. titanite, rutile). Compared to a rutile saturated
melt (aTiO, = 1), using aTiO, = 0.55 increases Ty, by ~50 °C. Using
the pressure-dependent Ty, equation from Loucks et al. (2020)
increases Tri, Dy ~30 °C, compared to the original equation
from Ferry & Watson (2007). Two-mica granite samples CM-
246, CM-218, and CM-214 have average Trj.,r =782 +£40, 761 £ 23,
and 848+ 16 °C, respectively, with uncertainty reported as one
standard error. Average Tt for leucogranite sample CM-208 is
710 £ 34 °C. When plotted against zircon U-Pb age, Ty, increases
from ~650 to ~850 °C from 62 Ma to the age gap (53-51 Ma)
and then decreases to ~650 °C at the end of the crystallization
sequence at 42-44 Ma (Fig. 8G).

Lu-Hf isotopes were measured on zircons from two samples
of the Pan Tak two-mica granite (Table S5). Analyses included
Paleocene-Eocene (magmatic) zircons and Jurassic (inherited
xenocrystic) zircons. Sample CM-246 yielded individual Pale-
ocene-Eocene ¢Hf; values ranging from —-26.1 to —8.2 with an
average of —14.7 £3.2 (20, n="5), with uncertainty calculated by
adding standard error and average individual error in quadrature.
Sample CM-218 yielded individual Paleocene-Eocene ¢Hf; values
ranging from —14.9 to —4.6 with an average of —9.7+2.1 (20,
n=6). All Paleocene-Eocene zircon analyses combined yield an
average of eHfy =—12.0+2.1 (20, n=11), and all Jurassic analyses
combined yield an average of ¢eHfi =—5.4+1.4 (20, n=7). Zircon
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Table 2: Oxygen isotopic composition for select minerals of the Pan Tak Granite

Sample Latitude Longitude Quartz Biotite §180 Muscovite Feldspar Magnetite Garnet
(cN) (ow) s180 s180 s180 5180 5180
Pan Tak: two-mica granite
CM-252 31.966 111.494 9.04 0.58 5.37
CM-209 31.971 111.498 9.8 5.69 3.11
Pan Tak: leucogranite
CM-216 31.981 111.486 9.01
CM-225 31.995 111.467 9.15
CM-228 31.963 111.515 9.15 6.52 0.09 5.38
CM-242 31.991 111.502 9.5
CM-248 31.992 111.509 9.42 6.71 6.68 5.54

All 6180 values are reported in %o relative to VSMOW.

Leucogranite

Two-mica granite

CM-248: pegmatite dike || CM-224: dike
grain 25 grain 76

CM-214 grain 40 CM-246 grain 1

“patchy”
texture

CM-218
grain 54

Fig. 6. Representative color CL images and grayscale secondary electron (SE) images of zircons from samples of the Pan Tak leucogranite dikes (panels
A-D) and from the Pan Tak two-mica granite (panels E-I). White circles with dates are 30-micron LA-ICP-MS spots.

¢Hf; and U-Pb ages from the Pan Tak Granite overlap isotopic
data from the Wilderness Suite (Fornash et al., 2013; Ducea et al.,
2020) and primarily plots along 1.4 to 2.1 Ga crustal evolution
lines (Lu/Hf=0.015) that intercept zircon eHf; values from the
Laramide arc, Jurassic granitoids, Oracle Granite, and Pinal Schist
(Fig. 5), all possible protoliths of the Pan Tak Granite.

DISCUSSION
Melt sources

Abundant Jurassic-age zircon cores are present in the two-mica
granite (Fig. 6I), inherited from Jurassic granitoids rocks of the

type that the Pan Tak Granite intrudes (Haxel et al., 2008). Despite
the abundance of inherited zircons of Jurassic age, zircon ¢Hf; and
whole rock eNd; and 8 Sr/%¢Sr; values require the involvement of
older and more radiogenically evolved sources (Fig. 5). Proterozoic
basement rocks exposed in the region include a diabase dike
swarm (1.1 Ga), Oracle Granite (c. 1.4 Ga), and Pinal Schist (c. 1.6-
1.8 Ga) (Anderson & Bender, 1989; Bright et al., 2014; Meijer, 2014).
Three zircon U-Pb LA-ICP-MS analyses from the two-mica granite
define a discordia with a 1.42-Ga upper intercept age (Fig. 7C),
and six zircon size fractions analyzed by TIMS by Wright & Haxel
(1982) have an upper concordia intercept age of 1.1 Ga. Gottardi et
al. (2020) report two Proterozoic zircon U-Pb LA-ICP-MS dates,
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Fig. 7. Geochronology data from the Pan Tak Granite. (A) Kernel density estimate (KDE) of zircon U-Pb LA-ICP-MS data from the two-mica granite and
leucogranite. Note the absence of older ages for the leucogranite samples. (B) KDE and histogram of zircon U-Pb LA-ICP-MS data from the Pan Tak
Granite showing the age gap from approximately 53-51 Ma. Ages younger than ~42 Ma are discordant and interpreted to have experienced Pb loss or
other disruptions to the U-Pb system. (C) Wetherill concordia with zircon LA-ICP-MS data from the two-mica granite, showing inherited components
with an upper intercept age of ~1420 Ma. (D) Zircon U-Pb ID-TIMS data from leucogranite sample CM-256 plotted on a Wetherill concordia diagram.
The weighted mean age of ~55 Ma is from the last five steps of the multi-step analysis. (E) Two-point Sm-Nd tie lines (isochrons) for whole rock and
garnet separate from leucogranite samples. (F) Ar release spectra for lamprophyre dike sample CM-302. Steps highlighted were used to define a
plateau age of ~26 Ma. (G) Zircon U-Pb LA-ICP-MS data from the two-mica granite, plotted on a Wetherill concordia after discarding outliers, analyses
of zircons that show textural evidence for alteration and have U > 10000 ppm. (H) Zircon U-Pb LA-ICP-MS data from leucogranite dikes, plotted on a
Tera-Wasserburg concordia showing that almost all analyses from granite-textured and pegmatitic dikes are discordant. Both ages presented are
interpreted to underestimate the age of the leucogranite dikes due to Pb loss or other disruptions to the U-Pb system. (I) Zircon U-Pb LA-ICP-MS data
from a leucogranite aplite dike, plotted on a Wetherill concordia after discarding outliers, analyses of zircon that show textural evidence for alteration
and have U > 5000 ppm. (J) Zircon U-Pb LA-ICP-MS data from all samples of the Pan Tak Granite, plotted on a Wetherill concordia. Only low-error data
that are concordant from zircons with no textural evidence for alteration or metamictization are shown. The analyses define a spectrum of ages from

62 to 42 Ma.

