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Early Permian arc magmatism is critical to understanding the final assembly of the supercontinent
Pangea and subsequent plate reorganization. Here we report the geochronology and geochemistry of
Cisuralian and Guadalupian volcanic tuffs in southwestern Laurentia and infer the magmatic sources
and plate reorganization related to Laurentia-Gondwana collision. Zircon CA-ID-TIMS U-Pb dates of tuffs
in the Wolfcamp B, Wolfcamp A and lower Spraberry units in the Permian Basin provide the first set of
absolute ages of Cisuralian deposits in this basin. Zircon geochemistry data further show that the parent
melts of these tuffs were granitic melts that formed in continental arcs. Syn-depositional zircons from the
Wolfcamp B tuff beds (288.2 ± 1.7 Ma) have an average eHf value of +5.5 and TDM2 model ages between
675 and 1207 Ma, reflecting a mixture of juvenile mantle melts and Precambrian crust. The isotopic
signature is consistent with Mississippian Laurentian tuffs derived from a northern Gondwana arc
formed by the subduction of the Rheic oceanic plate. However, zircons from a Wolfcamp A tuff bed
(287.2 ± 0.5 Ma) show an average eHf value of �4.5, much more evolved than the inferred northern
Gondwana arc, but consistent with granitoids of similar or younger age in the Oaxaquia terrane. This
change in eHf most likely reflects magmatism related to subduction of a paleo-Pacific oceanic plate
beneath western Pangea. Our interpretation suggests a late Cisuralian plate reorganization that was
caused by plate reorganization following Pangea assembly led to rapid (�1 Myr) initiation of subduction
beneath western Pangea. This study also compares tuff dates from LA-ICPMS and CA-ID-TIMS U-Pb dating
and concludes that the weighted mean date of the youngest dominant KDE mode (WMYDM) is the best
way to approximate LA-ICPMS dates to true depositional ages.
� 2022 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

1.1. Late Paleozoic tectonics

Plate reorganizations, as natural consequences of plate tecton-
ics, are difficult to recognize in the pre-Jurassic geologic record.
The driving forces of plate reorganization are derived principally
from mantle convection or plates with dynamic feedback between
the two (e.g., Anderson, 2001; King et al., 2002; Matthews et al.,
2012; Mallard et al., 2016). Major plate reorganizations that took
as short as less than a fewmillion years are thought to be less likely
caused by mantle buoyance forces due to oceanic slab subduction,
ocean plate thickening, or upwelling of mantle plume. They are
more likely caused by changes in plate motion due to creation of
new or destruction of old plate margins (Richards and Lithgow-
Bertelloni, 1996). The rates of plate reorganization in the last 200
Myr, with less uncertainty for the last 100 Myr, are traditionally
determined from analysis of ocean-floor magnetic lineations (e.g.,
Morra et al., 2013); this approach is not possible before the Jurassic
because older seafloor has been subducted. The sparsity of geologic
evidence for the rate of plate reorganization > 200 Myr limits our
understanding of plate tectonic history and assessment of the geo-
dynamic drivers of plate reorganizations.
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Plate reorganization associated with assembly of the supercon-
tinent Pangea is undoubtedly an important late Paleozoic tectonic
event. Subduction of the Rheic plate beneath northern Gondwana
may have started during the Early Mississippian (e.g., Estrada-
Carmona et al., 2016; Tian et al., 2022; Zhao et al., 2020), as early
as �348 Ma (Ramírez-Fernández et al., 2021). The assembly of Pan-
gea was marked by closure of the Rheic ocean, accretion of peri-
Gondwanan terranes to Laurentia, and diachronous Laurentia-
Gondwana collision to form the Appalachian-Ouachita-Marathon-
Sonora orogenic belt (e.g., Nance and Linnemann, 2008; Domeier
and Torsvik, 2014). The collision destroyed the intervening subduc-
tion zone(s), ultimately leading to subduction of the Paleo-Pacific
oceanic plate beneath western Pangea. However, details about
the change from Rheic oceanic plate to Paleo-Pacific oceanic plate
subduction are poorly understood. The lack of understanding, in
part, reflects the fact that arc magmatic products (esp. granitic
rocks) related to Rheic ocean subduction may have been over-
printed by those related to the eastward subduction of the Paleo-
Pacific oceanic plate beneath western Pangea. Torres et al. (1999)
proposed that a Permian-Triassic (287–232 Ma) continental arc
in eastern Mexico (the East Mexico arc) was likely caused by east-
ward subduction of the Paleo-Pacific oceanic plate beneath west-
ern Gondwana and claimed that this arc may have extended into
California, USA. This inference is supported by arc magmatism that
initiated as early as early Permian (275 Ma) in the Mojave Desert,
southern California, USA (Cecil et al., 2019) as well as the dominant
�274 Ma zircon age cluster in the Permian Monos Formation
deposited in a forearc setting in northwestern Sonora, Mexico
(Dobbs et al., 2021). Moreover, Kirsch et al. (2012) and Ortega-
Obregón et al. (2014) suggested that the Permian-Triassic arc,
related to subduction of the Paleo-Pacific oceanic plate, may have
started during the Pennsylvanian (311 Ma) in southern Mexico.
An alternative model is that the early Permian plutonic and vol-
canic rocks in southern, central and northern Mexico represent
the southwestern extension of Rheic oceanic plate subduction
beneath western Gondwana due to the preservation of Rheic ocean
vestiges and lack of Triassic magmatic units related to subduction
of the Paleo-Pacific oceanic plate in the region (e.g., Elías-Herrera
and Ortega-Gutiérrez, 2002; Vega-Granillo et al., 2007, 2009;
Ortega-Gutiérrez et al., 2018; Zúñiga et al., 2020). Consequently,
Permian magmatic units in Mexico south of the Marathon-Sonora
belt are interpreted as either products of Paleo-Pacific or Rheic
oceanic plate subduction (e.g., Keppie et al., 2008; Nance et al.,
2010; Ortega-Obregón et al., 2014; Rosales-Lagarde et al., 2005;
Coombs et al., 2020). Therefore, studies of early Permian magmatic
units near the west terminus of the Laurentia-Gondwana colli-
sional belt are important for understanding the change from one
subduction system to the other and the evolution of magmatism
related to Pangea assembly.

1.2. Permian Basin chronostratigraphy

The Permian Basin of western Texas and southeastern New
Mexico contains thick Paleozoic sedimentary rocks that record
the last stages in the late Paleozoic assembly of Pangea (e.g.,
Ross, 1986; Yang and Dorobek, 1995; Liu and Stockli, 2020).
Despite many decades of study by especially industry geoscien-
tists, the ages of basin-fills are poorly constrained because of the
lack of isotopic dates and the scarcity of paleontological studies.
Age constraints for early and middle Permian (Cisuralian and
Guadalupian) series in the subsurface of the basin are mostly based
on subsurface correlations to the outcrop type sections in the Glass
and Guadalupe Mountains, western Texas, respectively (e.g., Silver
and Todd, 1969; Handford, 1981; Mazzullo and Reid, 1989; Hamlin
and Baumgardner, 2012; Baumgardner et al., 2016). The chronos-
tratigraphy of Cisuralian type sections are based on the correlation
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of microfossils to the sections with Global Boundary Stratotype
Section and Point (GSSP) where absolute ages are constrained by
isotopic dating of tuffs (Behnken, 1984; Wardlaw and Davydov,
2000; Ross and Ross, 2003; 2009; Wahlman, 2013; Wardlaw and
Nestell, 2014). Few microfossil studies have been conducted in
the Cisuralian series of the Permian Basin and are focused on
deep-water deposits in the northern part of the basin (Wahlman
et al., 2016; Kohn et al., 2019). These sites are unsuitable for
basin-wide stratigraphic correlation, which is a common practice
of chronostratigraphic correlation to constrain the depositional
ages of other sites, because these deposits were disturbed by epi-
sodic debris flows (Baumgardner et al., 2016) and fossils at shallow
depth may have been later mixed into deep-water deposits. Addi-
tionally, microfossil studies in western Texas have mostly followed
the North America Permian regional time scale defined by fusulin-
ids while the International Time Scale for the Permian Period was
defined by conodonts and isotopic dates (Chernykh and Ritter,
1997; Davydov et al., 1998; Chuvashov et al., 2002; Chernykh
et al., 2006; Chuvashov et al., 2013). The use of different microfos-
sils prevents a direct correlation between the North America Per-
mian regional time scale with the International Permian Scale.