1.11 Ga and 1.47 Ga, from the Pan Tak two-mica granite. the Pan Tak Granite is most similar to the Wilderness Suite (Keith
Proterozoic zircon components could have been recycled from et al., 1980; Fornash et al., 2013; Ducea et al., 2020) (Fig. 5). Fornash
Jurassic igneous rocks, but inherited Proterozoic zircon ages are et al. (2013) favored the Oracle Granite as a main source for the
uncommon in Jurassic granitoids rocks (Tosdal & Wooden, 2015). Wilderness Suite, based in part on numerous c. 1.4 Ga inherited
Scoggin et al. (2021) suggested that the 1.1-Ga diabase dikes, zircon cores. Wright & Haxel (1982) also favored the Oracle Granite
or other Proterozoic mafic igneous rocks, could be a potential as a source for the Pan Tak Granite. Quartz §'®Oysyow from the Pan
source for the anatectic Relleno Suite in the Pifialeno Mountains. Tak Granite (9.0-9.8%o) is more similar to Oracle Granite (9 to 11%o)
However, the whole rock geochemistry (e.g. SiO; =65-75 wt %; than it is to the Pinal Schist (>12%o) (Turi & Taylor, 1971; Kerrich
ASI < 1.1) and isotopic composition (e.g. quartz §'®Oysyow < 9.5%; & Rehrig, 1987; Anderson & Morrison, 2005). Some experimental
87Sr/%8Sr; <0.71; zircon eHf;>—8) of the Relleno Suite that studies have suggested that weakly peraluminous melt composi-
supported this interpretation are not observed in the Pan Tak tions and moderate Fe and Mg melt contents, similar to the Pan

Granite. By contrast, the geochemical and isotopic composition of Tak two-mica granite (ASI, 1.05 to 1.1), disfavor a significant felsic
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Fig. 8. Zircon trace element data plotted against zircon U-Pb date. Explanation of symbols are presented in panel B unless otherwise specified. (A)
Zircon U concentration plotted against date showing sublinear trends of increasing U concentrations with decreasing age. Open symbols represent
strongly discordant (>20%) analyses. The weighted mean age of the two-mica granite (red bar) is from Fig. 7G, the age gap (green bar) is from Fig. 7B,
and the end of the crystallization sequence (blue bar) is interpreted from the youngest concordant zircon U-Pb analyses from the leucogranite. (B)
Zircon Hf concentrations plotted against date. Gray dashed arrows are interpreted trends in all panels and are not regressed through data. (C) Zircon
U/Th ratios plotted against date. (D) Zircon Eu/Eus (Eun/((Smn + Gdn)/2)) plotted against date, where n denotes normalization to chondrite values from
McDonough & Sun (1995). (E) Zircon Yby, and (Ce/Nd), plotted against date. (F) Zircon (Dy/Yb), and (Nd/Dy), plotted against date. (G) Ti-in-zircon
temperature (Ttj,) estimates plotted against date. (H) Same as panel G, but with zircon distinguished by U content. Inset plots zircon Tr; 5, against

zircon U content.

metasedimentary source (cf. Patifio-Douce, 1999) (Fig. 4A, C).
However, phase equilibria modeling and studies of nanogranitoids
suggest that ASI, Fe, and Mg may be artificially enriched in
experimental crustal melts and that high ASI, Fe, and Mg is

not necessarily indicative of metasedimentary protoliths (Bartoli,
2021; Bartoli & Carvalho, 2021). Simple binary mixing between the
Aguirre Peak Quartz Diorite and average Oracle Granite Sr and Nd
isotope ratios (Barovich, 1991) suggests that 40-70% of Oracle
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Granite may have been involved in melting (Fig.5). The exact
source for the Pan Tak Granite remains uncertain butis estimated
to consist of subequal proportions of Jurassic granitoids and Pro-
terozoic basement, predominantly Oracle Granite or equivalent.

Age interpretations

Two-mica granite

Excluding analyses of inherited xenocrystic zircons and strongly
discordant or reverse discordant analyses (Gehrels, 2012), zircon
LA-ICP-MS data from the two-mica granite display a semi-
continuous range of ?%°Pb/?38U dates from 42 to 62 Ma (Figs 7
and 8). Analogous ranges of zircon dates have been observed
in other anatectic granites in southern Arizona, including the
Wilderness Suite (34-64 Ma; Davis et al, 2019) and in many
Himalayan leucogranites (Kohn, 2014; Weinberg, 2016; Wu et al.,
2020). How to interpret this spread of zircon U-Pb dates is one of
the challenges associated with anatectic leucogranites, regardless
of their location or tectonic association. For the Pan Tak two-mica
granite, there is an inverse linear relationship between zircon U-
Pb date and zircon U concentration (Fig. 8A). One interpretation
of this trend is that radiation damage of the zircon matrix is
proportional to U concentration (Ewing et al., 2003) and that
younger ages reflect Pb loss. Regression of a line through the age-
U trends in Fig. 8A-U, <5000 ppm, suggests a crystallization age of
57-62 Ma. Only considering zircon data that are (1) concordant, (2)
do not display textural evidence for metamictization, diffusion—
reaction, or dissolution-reprecipitation processes, (3) have
moderate to low U concentrations (<10000 ppm), and (4) have
U-Pb dates that overlap within error yields a weighted mean
206ph/238Y date of 56.5+1.2 Ma (20; n=11) (Fig. 7G). Further
restricting the data to zircons with U concentrations <3000 ppm
yields a weighted mean date of 57.9+1.1 Ma (20, n=6). These
ages overlap within error with a previously reported zircon U-
Pb ID-TIMS date of 58+2 Ma (Wright & Haxel, 1982) and a
zircon LA-ICP-MS date of 58.1+0.5 Ma (Gottardi et al., 2020).
The most conservative interpretation of these dates is that they
reflect a single episode of crystallization of the Pan Tak two-mica
granite at c. 58 Ma. However, several lines of evidence lead us to
propose a more complex crystallization history and to suggest
that the range in zircon U-Pb dates has geologic significance (see
Crystallization sequence section below).

Leucogranite

No age has been previously reported for intrusion of the Pan
Tak leucogranite. Crosscutting relationships indicate that the
leucogranite is younger than the two-mica granite and that
pegmatitic dikes are younger than granite-textured and aplitic
leucogranite dikes (Fig. 3B). Like the two-mica granite, zircon U-
Pb LA-ICP-MS data from the Pan Tak leucogranite display an
inverse linear relationship between date and U concentration
(Fig. 8A). High U (>5000 ppm) zircons are generally discordant
and show evidence for loss of radiogenic Pb and metamictization.
The spongy, microporous texture and abundance of small mineral
inclusion in zircons from pegmatite dike sample CM-248 and
granite-textured leucogranite dike sample CM-224 (Fig. 6A, B) are
indicative of diffusion-reaction processes mediated by aqueous
fluids (Tomaschek et al., 2003; Geisler et al., 2007; Nasdala et al.,
2010; Park et al., 2016). These textures are generally limited to
zircons that have experienced structural damage due to self-
irradiation and are commonly observed in felsic pegmatites (e.g.
Van Lichtervelde et al.,, 2009; Soman et al., 2010; Zamyatin et al.,
2017; Budzyn et al.,, 2018). Not enough concordant zircon U-Pb
LA-ICP-MS data were obtained from samples CM-248 and CM-224

to calculate a weighted mean age; however, we can place some
constraints on crystallization ages. Forcing a ‘discordia’ isochron
through the discordant LA-ICP-MS data from these two samples
on a Tera-Wasserburg diagram using modern common Pb values
yields a date of ~38 Ma, which can be considered a minimum age
(Fig. 7H). Considering only the least discordant data from these
two samples suggests a date of 42+2 Ma (20, n=2), which can
also be considered a minimum age.

Like the pegmatite and granite-textured leucogranite units,
zircons from the aplite dike sample CM-208 contain microporous,
spongy domains interpreted to be related to metamictization.
However, these domains are limited to zircon interiors (Fig. 6C, D),
which are surrounded by oscillatory and sector zoned domains
that appear to be free of alteration, have relatively low U con-
centrations (generally <5000 ppm), and yielded concordant zircon
U-Pb LA-ICP-MS dates (Fig. 7I). LA-ICP-MS U-Pb data collected
from these domains were concordant and yielded a weighted
mean 20Pb/238U date of 45.8 £ 1.0 Ma (20; n="9) (Fig. 71), which we
interpret to be the approximate timing of zircon crystallization.
This age is within error of the Sm-Nd, garnet-whole rock isochron
(tie line) dates for two separate granite-textured leucogranite
dike samples, CM-224 and CM-256 (Fig. 7E). Textural observations
suggest that the high-U zircon interiors in sample CM-208 were
preferentially altered by hydrous fluids that accessed the interi-
ors through fractures (Fig. 6D), which are common in metamict
zircons (Krogh & Davis, 1975; Nasdala et al., 2010).

Leucogranite sample CM-256 also was analyzed by CA-ID-TIMS.
One zircon not chemically abraded and eight chemically abraded
zircon shards from the two-step analysis yielded a cluster of
concordant 2°Pb/?%8U dates 53-59 Ma. We interpret this varia-
tion to reflect minor amounts of uncorrected Pb loss and minor
inheritance. The last five (of seven) steps from the multi-grain
analysis yielded a concordant weighted mean 2°°Pb/?*8U date of
54.93 +0.04 Ma. This date is older than the Sm-Nd garnet-whole
rock isochron age from the same sample and older than zircon LA-
ICP-MS dates from other leucogranite samples, but similar to the
dominant age population in the two-mica granite. In situ LA-ICP-
MS analyses of zircons from other granite-textured leucogran-
ite dikes indicate that young (<53 Ma) domains have high U
concentrations (>5000 ppm) and display textural evidence for
metamictization and alteration (Fig. 6B). Although several studies
have noted the preferential dissolution of high-U, young, exterior
zircon domains during chemical abrasion (e.g. Curry et al., 2021),
we do not see evidence of an age bias in our data from CM-256.
The c. 55 Ma date shows up in the third step of the multi-step
analysis when the extracted U abundances were very high (25 ng,
20% of the total; Table S3) and persist through two more steps
of high U extractions and two steps of lower U extractions. The
pattern of young dates in the early dissolution steps followed by
a plateau of consistent older dates from all later steps (Fig. 7D,
inset) fits the well-defined pattern of multiple-step chemical
abrasion described by Mattinson (2005) for magmatic zircons. In
Mattinson’s study, the young dates were interpreted to reflect
preferential early dissolution of metamict domains that had lost
Pb. We interpret the 53- to 59-Ma CA-ID-TIMS dates from CM-256
to represent analyses of antecrystic zircons that were inherited
from the two-mica granite, and that the magmatic age of this
leucogranite sample is better estimated by the Sm-Nd data than
the zircon data.

Crystallization sequence

A significant population of zircons from the Pan Tak Granite
have relatively young (mostly <42 Ma) LA-ICP-MS dates that are
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Fig. 9. Schematic cartoon showing the interpreted melt history and crystallization sequence of the Pan Tak Granite. See text for discussion.

strongly discordant, have high U concentrations (>5000 ppm),
and display textural evidence for metamictizaiton or alteration
(Fig. 6A, B). These zircons are interpreted to have experienced
significant Pb loss and are not considered further (hollow symbols
in Fig. 8A). The remaining zircon U-Pb LA-ICP-MS analyses from
the two-mica granite and leucogranite are concordant (Fig. 7]),
and the zircons do not exhibit textural evidence for metamic-
tizaiton or alteration (Fig. 6C-I); however, U concentrations are
still quite high, in some cases exceeding 1 wt %. It is unclear
whether these zircons have experienced Pb loss. We rule out
mechanical mixing (e.g. ablation spot overlapping age domains)
because (1) there are no time/depth-dependent variations in the
isotopic signals during analyses, (2) comparison of post-ablation
images with pre-ablation CL images suggests analyses were con-
ducted within a single age domain, and (3) zircon trace element
trends (Fig. 8) cannot be reproduced by simple binary mixing.
We interpret the range of LA-ICP-MS dates (42-62 Ma) and ID-
TIMS dates (53-59 Ma) to reflect prolonged igneous crystalliza-
tion and fluid/melt-mediated recrystallization that collectively
define a crystallization sequence. Supporting this interpretation
are zircon geochemical and temporal trends that record details of
melt evolution and changing conditions of crystallization condi-
tions.