Here we report whole rock geochemistry, zircon U-Pb
geochronology using both CA-ID-TIMS and LA-ICPMS, and zircon
hafnium isotope and trace element geochemistry of 12 late Paleo-
zoic volcanic tuffs (�288 to �280 Ma) preserved in the Permian
Basin and the Guadalupe Mountains north of the Marathon oro-
genic belt (Fig. 1). These data are used to 1) constrain tuff ages
and refine the chronostratigraphy of lower Permian strata in the
Permian Basin; 2) understand the magmatic affinity and sources
of these tuffs; and 3) unravel tectonic processes during the final
collision of Laurentia and Gondwana near the western edge of
the central Pangea suture. Our results have implications for best
practices in statistical analysis of LA-ICPMS dates for age determi-
nation and the rate of plate reorganization.
2. Geologic background

The Permian Basin is located in western Texas and southeastern
New Mexico, USA. It is over 400 km across and is one of the largest
sedimentary basins in North America. It is bounded by the
Marathon-Ouachita fold-and-thrust belt to the south, the Diablo
Platform to the west, the Northwestern Shelf to the northwest,
the Northern Shelf to the north and the Eastern Shelf to the east
(Fig. 1). The Basin is subdivided into the Delaware Basin in the west
and the Midland Basin in the east, separated by the Central Basin
Platform. The region was part of a broad continental basin on the
southern Laurentian passive margin from Early Ordovician to Late
Mississippian time, known as the Tobosa Basin, and was reshaped
and structurally differentiated during the Carboniferous-early Per-
mian by NNW-SSE trending Ancestral Rocky Mountain structures
to the north (Leary et al., 2017) and the Laurentia-Gondwana col-
lision to the south (Ross, 1986). It is generally thought that the col-
lision began in the Appalachians during the Late Mississippian and
propagated westward to the Ouachita Mountains in Arkansas and
Oklahoma in the Early Pennsylvanian and ended in the Marathon
region in western Texas and Sonora by the early Permian (Poole
et al., 2005).

During the passive margin stage, the Tobosa Basin was in a
marine depositional environment and accommodated nearly
1 km of siliciclastic and carbonate rocks with minor carbonate tur-
bidites. The sequence includes Lower Ordovician sandstones and
shales, overlain by Middle-Upper Ordovician, Silurian, Middle
Devonian, and Mississippian carbonates with subordinate silici-
clastic rocks, and the Upper Devonian and Lower Mississippian
Woodford Shale (e.g., Adams, 1965; Ross, 1986; Dutton et al.,



Fig. 1. Simplified geologic map of A) southern North America showing the locations of Peri-Gondwana terranes, the Ouachita-Marathon-Sonora fold and thrust belt, the
Permian Basin, and the tuff sources discussed in the paper. AR: Aserradero Rhyolite (Ramírez-Fernández et al., 2021); CP: Cuanana pluton (zircon eHf between +3 and +9;
Ortega-Obregón et al., 2014); FWB: Fort Worth Basin; HP: Honduras batholith (zircon eHf values between +5 and +8; Ortega-Obregón et al., 2014); LD: Las Delicias arc (whole
rock eNd between +2.6 and +5.3; Lopez, 1997); LTP: Los Tanques pluton (zircon eHf signature of ��7.5; Riggs et al., 2016); MDP: Mojave Desert pluton (zircon eHf between �5
and +10 for 280–260Ma zircon grains; Cecil et al., 2019); MT: Mississippian Barnett tuff in the Midland Basin (zircon eHf of between 0 and +5; Tian et al., 2022); PMF: Permian
Monos Formation (Dobbs et al., 2021); MG: Early Mississippian granitoids (zircon eHf between +3.8 and +6.0; Zhao et al., 2020); SOA: Southern Oklahoma Aulacogen (Thomas
et al., 2016); TP: Totoltepec pluton (whole rock eNd between �0.8 and +2.6; Kirsch et al., 2012); TF: lower Permian Tuzancoa Formation (whole rock eNd of +4.4; Rosales-
Lagarde et al., 2005); WGoM: western Gulf of Mexico (zircon eHf of �6.0; Coombs et al., 2020); ZB: Zaniza batholith (zircon eHf between �14 and �1; Ortega-Obregón et al.,
2014). B) Map showing the Permian Basin the studied volcanic tuffs in the basin. CBP: Central basin platform; GlM: Glass Mountains; GuM: Guadalupian Mountains. C)
Paleogeographic map of southern Laurentia and northern Gondwana at �299–290 Ma. The figure is modified after Lawton et al. (2021). Black triangles represent orogenic
front and white triangles represent convergent plate margin. To the northwest of Sonora, arc magmatism in the Caborca Block was approximately coeval with the Sonora
orogeny, suggesting the onset of subduction of paleo-Pacific plate beneath Caborca during this time may have caused the inception of Cordilleran arc (Lawton et al., 2021).
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2005). The pre-collision Upper Mississippian to Middle Pennsylva-
nian sedimentary rocks in the Permian Basin are characterized by
thinly bedded limestone, shale and sandstone that were deposited
in a shallow-marine environment (Ross, 1986). During the Late
Pennsylvanian to early Permian collision, the Basin experienced
rapid flexural subsidence, thrust faulting, and major glacioeustac-
tic sea-level changes (Crowell, 1978), and accommodated a thick
section (�4.2 km) of deep-marine shale and turbidite deposits that
overlie the Lower Ordovician-Middle Pennsylvanian marine silici-
clastic and carbonate rocks (Ross, 1986). The deepwater deposi-
tional environment persisted until the end of Guadalupian before
the basin was blanketed by upper Permian evaporites (Silver and
Todd, 1969).

Nine Cisuralian volcanic tuffs were collected from subsurface
cores in the Midland Basin where the total thickness of Permian
strata is about 1.5–2.0 km (Hill, 1996). Adams et al. (1939) first
divided the Permian strata in the Permian Basin into four North
America stages based on biostratigraphy and lithology, including
the Wolfcampian, Leonardian, Guadalupian and Ochoan (Fig. 2).
Permian strata in the Glass Mountains, to the south of the Dela-
ware Basin (Fig. 1), is a continuous and complete succession from
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the base of the Wolfcampian stage to the top of the Guadalupian
stage and is considered as the type section of Permian strata in
North America (Hill, 1996). Stratigraphic correlations of Permian
strata between the subsurface of the Midland Basin and Glass
Mountains exposures are mainly by lithology (Ross, 1986; Yang
and Dorobek, 1995; Hill, 1996) with a few biostratigraphic con-
straints from Kohn et al. (2019). In the Glass Mountains, Wolf-
campian sedimentary rocks mainly consist of shale and
limestone; Leonardian rocks are shale with thin beds of limestone;
Guadalupian rocks are mainly limestone; and Ochoan rocks are
massive evaporites (Adams, 1965).