The proposed crystallization sequence consists of three stages:
(1) metamorphism and melt generation 62-53 Ma, (2) peak meta-
morphism and melt extraction 53-51 Ma, and (3) cooling and
crystallization 51-42 Ma (Fig. 9). During stage 1, from approxi-
mately 62 to 53 Ma, the source region experienced metamor-
phism, anatexis, and zircon (re)crystallization. Increasing T,
(from 650 to 850 °C) is interpreted to represent a period of prograde
metamorphism during stage 1. Previous studies of silicic volcanic
series have documented a negative correlation between zircon Ti
and U content for zircon U < ~1000 ppm and a positive correlation
for zircon U > ~1000 ppm (e.g. Chamberlain et al., 2014; Matthews
et al., 2015; Troch et al., 2018), which is also observed in zircons
from the Pan Tak two-mica granite (Fig. 8H, inset). Troch et al.
(2018) suggested that substitution of non-stoichiometric trace
elements in high U zircon distorts the crystal lattice and can
facilitate substitution of the slightly larger (compared to Si) Ti**
ion, potentially causing T,y to be overestimated. For the Pan Tak
two-mica granite, increasing Tr.,r during stage 1 is observed for
both high U (>1000 ppm) and low U (<1000 ppm) zircon (Fig. 8H).
Caution in interpreting the T,y vs age trends (Fig. 8G) in the Pan
Tak Granite is still warranted, but the similar temporal trends for
both high and low U zircon give us more confidence that the stage
1 trend is robust.

The increasing zircon REE concentrations during stage 1 are
interpreted to represent breakdown of REE-bearing minerals in
the source (Fig. 8E, F). Relatively invariant (Dy/Yb), during this
interval suggests a limited role for garnet (e.g. Davidson et al.,
2013), and increasing LREE/MREE (e.g. [Nd/Dy],) and LREE/HREE
suggests breakdown of LREE-enriched minerals such as apatite
or monazite (Fig. 8F), which are commonly consumed during
anatexis (Yakymchuk, 2017). Decreasing (Ce/Nd), during stage
1 (Fig. 8E) favors apatite (Dce/Dng =~0.6; Sano et al., 2002) over
monazite (Dce/Dng = ~1; Stepanov et al., 2012) and helps rule out
other LREE-rich phases such as epidote and allanite. Another pos-
sibility is that ilmenite replaced titanite (Dce/Dng = ~0.3; Loader et
al., 2022) during prograde metamorphism. At ~700 MPa, ilmenite
stabilizes at the expense of titanite at ~700 °C for most felsic rocks
(Kohn, 2017).

Zircon crystallization during stage 1 is interpreted to have
occurred in the source (forming a migmatite), prior to melt
extraction, and records the earliest stages of anatexis. The zircon
age population centered on ~58 Ma may represent the first sig-
nificant melting-crystallization event in the source. The range of
ages is interpreted to represent semi-continuous, small-volume,
partial melting and crystallization that formed leucosomal
bodies. Similar interpretations have been proposed for Himalayan
leucogranites that have concordant U-Th-Pb accessory mineral
dates and display a correlation between age and U concentration
(e.g. Viskupic et al., 2005; Lederer et al., 2013; Cottle et al., 2018; Xie
et al., 2018; Hopkinson et al., 2020; Lin et al., 2020; Chen et al., 2021)
analogous to that shown in Fig. 8A. These interpretations are
supported by geochronological studies of Himalayan migmatites
that demonstrate semi-continuous accessory mineral growth
during partial melting and metamorphism (e.g. Imayama et
al., 2012; Rubatto et al, 2013; Zhang et al., 2017; Yang et al,
2019; Kang et al, 2020). Mass balance modeling of zircon in
general suggests that primary zircon crystallization should be
minimal during prograde metamorphism, but several studies
document prograde, suprasolidus zircon growth, thought to
occur primarily by dissolution-reprecipitation, Ostwald ripening,
peritectic shielding, and open-system processes (Kelsey & Powell,
2011; Rubatto, 2017; Kohn & Kelly, 2018; Yakymchuk, 2023).
Open-system processes, including localized injection of melt
into migmatite during prograde metamorphism (e.g. Yakymchuk,
2023), are particularly appealing because it can explain increasing
Pan Tak Granite Tr.,r during stage 1. Zircon crystallization in
a high-temperature, metamorphic environment is supported
by zircon textures, including patchy textures and convoluted
zoning (Fig. 6E, F). The patchy textures consist of bright CL (low-U)
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recrystallized domains that replaced primary, dark CL (high-U)
zircon interiors. These domains are consistent with fluid-
assisted, coupled dissolution—reprecipitation reactions in high-
T metamorphic environments that preferentially replaced
self-irradiated, structurally damaged zircon with new crystalline
zircon (Pidgeon et al, 1998; Hoskin & Black, 2000; Rubatto
& Gebauer, 2000; Schaltegger et al., 2002; Geisler et al., 2007;
Vonlanthen et al., 2012). Convoluted zoning (Fig. 6D, E) is common
in high-T metamorphic rocks and predominantly results from
solid-state recrystallization and diffusion of trace elements
(Pidgeon et al., 1998; Vavra et al., 1999; Hoskin & Black, 2000; Corfu
et al., 2003; Kelly & Harley, 2005; Tichomirowa et al., 2005; Harley
et al., 2007; Rubatto, 2017).

Stage 2 is characterized by a prominent age gap in zircon dates,
observed from 53 to 51 Ma (Fig. 7B). Similar age gaps have been
documented in studies of Himalayan leucogranites and have gen-
erally been interpreted to represent a period of significant melting
and/or melt emplacement (Zeng et al.,, 2015; Cottle et al., 2018;
Dingetal., 2021; Jiet al., 2022). Partial melting results in a hiatus in
zircon crystallization and a switch to zircon dissolution in order
to maintain Zr saturation as melt fraction increases (Kelsey &
Powell, 2011; Kohn et al., 2015; Yakymchuk et al., 2017). We propose
a similar explanation for the Pan Tak Granite age gap and suggest
that this time interval records peak metamorphism and peak
melt generation. There is textural evidence for zircon dissolution
in the two-mica granite (e.g. Fig. 6H; right side of crystal) that
preceded (re)crystallization of the high-U overgrowths. We also
interpret the 53- to 51-Ma age gap to be the approximate time
of melt extraction from the source and emplacement for the
two-mica granite (Fig. 9). This interpretation, in which a paucity
of dates represents the main melt extraction and emplacement
event, is counterintuitive but may be a characteristic feature of
anatectic leucogranites (Kohn et al., 2015; Cottle et al., 2018). Zir-
cons previously crystallized during stage 1 are interpreted to have
been mobilized and transported as antecrysts in the melt. Similar
hypotheses have been proposed for Himalayan leucogranites that
exhibit a range of ages (e.g. Langille et al., 2012; Lederer et al., 2013).
The Pan Tak Granite age gap also defines an inflection point, or
reversal, in geochemical-temporal trends that suggest a change
from metamorphism and melt generation to crystallization and
cooling in the third and final stage of the crystallization sequence
(Fig. 8).