The subsurface lithostratigraphic nomenclature in the Permian
Basin is not synonymous with the formal chronostratigraphic
intervals from Glass Mountains type sections but evolved to serve
hydrocarbon exploration purposes. Early Permian Wolfcampian
operational units include the Wolfcamp Shale, which is subdivided
into A, B, C and D units, from top to bottom (Fig. 2). Microfossil
studies and stratigraphic correlations have shown that the Wolf-
camp D unit is Late Pennsylvanian (Baumgardner et al, 2016) while
the Wolfcamp A is early Leonardian (Wilde, 1975; Mazzullo, 1982;
Mazzullo et al., 1987; Mazzullo and Reid, 1989; Wilde, 1990). Kohn



Fig. 2. Lower Permian stratigraphy in the Midland Basin and its correlation with the International Time Scale (International Commission of Stratigraphy, 2020). The
lithostratigraphy and conodont zones of the Guadalupian Series are modified after Wu et al., (2019). The lithostratigraphic column of the Permian Series are modified after
Heckel and Clayton (2006) and Henderson et al. (2012). Note that S. barskovi and N. exscuptus are conodonts that used to define the boundary between the Asselian Stage and
Sakmarian Stage, and the Artinskian Stage and Kungurian Stage, respectively. Kohn et al. (2019) reported S. barskovi and N. exscuptus in theWolfcamp A andWolfcamp C units
in northern Midland Basin.
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et al. (2019) studied conodonts from core samples in the northern
Midland Basin and proposed that the upper boundary of the Wolf-
campian stage should be placed in the uppermost Wolfcamp B unit
and the bases of the International Asselian, Sakmarian and Kun-
gurian Stages should be placed in the lowermost Wolfcamp C,
Wolfcamp C and Wolfcamp A units, respectively (Fig. 2). Leonar-
dian stage in the Midland Basin contains the Dean and Spraberry
Formations. The Dean Formation is mainly sandstone, and the
Spraberry Formation consists of calcareous and silica-rich mud-
stone interbedded with siltstone and sandstone. The Spraberry For-
mation is further divided by oil industry geologists into several
informal units, including the Leonard shale, Jo Mill sand, and lower,
middle, and upper Spraberry (Handford, 1981; Hamlin and
Baumgardner, 2012).

Three volcanic tuffs were collected from Guadalupian exposures
in the Guadalupe Mountains, which is located on the northwestern
margin of the Delaware Basin (Fig. 1) and is the site of GSSPs of the
Guadalupian Roadian, Wordian and Capitanian epochs in ascend-
ing order (e.g., Glenister et al., 1992, 1999; Lucas and Shen,
2018). The Guadalupian Series consists of the Cutoff Formation,
Cherry Canyon Formation, and the Bell Canyon Formation in
ascending order (Fig. 2). The formations are dominated by silici-
clastic rocks with some typical shelf carbonate facies proximal to
shelf margins (Adams, 1965).

3. Materials and methods

3.1. Samples

Nine tuff horizons were identified from six Midland Basin sub-
surface cores (Fig. 1B) donated by Pioneer Natural Resources
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(https://www.pxd.com). These tuffs include six samples from the
Wolfcamp B unit, one sample from the Wolfcamp A unit, and
two samples from the Spraberry Formation (Figs. S1 and S2,
Table S1 in the supplementary document). The six Wolfcamp B
tuffs are from three cores and are correlated based on petrophysi-
cal data. One of the wolfcamp B tuffs is too thin and did not yield
zircons. Five of the Wolfcamp B samples have insufficient grains of
Permian age for statistical analysis, thus were combined as the
Wolfcamp B tuff and the data is mostly from the Wolfcamp B5
sample.

The stratigraphic intervals of the tuffs were determined by
petrophysical correlations following Hamlin and Baumgardner
(2012) and Baumgardner et al. (2016). The base of the Wolfcamp
A unit is characterized by an abrupt increase of gamma-ray signal
referred as the ‘‘hot shale” marker, the base of the Wolfcamp B unit
is marked by the middle Wolfcampian unconformity, the lower
Wolfcamp C is marked by relatively low resistivity, and the Wolf-
camp D unit has high gamma and high resistivity (Baumgardner
et al., 2016). Our Wolfcamp A tuff is located about 45 m above
the ‘‘hot shale” marker and our Wolfcamp B tuffs are located 20–
60 m below the ‘‘hot shale” marker. The two Spraberry tuffs (Spra-
berry 1 and Spraberry 2) were collected from the lower Spraberry
unit above the Jo Mill sand.

Oil industry geologists commonly identify tuffs based on fluo-
rescence under ultraviolet light. The tuffs are greenish gray and
show bright orange to dark brown fluorescence, and the interbed-
ded shales are dark grey and do not show fluorescence (Fig. S2).
Wolfcamp B tuffs are 3–12 cm thick, and the other tuffs are 2.5–
5 cm thick. SomeWolfcamp B tuffs show erosional bases and wavy
interbeds with shale (Fig. S2), suggesting erosion and transport.
Tuffs in the other units show sharp lower and diffusive upper

https://www.pxd.com


Fig. 3. K2O vs. SiO2 classification diagram showing whole rock major element
compositions of the volcanic tuffs and shale, modified from Peccerillo and Taylor
(1976).
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boundaries indicating gradual settling without major perturbation
during deposition. The physical appearance and major element
compositions of these tuffs differ from those of the interbedded
shales. The tuffs also contain abundant zircons and most zircons
in this study are unrounded, unusual for deepwater shale.
Although the abundance of detritus in these tuffs cannot be deter-
mined, following the definition that tuffs contain greater than 75%
ash (Schmid, 1981), it is appropriate to classify the Wolfcamp A
and Spraberry samples we studied as tuffs. The Wolfcamp B sam-
ples are most likely reworked tuffs (see our discussion).

Three tuff samples were collected from the Bell Canyon and
Cherry Canyon Formations in the Guadalupe Mountains, at the
same locations as sample BR040915-1B (our G1), NippleHill-2
(our G2), and MC053117-3 (our G3; Fig. S1) in Wu et al. (2020)
(Table S1 in the supplementary document). All three tuffs are less
than 20 cm thick and have grayish green color. The morphology
and geochemistry of these tuffs have been described by Nicklen
et al. (2015), and their ages have been determined using zircon
U-Pb geochronology by Ramezani and Bowring (2018) and Wu
et al. (2020).

3.2. Bulk tuff geochemistry

Bulk tuff major and trace elements were analyzed in the Shi-
madzu Center for Environmental, Forensics, and Material Science
at the University of Texas at Arlington. Representative shale sam-
ples from the Wolfcamp B, Wolfcamp A and Spraberry units were
also analyzed for comparison. Major element compositions were
determined by a Shimadzu XRF-1800 wavelength dispersive X-
ray fluorescence spectrometer. Trace element compositions were
measured using a Shimadzu ICPMS2030 inductively coupled
plasma mass spectrometer. See supplementary document under
the section ‘‘Analytical Methods” for details.