The third stage, from 51 to 42 Ma, is almost entirely defined
by zircon crystallization in the leucogranite, although a few zir-
con U-Pb dates were obtained from high U (dark in CL images)
overgrowths (i.e. rims) from the two-mica granite (Fig. 6G, H). Most
of these overgrowths were too thin (few micrometers) to be mea-
sured by the methods employed (laser ablation spots of 20-40 um
on polished crystals), limiting the total number of analyses. These
overgrowths are interpreted to represent new thermal- and/or
fluid-mediated zircon (re)crystallization (e.g. Harley et al., 2007;
Rubatto et al., 2009; Rubatto, 2017) that occurred during or after
emplacement of the Pan Tak Granite (Fig. 9), potentially concur-
rent with zircon crystallization associated with the leucogranite
(Fig. 9). In situ zircon recrystallization and the formation of high-
U overgrowths are usually associated with metamorphic rocks
but are also common in igneous rocks (e.g. Gaynor et al.,, 2022)
including in the Himalayan leucogranite belt where leucogranite
dike swarms intrude two-mica granite (Liu et al., 2014; Zeng et al.,
2015; Gao et al., 2021; Gu et al., 2022).

For the Pan Tak Granite, Ty, decreases during the third
stage, with the majority of calculated temperatures <700 °C
(Fig. 8G) interpreted to represent cooling and crystallization.

Several whole rock fractionation trends support leucogranite
crystallization from a relatively cool, evolved melt: low Ba, low
K/Rb, low Eu/Eux (deeper Eu anomaly), low LREE, and high
Rb/Sr (Fig. 4) (see section below). Zircon U/Th increases to 35-
40 during the third stage (Fig. 8C). Zircon U/Th ratios >10 are
commonly associated with metamorphic processes (e.g. Gehrels
et al.,, 2009), but here we interpret high U/Th to be related to
crystallization from a highly fractionated melt, enriched in U
(Kirkland et al., 2015), and preferential and earlier crystallization
of monazite (sequestering Th) compared to zircon (Yakymchuk et
al., 2018; Yakymchuk & Brown, 2019). Decreasing (Nd/Dy), during
stage 3 indicates crystallization of a LREE-enriched phase, and
relatively constant (Ce/Nd), suggests that this phase is more
likely monazite than apatite (Fig. 8E, F). Decreasing zircon HREE
and increasing (Dy/Yb), during the third stage are interpreted to
reflect garnet crystallization from melt rather than metamorphic
gamet growth in the source region as temperature decreases
(Fig. 8E, F). Increases in whole rock Dy/Yb for the most highly
evolved samples (lowest MgO; Fig.4G) also support garnet
fractionation (e.g. Davidson et al., 2013). Increasing zircon Hf with
decreasing U-Pb age (Fig. 8B) and decreasing whole rock Zr/Hf
with increasing SiO, (Fig. 4H) document zircon crystallization (e.g.
Claiborne et al.,, 2006). Apparent lack of inherited zircons in the
leucogranite suggests that it crystallized primarily from residual
melt (Fig. 9). Finally, the late-stage overgrowths (bright CL, low-U
domain in Fig. 6D) that discordantly crosscut oscillatory zoning
and spongy textures in zircons from the aplite dikes suggest a
coupled dissolution-reprecipitation process mediated by aqueous
fluids and/or melt that resulted in zircon (re)crystallization
(Schaltegger et al., 1999; Hoskin & Black, 2000; Rubatto & Gebauer,
2000; Geisler et al.,, 2007; Vonlanthen et al., 2012). Recrystallized
zircon rims with similar textural relationships are common in
high-grade metamorphic rocks and anatectic granites (Vavra et al.,
1996; Pidgeon et al., 1998; Corfu et al., 2003; Hoskin & Schaltegger,
2003; Tomaschek et al., 2003; Harley et al., 2007; Marsh & Stockli,
2015; Farina et al., 2018).

Melt and differentiation mechanisms

The association of two-mica granite and tourmaline- or garnet-
bearing leucogranite is common in anatectic provinces globally,
including in the Himalayan leucogranite belt (Guo & Wilson,
2012). These two rock types have been interpreted as representing
some combination of (1) different melt fractions produced during
prograde heating (Visona et al., 2012; Gou et al., 2016), (2) melting of
different protoliths (Guillot & Le Fort, 1995), (3) different melting
mechanisms (e.g. fluid-present vs fluid-absent melting; Inger &
Harris, 1993; Gao et al,, 2017), and (4) residual melts formed by
fractional crystallization (Scaillet et al., 1990; Liu et al., 2016). Field
relations and geochemical and geochronological data from the
Pan Tak Granite indicate the leucogranite formed from a highly
fractionated, residual melt that differentiated from the magmas
that produced the two-mica granite. The two-mica granite is
interpreted to represent a frozen crystal, cumulate mush, and the
leucogranite is interpreted to represent the residual, interstitial
melt that was extracted from that mush. Similar interpretations
for two-mica granite intruded by leucogranite have been proposed
for parts of the Himalayan leucogranite belt (Liu et al., 2019; Wu et
al., 2020).

Other explanations for the relationship between the two-mica
granite and leucogranite can be ruled out. First, leucogranite
intrudes two-mica granite, and zircon U-Pb data indicate that
it crystallized after the two-mica granite. This is inconsistent
with a hypothesis that the leucogranite represents a first-liquid,
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minimum melt and that the two-mica granite was generated from
greater degrees of partial melting at a higher temperature during
prograde metamorphism (e.g. Visona et al., 2012). Second, initial
crystallization of the two-mica granite argues against melting
of different protoliths. Discrimination diagrams like Fe,O3 vs
N,,0/K,0 (Fig. 4C; Weinberg & Hasalova, 2015) could be used to
infer melting of a biotite-rich protolith for the two-mica granite
and a more muscovite-rich protolith for the leucogranite. How-
ever, higher-temperature melting of a more refractory protolith
(e.g. biotite gneiss) is unlikely to occur prior to low-temperature
melting of a more melt-fertile protolith (e.g. muscovite schist)
(cf. Patifio-Douce & Harris, 1998). Geochemical and isotopic data
also suggest that both the two-mica granite and leucogranite
were chiefly derived from melting of the same (meta)igneous
source rocks (Fig. 5). Decreasing Fe,Os in Fig. 4C, from the two-
mica granite toward the leucogranite, is interpreted to represent
early and continued crystallization of biotite, the only major mafic
phase presentin the Pan Tak Granite, followed by crystallization of
K-feldspar, quartz, and muscovite. Decreasing Na,0/K,0 may also
be caused by decreasing pressure of partial melting (Bartoli, 2021).