3.3. Zircon morphology and geochemistry

Zircons were extracted from eleven tuff beds following standard
procedures, including disc mill crushing, ultrasonic shaking to
remove attached clays, pan washing, magnetic separation, and
heavy liquid separation. All zircons from the tuffs were handpicked
using a binocular microscope. Before mounting zircon grains in
epoxy resin discs, a portion of the Wolfcamp A, Wolfcamp B, and
Spraberry grains were randomly selected and imaged using a Hita-
chi S3000N scanning electronic microscope (SEM) to characterize
grain morphology. These grains were classified into five classes
of roundness following Gärtner et al. (2013). The classes include
completely unrounded, poorly rounded, rounded, well rounded,
and completely rounded following our study of the Mississippian
Barnett tuff in the Permian Basin (Fig. S4 in Tian et al., 2022). After
mounting and polishing, representative grains were imaged using
a SEM and cathodoluminescence (CL) to observe internal zoning
structures and inclusions to determine spots for U-Pb dating, Hf
isotope analysis and rare earth element composition. Zircon grains
primarily with volcanic textures such as muted, broad zonation
under cathodoluminescence and morphologies with elongate tips,
longitudinal gas tracks and transverse channels were primarily tar-
geted for Laser Ablation-Inductively Coupled Plasma Mass Spec-
trometry (LA-ICPMS) and Chemical Abrasion-Isotope Dilution-
Thermal Ionization Mass Spectrometry (CA-ID-TIMS) analyses. All
zircon U-Pb dates, Lu-Hf isotope and trace element (TE) composi-
tion analysis by LA-ICP-MS were conducted at the Radiogenic Iso-
tope and Geochronology Lab at Washington State University. After
LA-ICPMS analyses, representative young zircon grains from Wolf-
camp and Spraberry tuffs were plucked from the mount and ana-
lyzed at University of Wyoming by chemical abrasion, isotope
dilution, thermal ionization mass spectrometry (CA-ID-TIMS)
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following Mattinson (2005). Analytical procedures, data reduction
and filtering are described in the supplementary document under
the section ‘‘Analytical Methods”. For LA-ICPMS results, 207Pb/206Pb
dates were used for grains older than 1300 Ma and 206Pb/238U
dates were used for grains younger than 1300 Ma. Filters of 15%
discordance (calculated as the ratio of 206Pb/238U and 207Pb/206Pb
dates) and a 5% reverse discordance were applied to zircons older
than 500 Ma to exclude grains that may have been influenced by
Pb loss or poor matrix match between samples and standards lead-
ing to differential laser induced elemental fractionation (Allen and
Campbell, 2012; Schaltegger et al., 2015). Discordance could not be
used as a filter for grains less than 500 Ma because young ICPMS
dates have large 207Pb /206Pb uncertainties, and many analyses
appear to be -concordant.
4. Results

4.1. Whole rock geochemistry for Midland Basin tuffs

All tuff whole-rock samples had a loss on ignition (LOI) > 10%.
After LOI normalization, the samples contain 59 to 70 wt% SiO2,
21 to 31 wt% Al2O3, 0.3 to 0.5 wt% TiO2, 2.2 to 3.9 wt% Fe2O3, 1.1
to 2.4 wt% MgO, 0.6 to 1.9 wt% CaO, 0 to 1.2 wt% P2O5 and 4.5 to
6.6 wt% K2O + Na2O (Tables S2 and S3). On a K2O-SiO2 diagram,
Spraberry tuffs plot as shoshonitic series and Wolfcamp tuffs plot
as high-K calc-alkaline series (Fig. 3). In general, the tuffs show high
Si, Al, and alkalis but low Ti content. Chemical index of
alteration (CIA) of the samples was calculated using Al2O3/
(Al2O3 + CaO + K2O + Na2O). The CIA index of the tuff samples are
between 0.73 and 0.82, higher than that of the shale samples
(0.61–0.69).

On a Zr/TiO2-Nb/Y diagram following Winchester and Floyd
(1977), whole-rock trace element data place the tuffs into the
dacite or andesite category (Fig. 4A). The tuffs are strongly
enriched in large ion lithophile elements (LILE), such as Cs, Rb
and Ba, and depleted in high field strength elements (HFSE), such
as Nb, P and Ti (Fig. 4B). The samples plot in volcanic arc granite
or within-plate granite settings in a Rb/(Y + Nb) plot (Pearce
et al., 1984) (Fig. 4C). Chondrite-normalized rare earth element
(REE) patterns are enriched in light REEs, show flat to slightly pos-
itive heavy REE slopes and moderate to no negative Eu anomalies
with Eu/Eu* between 0.33 and 1.04 (Fig. 4D). All these features
are typical of upper continental crust (Rudnick and Gao, 2003).

The shale samples have LOI from 7.4 to 21.7 %. After LOI normal-
ization, the shale samples contain 55 to 75 wt% SiO2, 5 to 16 wt%



Fig. 4. Whole rock trace element diagrams of all the volcanic tuffs. A) Zr/TiO2 vs. Nb/Y discrimination diagram, modified from Winchester and Floyd (1977). B) Mid-Ocean
Ridge Basalt-normalized incompatible element diagram after Sun and McDonough (1989). C) Rb vs. Y + Nb discrimination diagram after Pearce et al. (1984). D) Chondrite-
normalized REE diagram after Sun and McDonough (1989).
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Al2O3, 0.1 to 0.8 wt% TiO2, 2.27 to 4.3 wt% Fe2O3, 1.2 to 2.1 wt%
MgO, 0.6 to 32.8 wt% CaO, 0 to 0.5 wt% P2O5 and 1.6 to 4.5 wt% K2-
O + Na2O (Table S3). Wolfcamp A and Wolfcamp B are carbonate-
rich and have high LOI and CaO values. In general, the shale sam-
ples have higher SiO2, much higher CaO and much lower Al2O3

than the tuffs.

4.2. Zircon morphology and geochronology

Zircon roundness data show that about 73% of Wolfcamp B
grains are rounded to completely rounded, while the percentage
of roundness for the Wolfcamp A and lower Spraberry grains are
28% and 0%, respectively (Fig. 5). In addition, around 60% of the
Wolfcamp B grains, but less than 30% grains from other units show
fractures or collision marks.

After filtering, a total of 658 zircon LA-ICPMS U-Pb dates are
reported in this study, including 460 for Midland Basin tuffs and
198 for Guadalupian tuffs (Fig. 6). Twenty-Eight dates
are > 25 Ma younger than biostratigraphic ages and our CA-ID-
TIMS dates, likely caused by lead loss or matrix mismatch between
zircon reference and unknowns (Allen and Campbell, 2012;
Schoene, 2014; Schaltegger et al., 2015; Coutts et al., 2019), and
were excluded for age determination. A total of 29 CA-ID-TIMS
dates are reported for Midland Basin tuffs. The depositional age
of each tuff is interpreted as the weighted mean of the youngest
81
CA-ID-TIMS dates (WMTIMS) (Fig. 7). The distribution of the LA-
ICPMS dates for each sample is shown by kernel density estimation
(KDE) (Fig. 8). The LA-ICPMS dates were interpreted using different
statistical methods and the results were compared with the
WMTIMS dates to determine the most appropriate method for
interpreting LA-ICPMS dates (Fig. 8). Statistical methods include
the youngest single grain date (YSG; Dickinson and Gehrels,
2009), weighted mean date of the youngest cluster of three or
more grains overlap at 2r error (YSP-youngest statistical popula-
tion) with a mean square weighted deviation (MSWD) near 1
(Coutts et al., 2019), youngest mode date from the KDE (YMKDE)
plot (cf. YPP of Dickinson and Gehrels, 2009), and TuffZirc date
(TZ) on the youngest age group. TuffZirc uses a Monte Carlo model
to generate a statistical youngest age from a group of genetically
related grains (Ludwig and Mundil, 2002; Ludwig, 2008). A new
statistical approach, weighted mean date of the youngest domi-
nant KDE mode (WMYDM, Tian et al., 2022) with a MSWD near
1, is also used here for comparison. This method modifies the
YSP approach from Coutts et al. (2019). We note that the dataset
for YSP is much larger in Coutts et al. (2019) than in this study,
but our dataset still permits useful comparisons between calcu-
lated dates. The youngest dominant population, which is the YSP,
is assumed to be from a single eruptive event for volcanic tuffs.
We use the KDE method described in Vermeesch (2012), which
uses adaptative kernel density estimates. Adaptive kernel density



Fig. 5. Counts for each zircon roundness category for the Midland Basin tuffs. Pictures of different zircon morphology of the Mississippian Barnett tuff are published in Tian
et al. (2022).