Several additional observations support fractional crystalliza-
tion within the Pan Tak Granite. The Pan Tak leucogranite is
strongly depleted in LREE compared to the two-mica granite
(Fig. 4D), which is common in highly differentiated, very felsic
magmas that have crystallized a LREE-rich phase such as mon-
azite (Miller & Mittlefehldt, 1982). Some leucogranites exhibit a
tetrad REE pattern (Fig.4D), which is present in highly differ-
entiated rocks and has been interpreted to indicate advanced
fractionation and/or melt-fluid interaction, including crystalliza-
tion from a residual aqueous fluid (McLennan, 1994; Irber, 1999;
Stepanov et al., 2012). The Pan Tak leucogranite has more negative
Eu anomalies (lower Eu/Eux) than the two-mica granite (Fig. 8D),
consistent with zircon Eu/Eux trends, and supports fractionation
related to feldspar crystallization (Holder et al., 2020). Himalayan
leucogranites are also commonly LREE depleted and have low
Eu/Eusx relative to the two-mica granites that they intrude, includ-
ing leucogranites from the Yardoi, Dala, Ramba, Malashan, and
Peikucuo gneiss domes (Zeng et al., 2011; Aikman et al., 2012; Gao
& Zeng, 2014; Liu et al., 2014, 2019; Gao et al., 2017; Wu et al., 2020).
High Rb/Sr and low K/Rb in the Pan Tak leucogranite, compared to
the two-mica granite, suggest crystallization of K-feldspar (Fig. 41).
K/RDb ratios below chondritic values, particularly <150, have been
interpreted to only arise from highly fractionated magmas (Dostal
& Chatterjee, 2000; Blevin, 2004; Ballouard et al.,, 2016). The Pan
Tak two-mica granite has chondritic whole rock Zr/Hf ratios,
but the leucogranite has subchondritic ratios (Fig. 4H), indicating
zircon crystallization during differentiation (Linnen & Keppler,
2002; Claiborne et al., 2006) and consistent with increasing zircon
Hf concentrations through time (Fig. 8B) as Zr is preferentially
depleted in the melt. Mineralogical and geochemical evidence
also indicates late crystallization of garnet. The two-mica granite
has whole rock Dy/Yb ratios similar to bulk continental crust,
but the most evolved (lowest MgO) leucogranite samples show
elevated Dy/Yb, consistent with the preferential removal of HREE
from the melt by the crystallization of garnet (e.g. Davidson et al.,
2007) (Fig. 4G). Zircons from the Pan Tak leucogranite also show
decreasing Yb and increasing (Dy/Yb), concentrations through
time, consistent with fractional crystallization of garnet and/or
xenotime (Fig. 8E, F).

The Pan Tak Granite exhibits a sublinear, inverse relation-
ship between Rb/Sr and Ba when plotted on a log-log plot
(Fig. 4E). This trend can be interpreted to arise from muscovite
dehydration melting or crystal fractionation of K-feldspar
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(Inger & Harris, 1993). Some studies of the Himalayan leucogranite
belt have suggested it is more instructive to view this plot with
Ba plotted on a linear scale (Gao et al, 2017; Xie et al, 2018).
In this type of plot, three trends are apparent for the Pan Tak
Granite: (1) a positive correlation between Rb/Sr and Ba at high
Ba contents that is limited to the two-mica granite, (2) a negative
correlation for intermediate Ba contents, and (3) an increase in
Rb/Sr with no change in Ba for the lowest Ba contents that is
limited to the leucogranite (Fig. 4F). A possible interpretation for
these trends is progression from fluid-present (e.g. water-fluxed)
muscovite melting to fluid-absent muscovite dehydration melting
to fluid-absent biotite dehydration melting (Inger & Harris, 1993),
which would suggest progressive increase in temperature in
the source region. However, this interpretation is inconsistent
with field observations, geochronology, and thermometric data
showing that the relatively hot two-mica granite was intruded
by the relatively cool leucogranite. Instead, we interpret the three
trends in Fig. 4F to be related to fractionation of biotite, K-feldspar,
and plagioclase. Crystal fractionation of these minerals produces
geochemical trends similar to fluid-present muscovite melting
and fluid-absent muscovite and biotite melting (Inger & Harris,
1993). Early biotite fractionation in the two-mica granite followed
by feldspar fractionation in both phases is consistent with modal
mineralogy, petrography, changes in whole rock Fe,03, K/Rb, and
Eu/Eux, and zircon Eu/Eux trends. In addition, recent studies
have suggested that LILE systematics (e.g. Inger & Harris, 1993)
is an unreliable indicator of the fluid regime during anatexis
(Schwindinger et al., 2019; Bartoli, 2021).

Regional tectonic implications

One of major outstanding questions regarding the North
American Cordilleran Anatectic Belt is what tectonic processes
ultimately caused crustal melting (Chapman et al, 2021).
This problem is particularly acute for the southern US and
northern Mexican Cordillera where migmatitic or high-grade
metamorphic rocks associated with this melting event are not
exposed. New data from the Pan Tak Granite provide some
insight into this question. Unlike the northern Cordilleran
Anatectic Belt (e.g. Thor-Odin, Valhalla; Gordon et al., 2008),
extension and exhumation in the Coyote Mountains metamorphic
core complex (29-24 Ma; Gottardi et al.,, 2020) are significantly
younger than the Pan Tak Granite, so decompression melting
related to extension is unlikely. However, the region experienced
shortening during the Laramide orogeny (e.g. Clinkscales &
Lawton, 2018), contemporaneous with crystallization of the Pan
Tak Granite, and decompression associated with exhumation
during contractional deformation remains a possibility. Syn-
convergent Late Cretaceous to Paleogene extension has been
documented regionally (Wells & Hoisch, 2008; Wong et al., 2023)
and could help explain anatexis.

There is no evidence for increased mantle heat flow caused
by upwelling asthenospheric mantle (e.g. delamination, plume,
extension) in southern Arizona during the Laramide orogeny. The
region is thought to have had relatively thick crust (Chapman et
al., 2020) and be underlain by the shallowly subducting Farallon
plate that may have cooled the upper plate (Dumitru et al., 1991;
Liu & Currie, 2016). The modern mantle lithosphere and lower
crust appear to be intact (Kumar et al., 2012), and age-equivalent
mantle-derived mafic igneous rocks are generally absent.