Fig. 6. Zircon LA-ICPMS U-Pb date distribution for all the volcanic tuffs. The plot is shown as kernel density estimation. The numbers on the plot are peak modes.
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estimates vary the bandwidth according to the local density, which
means that where data density is sparse, a large bandwidth is used,
and the density estimate is smooth. To remove the influence of
mode skewness, dates along both sides of the mode date are
included progressively to derive a date with MSWD near 1. The
WMYDM method excludes ICPMS dates at both tails of the distri-
bution that do not overlap at 2r with the mode. These scattered
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dates typically reflect Pb loss, matrix effect-related bias, and inher-
itance of grains from the magma source (e.g., Schaltegger et al.,
2015). The youngest mode date from the PDP plot of each tuff is
also calculated, but not reported here as PDP oversmooths date dis-
tribution of all our samples (see details in discussion).

A total of 114 zircon Hf isotopic values were analyzed with 24
for the middle Permian G3 tuff, 16 for the Spraberry 1 tuff, 10 for



Fig. 7. Concordia plots (206Pb/238U vs. 207Pb/235U) and weighted mean of the CA-ID-TIMS dates for the Wolfcamp B (A), Wolfcamp A (B), Spraberry 1(C) and Spraberry 2 (D)
tuffs. Zircon dates marked by black bars are used to calculate the true depositional ages. The reported CA-ID-TIMS uncertainties are 2r.
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the Spraberry 2 tuff, 26 for the Wolfcamp A tuff, and 38 for the
Wolfcamp B tuff. Most Hf analyses were conducted on grains with
dates close to their CA-ID-TIMS dates.

4.2.1. Wolfcamp B tuff
A total of 314 LA-ICPMS and 7 CA-ID-TIMS zircon U-Pb dates

were interpreted for the Wolfcamp B tuff. LA-ICPMS dates range
from 2673 ± 39 to 270 ± 7 Ma (YSG) with 9% < 300 Ma, 58%
between 300–500 Ma, 11% between 500–850 Ma, 15% between
900–1300 Ma, 5% between 1300–2000 Ma, and 2% > 2000 Ma
(Fig. 6). The WMTIMS was calculated to be 288.2 ± 1.7 Ma from
three of the young CA-ID-TIMS dates (Fig. 7A). Although the tuff
is most likely reworked and the date is potentially a maximum
age, this date is the true depositional age (TDA) for it cannot be
younger than the Wolfcamp A tuff at a higher stratigraphic level.
A total of 27 LA-ICPMS dates ranging from 277.3 ± 3.4 to 306.6 ± 1
3.6 Ma were used for statistical calculations (Fig. 8). The YMKDE
date is 286 Ma, the WMYDM date calculated from 7 dates is 288.
6 ± 1.5 Ma (MSWD = 1.1), the YSP date calculated from 4 grains
is 278.3 ± 1.7 Ma (MSWD = 1.1), and the TZ date calculated from
12 grains is 283.5 + 2.1/�1.3 Ma.

Hf isotope analysis of Wolfcamp B zircons was conducted on
both the < 300 Ma cluster representing the volcanic zircons,
and > 300 Ma zircons interpreted as being detrital or inherited
from the upper crustal source. All large grains in the volcanic group
were analyzed for Hf isotopes, yielding seven analyses. The seven
grains, with LA-ICPMS dates between 284.7 ± 3.3 Ma and 291.3 ±
4.7 Ma, have eHf values between +0.5 and +8.8 with an average
of +5.5. A total of 29 Hf data points are from detrital/inherited
grains. In the 300–500 Ma group, 24 grains, with LA-ICPMS dates
ranging from 345.3 ± 3.7 Ma to 465.8 ± 15.1 Ma, have eHf values
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between �5.2 and +6.3 with an average of +2.8. Only two grains
have negative Hf values. In the 500–850 Ma group, four grains,
with LA-ICPMS dates between 525 ± 19 Ma and 639.2 ± 8.9 Ma,
have eHf values ranging from �2.7 to +12.7 with an average of
+7.2. The TDM2 age ranges from 675 Ma to 1207 Ma for volcanic
grains and from 550 to 1652 Ma for detrital grains.

4.2.2. Wolfcamp A tuff
A total of 54 LA-ICPMS and six CA-ID-TIMS zircon U-Pb dates

were measured from the Wolfcamp A tuff. LA-ICPMS dates range
from 1114 ± 16 to 273.4 ± 6.2 Ma (YSG) with 76% < 300 Ma, 7%
between 300–500 Ma, 11% between 500–850 Ma, and 6% between
900–1300 Ma (Fig. 6). The WMTIMS is 287.2 ± 0.5 Ma based on the
four youngest CA-ID-TIMS dates (Fig. 7B). A total of 41 LA-ICPMS
dates ranging from 273.4 ± 6.2 to 317.4 ± 5.6 Ma were used for sta-
tistical calculations (Fig. 8). The YMKDE is 282 Ma, the WMYDM
date calculated from 10 dates is 288.1 ± 1.1 Ma (MSWD = 1), the
YSP date calculated from 14 dates is 276.0 ± 1.0 Ma (MSWD = 1.1),
and the TZ date calculated from 17 dates is 278.2 + 1.6/�2.5 Ma.

Among the 26 Wolfcamp A Hf analyses, 19 grains with LA-
ICPMS dates ranging from 280.9 ± 3.5 Ma to 298.6 ± 3.6 Ma show
eHf values varying from �2.2 to �6.0 with an average of �4.5. The
TDM2 ages of all grains are between 1381 and 1616 Ma.

4.2.3. Spraberry tuffs
A total of 37 LA-ICPMS and 8 CA-ID-TIMS U-Pb dates were inter-

preted for the Spraberry 1 tuff. LA-ICPMS dates range from
371.2 ± 13.9 to 262.7 ± 9.7 Ma (YSG) with 81% <300 Ma and 19%
between 300 and 500 Ma (Fig. 6). The WMTIMS was calculated
to be 282.0 ± 0.4 Ma from the youngest five dates (Fig. 7C). A total
of 31 Spraberry dates ranging from 262.7 ± 9.7 Ma to 300.9 ± 9.5



Fig. 8. Comparison of statistical LA-ICPMS dates and the true depositional ages determined by CA-ID-TIMS dating. Column A is the distribution of the youngest peak mode
with both probability density plot (PDP) and kernel density estimation (KDE). Zircon dates marked in black lines are used for the mode. Column B is the age distribution and
statistical results of the youngest single grain date (YSG, dates marked in green color), weighted mean of the youngest cluster date (YSP, dates marked in purple color) and
TuffZirc date (TZ, dates marked in black color). MSWD (mean square weighted deviation), weighted mean age of the youngest dominant KDE mode (WMYDM) with MSWD
near 1 is the preferred statistical LA-ICPMS date. Column C compares weighted mean CA-ID-TIMS dates (WMTIMS) with calculated dates from LA-ICPMS data alone. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Ma were used for statistical calculations (Fig. 8). The YMKDE is
285 Ma, the WMYDM calculated from 18 dates is 283.5 ± 2.2 Ma
(MSWD = 0.8), the YSP calculated from 8 dates is 268.5 ± 3.3 Ma
(MSWD = 1.0), and the TZ date calculated from 24 dates is 285.4
+ 3.8/�2.1 Ma.

A total of 33 LA-ICPMS and 8 CA-ID-TIMS U-Pb dates were inter-
preted for the Spraberry 2 tuff. The LA-ICPMS dates range from
292.7 ± 9.1 to 265.2 ± 10.4 Ma (YSG) (Fig. 6). The WMTIMS was cal-
culated to be 280.7 ± 1.1 Ma from the three youngest dates
(Fig. 7D). All LA-ICPMS dates were used for statistical calculations
(Fig. 8). The YMKDE is 280 Ma, the WMYDM date calculated from
20 dates is 279.6 ± 1.9 Ma (MSWD = 1), the YSP date calculated
from 15 dates is 272.4 ± 2.1 Ma (MSWD = 1.0), and the TZ calcu-
lated from 24 dates is 280.6 + 2.1/�3.9 Ma.

Among the 16 Spraberry 1 Hf analyses, 9 zircons with LA-ICPMS
dates between 272.9 ± 5.6 and 288.0 ± 8.6 Ma are considered vol-
canic, and these have eHf values between +0.5 and �6.0 with an
average of �2.3. Among the 10 Spraberry 2 Hf analyses, 9 zircons
with LA-ICPMS dates between 271.2 ± 8.1 and 297.9 ± 9.1 Ma are
considered volcanic and their eHf values range from �0.4 to �5.1
with an average of �3.5. The TDM2 ages of all Spraberry zircons
are between 1197 and 1649 Ma.

4.2.4. Guadalupe Mountains tuffs
A total of 26 LA-ICPMS zircon U-Pb dates were obtained for the

G1 tuff. A CA-ID-TIMS date of 262.1 ± 0.1 Ma was reported by Wu
et al. (2020) for this tuff. The LA-ICPMS dates range from 1824 ± 49
to 241.6 ± 3.1 Ma (YSG) with 31% <270 Ma, 35% between 300–
500 Ma, 8% between 900–1300 Ma, and 27% between 1300–
2000 Ma (Fig. 6). The available young dates are not sufficient to
generate PDP or KDE plots or calculate a TZ date. The YSP was cal-
culated to be 260.4 ± 6.7 Ma (MSWD = 2.6) from three dates.

A total of 85 LA-ICPMS zircon U-Pb dates were obtained for the
G2 sample. A CA-ID-TIMS date of 265.5 ± 0.3 Ma was reported by
Wu et al. (2020). The LA-ICPMS dates range from 2732 ± 20 to
240.0 ± 3.0 Ma (YSG) with 13% < 300 Ma, 24% between
300–500 Ma, 12% between 500–850 Ma, 36% between 900–
1300 Ma, 13% between 1300–2000 Ma, and 2% > 2000 Ma
(Fig. 6). A total of 10 LA-ICPMS dates ranging from 246.8 ± 3.8 to
267.1 ± 3.8 Ma (YSG) were used for statistical calculations
(Fig. 8). The YMKDE is 258 Ma, the WMYDM calculated from three
dates is 260.7 ± 1.8 Ma (MSWD = 1.0), the YSP calculated from four
dates is 256.8 ± 2.0 Ma (MSWD = 0.6), and the TZ calculated from
six dates is 257.4 + 4.3/�2.0 Ma.

A total of 81 LA-ICPMS zircon U-Pb dates were reported for the
G3 sample. A CA-ID-TIMS date of 266.5 ± 0.1 Ma was reported by
Wu et al. (2020). The LA-ICPMS dates range from 1824 ± 49 to
235.5 ± 5.6 Ma (YSG) with 98% < 300 Ma and 2% > 300 Ma
(Fig. 6). Seventy-three LA-ICPMS dates ranging from 246.0 ± 5.6 M
a to 281.4 ± 4.9 Ma were used for statistical calculations (Fig. 8).
The YMKDE is 262 Ma, the WMYDM calculated from 29 dates is
266.7 ± 0.8 Ma (MSWD = 1.0), the YSP calculated from 17 grains
is 256.2 ± 0.8 Ma (MSWD = 1), and the TZ calculated from 37 dates
is 262.6 + 1.5/�1.6 Ma. The eHf values of 24 grains with LA-ICPMS
dates between 263.1 ± 5.2 and 270.3 ± 5.5 Ma range from +1.9 to
�2.8 with an average of �0.1. The TDM2 of all the grains are
between 1102 and 1401 Ma.

4.2.5. Mississippian tuffs
As a comparison, data reported for the Mississippian Barnett

tuff in the Midland Basin and five Mississippian tuffs in the Stanley
Group in the Ouachita Mountains (Tian et al., 2022) are summa-
rized here. The Barnett tuff in the Midland Basin has LA-ICPMS zir-
con dates from 339.9 ± 4.3 Ma to 300.4 ± 4.4 Ma (YSP), a WMTIMS
of 327.8 ± 0.8 Ma, YSP of 304.0 ± 1.2 Ma, YMKDE of 325 Ma,
WMYDM of 326.7 ± 0.6 Ma, and TZ of 326.2 + 1.0/�0.6 Ma. Zircons
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between 340 and 308 Ma have eHf values mostly between 0 and +5
with an average of +2. The TDM2 ranges between 682 and 1432 Ma.

4.2.6. Summary
Nearly all statistical approaches for interpreting LA-ICPMS data

yield U-Pb dates somewhat younger than the corresponding
WMTIMS dates in this study (Fig. 8C). The YSPs are 10 to 20 Myr
younger than the corresponding WMTIMS dates, but the other sta-
tistical treatments of LA-ICPMS ages are within 96% of the
WMTIMS dates. Among the statistical approaches, the WMYDM
best approximates WMTIMS dates despite the fact that the Wolf-
camp A and Wolfcamp B distributions are skewed toward younger
dates and the Spraberry 1 distribution is slightly negatively skewed
toward old dates (Fig. 8A).

Hf isotopes distinguishes older and younger tuffs. Mississippian
tuffs (average eHf = +2) and Wolfcamp B tuffs (average eHf = + 5.5)
have younger TDM2 model ages (675 and 1432 Ma). The Wolfcamp
A and Spraberry tuffs have an average eHf < �2.2 and older TDM2

model ages (1197–1649 Ma). The middle Permian G3 tuff shows
an intermediate Hf signature with an average eHf close to 0 and
TDM2 model ages between 1102 and 1401 Ma.

4.3. Zircon trace element (TE) compositions

A total of 58 zircon TE compositions were analyzed: 30 for the
G1 tuff, 13 for the Wolfcamp A tuff and 15 for the Wolfcamp B tuff.
Zircons from all units show high

P
REE, enrichment of HREEs, neg-

ative Eu anomalies (average = 0.4) and positive Ce anomalies (av-
erage = 19.7) (Fig. 9A). Discrimination diagrams following
Belousova et al. (2002) and Grimes et al. (2015) project these tuffs
to the granitoid parent magma composition and continental arc
setting (Fig. 9B, 9C).
5. Discussion

Below we use our new data to discuss four topics: 1) how well
do LA-ICPMS and CA-ID-TIMS U-Pb zircon ages agree; 2) the impli-
cations for Permian Basin chronostratigraphy; 3) where was the
volcano(es) that ejected the ashes? and 4) the implications for
understanding the late Paleozoic tectonic evolution of southern
Laurentia.

5.1. Comparison of LA-ICPMS and CA-ID-TIMS dates

Constraining TDA of tuffs from zircon U-Pb dates is limited by
analytical precision and by potential inaccuracies introduced by
Pb loss and matrix mismatches from LA-ICPMS methods. LA-
ICPMS is the most used zircon U-Pb dating technique given its
low cost and rapid data acquisition, but has low analytical preci-
sion (>1%; Gehrels, 2014). Systematic offsets by laser ablation,
likely reflecting matrix effects caused by mismatch of standards
and unknowns, are commonly observed (Allen and Campbell,
2012; Schoene, 2014; Schaltegger et al., 2015; Coutts et al.,
2019). These uncertainties do not affect CA-ID-TIMS dates, which
have typical analytical precisions of �0.1% (Gehrels, 2014). Results
derived from statistical treatment of LA-ICPMS dates are frequently
used to approximate TDA, but all these statistical approaches could
be biased by lead loss, statistical defects, and matrix effects, and
the influence of each of these three factors on statistical dates is
variable (Coutts et al., 2019). Our dataset adds to the few studies
that identify the best statistical approaches for interpretating LA-
ICPMS dates to match CA-ID-TIMS dates (e.g., Spencer et al.,
2016; Herriott et al., 2019).