The geochemistry of the Pan Tak Granite is inconsistent with
water-excess melting, where free water remains in the protolith
above the solidus and anatectic melts are water saturated
(Fig. 4). However, water-deficient melting, where partial melting

£20z 1990100 1§ uo1senb Aq 2/110€2/S.0peba/ABojonad/ce0 L 0L /10p/aonie-aoueape/Abojoiad/woo dno-ojwapeoe//:sdpy woly papeojumoq



14 | Journal of Petrology, 2023, Vol. 64, No. 10

consumes all free water at the solidus and water-undersaturated
melts are produced (Nabelek, 2019; Schwindinger et al., 2019;
Chapman et al.,, 2021), is plausible and perhaps likely given the
estimates for magma temperatures <700 °C at the onset of crustal
melting (early stage 1). In general, it is difficult to distinguish
between fluid-absent dehydration melting and fluid-deficient
melting using geochemical data alone (Weinberg & Hasalova,
2015; Bartoli, 2021). External fluids, including water, could have
been supplied from dehydration reactions in the Farallon slab
or exsolved from intrusive rocks associated with the Laramide
continental arc. The addition of fluids has been proposed to
help explain the large volumes of supracrustal derived melts
exposed in the North American Cordilleran Belt and by inference,
large melt volumes produced within the crust (Chapman et al.,
2021). Based on the trend of increasing Ty, during stage 1
for the Pan Tak two-mica granite (Fig. 8G), we propose that the
maximum temperatures reached during the stage 2 age gap
were >850 °C, when the largest melt volumes were produced,
and zircon was being dissolved rather than crystallized (Fig. 9).
These maximum temperature estimates are consistent with
biotite dehydration melting, may help explain the presence
of biotite in the two-mica granite, and obviate the need for
external fluids to produce the large melt volumes observed.
If zircon dissolution is common during peak metamorphism
and melt generation in other parts of the North American
Cordilleran Belt, then maximum temperature estimates based on
zircon thermometers could systematically underestimate magma
temperature because zircon is not crystallizing during these peak
conditions.

In any scenario, added water by itself could not have caused
crustal melting because the Pan Tak Granite shows a protracted
prograde metamorphic history from 62 to 53 Ma. Adding water to
an already hot lower crust should produce melts with similar or
decreasing crystallization temperatures. The protracted prograde
history also leads us to disfavor the possibility of decompression
melting during exhumation associated with contractional
deformation as a primary cause of melting as this model predicts
cooling or near isothermal conditions (e.g. Whitney et al., 2004).
We suggest that (1) radiogenic heating and relaxation of isotherms
following crustal thickening (Haxel et al., 1984), (2) heat transfer
related to the Laramide arc, and (3) shear heating associated with
deformation are the most likely heat sources driving crustal melt-
ing in the Coyote Mountains. During the mid-Cretaceous, south-
ern Arizona was close to sea level and marine carbonates were
deposited in the Bisbee Basin (Dickinson & Lawton, 2001), sug-
gesting the crust had normal thickness or was relatively thin. By
Late Cretaceous time, however, the region was in the throes of the
Laramide orogeny and geochemical data suggest that the crust
had thickened to approximately 55-60 km and formed an orogenic
plateau called the Arizonaplano (Chapman et al., 2020; Jepson et
al., 2022). There is an apparent lack of significant crustal shorten-
ingin southern Arizona during the Sevier-Laramide orogeny; how-
ever, thickening may have been caused by magmatic additions to
the crust rather than tectonic shortening alone (Erdman et al.,
2016; Chapman et al., 2020). There is a strong association between
orogenic plateaus and anatectic belts globally, with the Tibetan
Plateau being the archetype, because crustal thickening may lead
to an increase in the concentration of radiogenic elements within
the crust and relaxation of isotherms after thickening increases
temperatures in the deep crust (e.g. England & Thompson, 1984).
A potential problem with invoking radiogenic decay and thermal
relaxation as the cause of heating is that numerical models
suggest that maximum temperatures are achieved only after

significant incubation times, ~20 Myr as a minimum and in some
cases >50 Myr after crustal thickening begins (Vanderhaeghe et
al., 2003; Jamieson & Beaumont, 2013). Shorter incubation times
are possible, especially if fluids helped to advect heat, but there
may have been too little time between crustal thickening and the
onset of anatexis in southern Arizona. Regardless, crustal thicken-
ing related to the Sevier-Laramide orogeny is likely to have played
a major role in crustal melting (Patifio-Douce et al., 1990). The
prograde metamorphic history for the Pan Tak Granite suggests
that significant exhumation and cooling did not occur during the
Laramide orogeny, at least locally. This supports the hypothesis
that the region was characterized by a low-relief orogenic plateau
experiencing limited erosion (Chapman et al.,, 2020), consistent
with the widespread presence of unmetamorphosed Paleozoic to
Mesozoic sedimentary and volcanic rocks.

In south-central Arizona, Laramide continental arc rocks are
generally 75-55 Ma and partially overlap in age with the Pan Tak
Granite and the onset of crustal melting (Chapman et al., 2018;
Seedorff et al., 2019). Laramide arc rocks are not exposed in the
Coyote Mountains or Baboquivari Mountains but can be found in
neighboring mountain ranges, including the 65- to 58-Ma Ruby
Star Granodiorite in the Sierrita Mountains (Fig. 1) (Johnson et
al.,, 2003). Several studies have demonstrated that the repeated
injection of mantle-derived magmas (e.g. basaltic dikes) into the
lower crust in continental arcs increases background tempera-
tures, which can cause ‘pure’ crustal melting of country rocks
(Dufek & Bergantz, 2005; Annen et al., 2006). However, these melts
are thought to chiefly homogenize with mantle-derived magmas
in the deep crust to produce the intermediate magmas that domi-
nate continental arcs (Hildreth & Moorbath, 1988). The products of
‘pure’ crustal melting observed in continental arc batholiths (e.g.
peraluminous leucogranites) tend to be low volume, surrounded
by and dwarfed by intermediate metaluminous arc rocks, and
form either early or late in intrusive suites (e.g. Barnes et al.,
2021; Quintero et al, 2021). The Pan Tak Granite differs from
these examples of crustal melting in continental arcs and was not
generated from mantle-derived magmas intruded into the lower
crust. However, magmatic activity related to the Laramide arc is
likely to have transferred heat and/or fluids into the surrounding
crust and contributed to overall crustal heating as suggested by
Haxel et al. (1984).