In this study, the WMTIMS date is taken as the TDA for each tuff
and is compared with other LA-ICPMS statistical dates. All the YSGs



Fig. 9. A) Zircon rare earth element compositions normalized to chondrites following McDonough and Sun (1995). B) Zircon trace element composition discrimination
diagram following Belousova et al. (2002). C) Zircon trace element composition discrimination diagram following Grimes et al. (2015).
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are 10–20 Myr younger than the TDAs which may be mainly attrib-
uted to lead loss (Coutts et al., 2019). Half of the grains dated by
both LA-ICPMS and CA-ID-TIMS have LA-ICPMS dates older than
WMTIMS dates (Fig.S3), which is most likely caused by matrix
effect (Allen and Campbell, 2012) for the LA-ICPMS data or may
reflect antecrystic, pre-eruptive or inherited zircons for the CA-
ID-TIMS data. Although inheritance of older cores may cause LA-
ICPMS dates older than TDAs, such grains have been excluded
based on CL image screening before analysis. Our comparison fur-
ther shows that nearly all the statistical dates from LA-ICPMS data
are somewhat younger than the TDAs, agreeing with the results of
previous studies (Coutts et al., 2019; Herriott et al., 2019). Because
of the influence of lead loss, YSP and YC2r (mean date of the
youngest cluster at 2r error, Dickinson and Gehrels, 2009) dates
that selectively sample grains from the negative tail (young date)
of the distribution will likely result in an erroneously younger
interpreted TDA.

Our results also show that the YMKDE, TZ, and WMYDM dates
(Fig. 8C) are within 96% of the TDAs although often biased toward
younger dates, suggesting that all these dates can be used to
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approximate TDAs if CA-ID-TIMS dates are not available. Among
these approaches, the WMYDM dates are consistently the closest
to the TDA dates. This is different from the results of previous stud-
ies, which showed that the YSP dates best approximate detrital zir-
con maximum depositional ages because of their high coincidence
with CA-ID-TIMS dates (Herriott et al., 2019). This difference with
our results might reflect the fact that ours are dominantly syn-
depositional volcanic zircons with a single mode from a single
eruption (cf., Cawood et al., 2012; Spencer et al., 2016). The PDP
distribution is widely used to display zircon dates and recognize
modes (Ludwig, 2008). The PDP was designed to reduce the impor-
tance of imprecise measurements and emphasize more precise
measurements by taking the individual analytical precision as
the bandwidth, which, however, can produce noisy results when
applied to high-precision data and yield oversmoothed density
estimations when dataset is large and/or analytical precision is
low (Vermeesch, 2012). The PDP overfits all of our LA-ICPMS anal-
yses (Fig. 8A) because of low analytical precision. The KDE deploys
the Gaussian distribution by adapting the bandwidth according to
local density without considering individual analytical precision
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(Vermeesch, 2012). The Wolfcamp A and Wolfcamp B LA-ICPMS
age distributions are positively skewed (to young dates) and the
Spraberry 1 distribution is negatively skewed (to old dates)
(Fig. 8A), which result in younger and older YMKDE dates than
the TDAs, respectively. The comparison shows that the skewness
of LA-ICPMS dates should be carefully evaluated before the YMKDE
approach is used. Our study confirms that WMYDM approach com-
pensates for skewness by calculating the mean of the mode dates
with MSWD near 1 and better approximates the TDAs.

If the accuracy of TDA needs to be better than ± 4% for a given
application, our results suggest that it is important to pair LA-
ICPMS data with CA-ID-TIMS analyses. Chemical abrasion removes
the effects of Pb loss and isotope dilution minimizes the depen-
dence on standard analyses for measuring dates thereby avoiding
potential matrix-induced inaccuracies from LA-ICPMS derived
TDAs (Schoene, 2014; Schaltegger et al., 2015). An alternative
strategy of annealing zircons and standards prior to LA-ICPMS
analysis has been championed by Allen and Campbell (2012) as
it seems to minimize matrix effects and yield LA-ICPMS dates that
are within 0.5% of CA-ID-TIMS dates. Merely annealing zircons
prior to analysis would not require the sophisticated labs and
methods needed for complete chemical abrasion and could be
more widely applied.

5.2. Implications for Permian Basin chronostratigraphy

The development of the oil industry in the Permian Basin
resulted in complicated lithostratigraphic nomenclature (e.g.,
Montgomery, 1996). The early Permian North American regional
stages were mainly studied in the well-exposed Permian section
in the Glass Mountains to the southwest of the Delaware Basin
(e.g., Behnken, 1984; Wardlaw and Davydov, 2000; Ross and
Ross, 2003; 2009; Wahlman, 2013; Wardlaw and Nestell, 2014).
The subsurface stratigraphic architecture of the Midland Basin
was primarily constrained by petrophysical log signatures refer-
enced to the type sections in the Glass Mountains (e.g., Mazzullo
and Reid, 1989; Hamlin and Baumgardner, 2012; Baumgardner
et al., 2016). Ages presented in this study improves the
chronostratigraphy.

Recent biostratigraphy studies in the Permian Basin suggest
that the Pennsylvanian-Permian boundary is in the lowermost
Wolfcamp C unit and that the Wolfcampian-Leonardian boundary
should be placed in the uppermost Wolfcamp B unit (e.g.,
Wahlman et al., 2016; Kohn et al., 2019). These studies also suggest
that the boundaries of the Asselian, Sakmarian, Artinskian and
Kungurian stages are in the uppermost Wolfcamp C, middle Wolf-
camp B, and Wolfcamp A units, respectively (Fig. 2). Assuming the
Pioneer proprietary stratigraphic correlations are correct, our new
dates have implications for the absolute ages of the Wolfcamp
Shale. Our Wolfcamp A and Wolfcamp B tuffs have WMTIMS dates
of 287.2 ± 0.5 Ma and 288.2 ± 1.7 Ma, respectively, consistent with
biostratigraphy results that correlate the Wolfcamp B unit to the
late Sakmarian and early Artinskian stages and the Wolfcamp A
unit to the late Artinskian stage. Based on the stratigraphic thick-
ness between the two tuffs (Pioneer proprietary information),
assuming a stable sedimentation rate, the data yield an average
sedimentation rate of �65 m/Myr (0.065 mm/y) for the upper
Wolfcamp B and lowerWolfcamp A unit. The base of theWolfcamp
C unit is about 396 m below the Wolfcamp B tuff. If the base of
Wolfcamp C is considered the beginning of the Permian Period
(298.9 Ma), the average sedimentation rate in the Wolfcamp C
and lower Wolfcamp B unit is �37 m/Myr (0.037 mm/y). Given
these rocks have experienced compaction, the estimated sedimen-
tation rates are higher than modern average global ocean pelagic
sedimentation rate which is less than 35 m/Myr (0.035 mm/y)
(e.g., Davies et al., 1977). The sedimentation rate almost doubled
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from the Wolfcamp C-lower Wolfcamp B unit to the upper Wolf-
camp B-lower Wolfcamp A unit, which likely reflects an increase
in turbidite sedimentation in the Wolfcamp B unit given turbidites
are well documented in lower Permian strata in the Permian Basin
(Hamlin and Baumgardner; 2012; Baumgardner et al., 2016).