Deformation may also have contributed to crustal heating.
Shear heating in the lower to mid-crust has been proposed to
cause crustal melting in some collisional orogens, including the
Himalayan-Tibet orogen (Molnar & England, 1990; Harrison et al.,
1998; Nabelek & Liu, 1999). Other studies, however, have ques-
tioned whether shear heating within the crust produces enough
heat to cause melting and suggest that heating is short-lived
(<5 Myr) and localized (Platt, 2015). Contractional deformation
in southern Arizona during the Laramide orogeny is thought to
have been characterized chiefly by high-angle reverse faulting,
resulting in basement-cored uplifts (Favorito & Seedorff, 2022),
which may not be as prone to shear heating as the large, mid-
crustal, subhorizontal shear zones in the Himalaya and other
collisional orogens. Another possibility is that viscous heating
occurred in the upper lithospheric mantle during deformation
and increased heat flow into the base of the crust (e.g. Burg
& Gerya, 2005; Hartz & Podladchikov, 2008). Some numerical
models for shallow subduction of the Farallon plate beneath
North America predict shearing within the mantle lithosphere
and high positive deviatoric stresses in the uppermost mantle
that could facilitate heating (Liu & Currie, 2016; Axen et al.,
2018).
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CONCLUSIONS

We have emphasized the similarities between the Himalayan
leucogranite belt and the southern North American Cordilleran
Anatectic Belt, as represented by the Pan Tak Granite. Melt pro-
cesses and differentiation mechanisms interpreted for the Pan
Tak Granite are also common in other major anatectic provinces
including the Caledonides, Variscan/Hercynian, Alpine, Aragual
and North Qiadam orogenic systems (Bea et al., 1994; Villaseca
et al., 1998; Pedrosa-Soares et al., 2001; Burri et al.,, 2005; Gordon
et al., 2013; Marsh & Stockli, 2015; Laurent et al., 2017; Kirkland
et al., 2018; Yu et al., 2019). However, the Himalayan leucogranite
belt is the most well-studied anatectic province globally (e.g. Guo
& Wilson, 2012), is at the forefront of debates surrounding the
petrogenesis of leucogranites and crustal melting mechanisms
(e.g. Visona & Lombardo, 2002), and is the basis for many fun-
damental geodynamic models linking anatexis to tectonics (e.g.
England & Thompson, 1984; Molnar et al., 1993; Beaumont et al.,
2004). The Himalayan-Tibetan orogen is also the archetype for
orogens constructed by continental collision and highlights how
remarkable itis to find a major anatectic province in a Cordilleran
orogenic system. For example, all the major anatectic provinces
listed above formed in continental collisional orogens. Because of
the lack of migmatite and high-grade metamorphic rocks related
to the Sevier-Laramide orogeny in the southern US and northern
Mexican Cordillera, the metamorphic history of this region has
remained relatively unknown. Our new data from the Pan Tak
Granite represent some of the first constraints on metamorphism
and the conditions of anatexis in the region and demonstrates
how profound the orogenic and thermal event was, particularly
for the deep crust.

The Pan Tak Granite is a plutonic body of two-mica + garnet
granite intruded by muscovite &+ garnet leucogranite dikes. The
two-mica granite represents a frozen crystal (cumulate) mush,
and the leucogranite dikes represent a residual melt that formed
by fractional crystallization from the two-mica granite magma.
The Pan Tak Granite exhibits several characteristics of highly
fractioned granites including subchondritic Zr/Hf and K/Rb, LREE
and Eu depletion, and zircon Hf and U enrichment. The Pan Tak
Granite formed by partial melting of pre-existing (meta)igneous
rocks including Jurassic and Proterozoic granitoids. The Pan Tak
Granite exhibits a wide range of zircon U-Pb ages (6242 Ma) that
record a three-stage crystallization sequence. The first stage, from
approximately 62-53 Ma, documents initiation of crustal melting
and prograde metamorphism. T, increases from 650 to 850 °C,
and the increasing zircon REE concentrations are interpreted
to record prograde breakdown of apatite and/or replacement of
titanite by ilmenite. During this interval, zircons are interpreted to
have crystallized from discontinuous, small-volume partial melts
in a migmatite (i.e. leucosomes) in the deep crust. Melt volume
and melt connectivity increased during stage 1 metamorphism,
eventually leading to melt extraction, ascent, and emplacement
into the mid-crust during stage 2. Zircons in the two-mica granite
that crystallized during stage 1 are antecrysts transported as a
crystal cargo during melt extraction.

Stage 2, approximately 53-51 Ma, records peak metamorphic
conditions (T > 850 °C). This stage is characterized by a zircon
U-Pb age gap caused by a shift to zircon dissolution as the
melt fraction increased and the melt became undersaturated in
Zr. This dissolution event is texturally recorded in zircons from
the two-mica granite and preserved by the formation of high-
U overgrowths (rims), which crystallized from a more strongly
fractionated residual melt during stage 3. Stage 3, approximately

Journal of Petrology, 2023, Vol. 64, No. 10 | 15

51-42 Ma, records cooling (Tt..r < 700 °C) and crystallization of the
Pan Tak Granite after emplacement. Leucogranite dikes formed
during this period and crystallized from a relatively pure, crystal
poor, residual melt. Zircons from the leucogranite lack inherited
xenocrystic components and have relatively high U/Th, predom-
inantly owing to crystallization of monazite, which also caused
whole rock LREE depletion. The residual melt was water rich, and
the youngest leucogranite dikes are pegmatitic. Aqueous fluids
associated with intrusion and crystallization of the leucogranite
dikes caused in situ alteration of mineral phases, including diffu-
sion-reaction processes that produced the microporous, spongy
texture in zircons. Zircon alteration was aided by high U concen-
trations and consequent radiation damage.

The relatively low magma temperature estimates (650-700 °C)
at the onset of crustal melting during stage 1 suggest some free
water may have been present, but the geochemistry of the Pan Tak
Granite is inconsistent with water-saturated melting. Anatexis is
interpreted to have started as water-deficient melting at lower
temperatures and evolved into water-absent, dehydration melting
at higher temperatures, by the end of stage 1. Free water may
have been sourced from the subducting Farallon slab or exsolved
from older Laramide arc rocks. Metamorphism and anatexis in the
southern US Cordillera was not a short, punctuated event but a
protracted process that affected the deep crust for >10 Myr. The
most probable causes of protracted crustal heating are radiogenic
heating and relaxation of isotherms associated with crustal thick-
ening, heat transfer related to the Laramide arc, and shear and
viscous heating related to deformation of the deep lithosphere.
The Pan Tak Granite is an analog for crustal melting and anatectic
processes occurring in the modern Tibetan Plateau and Altiplano.
Low-relief orogenic plateaus characterized by thick crust, high
heat flow, and low erosion may be essential for the formation of
anatectic belts in Cordilleran orogens, including the Arizonaplano
in the southern US and northern Mexican Cordillera.
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