The two Spraberry samples reside in the same lithostratigraphic
interval based on well logs. Studies of fusulinid microfossils show
that the Spraberry Formation is of Leonardian age (e.g., Silver and
Todd, 1969; Handford, 1981). The two Spraberry tuffs have
WMTIMS dates of 282.0 ± 0.4 and 280.7 ± 1.1 Ma, overlapping
within uncertainty. The Spraberry tuffs are �365 m above the
Wolfcamp A tuff. If the mean WMTIMS date (281.4 Ma) of the
two tuffs is used, the sedimentation rate between the upper Wolf-
camp A unit and the lower Spraberry Formation is �49 m /Myr
(0.049 mm/y), lower than that of the upper Wolfcamp B-
Wolfcamp A unit.

5.3. Magmatic affinity and source of the tuffs

Alteration of the late Paleozoic tuffs makes the whole rock geo-
chemistry data less reliable. The whole rock major and trace ele-
ment data show dacite or andesite compositions (Figs. 3 and 4)
while zircon trace element data show granitic composition
(Fig. 9), most likely because of diagenesis of the tuffs. It has been
suggested that the formation of zeolites by altering volcanic glass
in tuffs is accompanied by increases in Mg and Al contents and
decrease in Si content (e.g., Marantos et al., 2008). Alteration of
the bulk tuffs is further supported by the high CIA index. Alteration
of tuffs also causes rare earth element fractionation (e.g.,
Murakami and Ishihara, 2008). Therefore, the whole rock geo-
chemistry data are not used to interpret the source of the tuffs.

Our zircon trace element data suggest that all the tuffs came
from continental arcs with granitoid parent magma compositions
(Fig. 9). The eHf dropped from an average of +5.5 to �4.5 between
the Wolfcamp B and Wolfcamp A volcanic zircons within 1 Myr.
Zircon Hf signature of magmatic units that were adjacent to the
Permian Basin during the late Paleozoic are plotted together with
our data for discussing parent magma affinity and sources of differ-
ent tuffs (Fig. 10).

5.3.1. Mississippian tuffs
Tian et al. (2022) compared the geochemical signature of Mis-

sissippian tuffs (328–317 Ma) in the Midland Basin and Ouachita
Mountains with other magmatic units and suggested that these
tuffs were most likely from a northern Gondwana arc. The study
further suggested that the arc was developed on the Maya or
Sabine block by southward subduction of the Rheic ocean beneath
the peri-Gondwana realm in northern Gondwana (Fig. 1C). The
TDM2 ages are between 682 and 1432 Ma, suggesting that the arc
developed on crust with both Grenville and Pan-African affinities
(Tian et al., 2022). The Aserradero Rhyolite near Ciudad Victoria,
Mexico, has continental arc geochemical signature with zircon
crystallization ages of 348–340 Ma (Ramírez-Fernández et al.,
2021), suggesting that the northern Gondwana arc may have
started as early as the Early Mississippian.

5.3.2. Wolfcamp B tuffs
Some Wolfcamp B tuffs were reworked because they have ero-

sional contacts with the underlying shale and wavy bedding
(Figs. S1 and S2). The tuffs have abundant old (>300 Ma) and
rounded grains (Fig. 5), indicating that some or all of the tuffs were
redeposited and/or mixed with detrital sediments. Nevertheless,
there are sufficient angular, magmatic grains to obtain a WMTIMS
age of 288.2 ± 1.7 Ma. Magmatic units of similar age and geochem-
ical compositions include 1) plutonic rocks in the Honduras bath-
olith of the Oaxacan and Acatlán metamorphic complexes



Fig. 10. A) Zircon U-Pb dates, eHf values and TDM2 ages of the volcanic tuffs are compared with those of the Andean continental arc (Jones et al., 2015), average island arc
(Dhuime et al., 2011), mid ocean ridge basalt (MORB, Workman and Hart, 2005), and Late Paleozoic magmatic rocks in the Ouachita-Marathon region and Mexico. TDM2 ages
were calculated using an average crustal value of 176Lu/177Hf = 0.015 following Griffin et al. (2002). Oaxacan and Acatlán complexes data are from Ortega-Obregón et al.
(2014). Matzitizi Formation data are from Zúñiga et al. (2020). Mississippian tuff data are from Tian et al. (2022). Mojave Desert pluton data are from Cecil et al. (2019).
‘‘Typical Oaxaquia” data are from Weber et al. (2010). CHUR means chondritic uniform reservoir. Note that the eHf values become more juvenile from the Wolfcamp A and
Spraberry tuffs to Guadalupian tuffs and the trend is consistent with that in the Mojave Desert pluton data (Cecil et al., 2019). B) Box plot of zircon U-Pb dates, eHf values of
volcanic tuffs for the sample G3 (266.5 Ma), Spraberry (279.8 Ma), Wolfcamp A (287.2 Ma) and Wolfcamp B (288.2 Ma), the legends are the same with A. The ages of the tuffs
in the box plot are the interpreted true depositional ages for these tuffs. The width of the box plot does not represent the uncertainty of the age.
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(Oaxaquia terrane) in southern Mexico, which are tonalite to
quartz diorite with a zircon LA-ICPMS date of 290 ± 2 Ma, eHf val-
ues between +5 and +8, and TDM2 model ages between 795 and
948 Ma (Ortega-Obregón et al., 2014); 2) quartz diorites in the
Totoltepec pluton of the Acatlán metamorphic complex, which
has a zircon LA-ICPMS date of 289 ± 2 Ma, whole rock eNd values
between �0.8 and +2.6, and TDM model ages between 930 and
1160 Ma (Kirsch et al., 2012); 3) granitoids with zircon LA-ICPMS
dates of 294 ± 3 Ma in the Oaxaquia terrane on the western margin
of Gulf of Mexico (Coombs et al., 2020); and 4) Las Delicias volcanic
series of northern Mexico, with zircon LA-ICPMS dates mostly clus-
tered at 331 Ma and 270 Ma and a plutonic sample near Sierra El
Granizo of 285 ± 3 Ma, whole rock eNd values between +2.6 and
+5.3, and TDM model ages between 691 and 1502 Ma (Lopez,
1997). Early Permian volcaniclastic rocks in sedimentary succes-
sions deposited in forearc or intra-arc settings are well docu-
mented in several places in Mexico (e.g., Lopez, 1997; Mckee
et al., 1988; Rosales-Lagarde et al., 2005). One of the examples is
the lower Permian Tuzancoa Formation of east-central Mexico,
which has a whole rock eNd value of +4.4 and TDM model age of
672 Ma and was suggested to be derived from a submarine conti-
nental arc (Rosales-Lagarde et al., 2005). Plutonic rocks in the Oax-
aquia terrane were suggested to be continental arcs, caused by
subduction of the Paleo-Pacific plate beneath western Pangea
(e.g., Keppie et al., 2008; Nance et al., 2010; Kirsch et al., 2012)
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or Rheic plate beneath northern Gondwana (e.g., Elías-Herrera
and Ortega-Gutiérrez, 2002; Vega-Granillo et al., 2007, 2009;
Ortega-Obregón et al., 2014; Ortega-Gutiérrez et al., 2018;
Coombs et al., 2020). The Las Delicias arc is also a continental arc
formed by the subduction of the Laurentia plate beneath the Coa-
huila terrane (Lopez, 1997).

The eHf signature supports that the Wolfcamp B tuffs ultimately
sourced from the continental arc in the Peri-Gondwana realm. Zir-
cons younger than 300 Ma in Wolfcamp B tuffs have an average eHf
value of +5.5 and TDM2 model ages between 675 and 1207 Ma,
slightly different from those of the Mississippian tuffs with an
average eHf value of +2, and TDM2 between 682 and 1432 Ma. The
isotopic signatures can be explained by mixing mantle-derived
magmas and older continental crust (Arndt and Goldstein, 1987),
similar to Mississippian tuffs that show the influence of Pan-
African/Brasiliano and Grenville sources (Tian et al., 2022). The
eHf signature is also similar to the Cuanana pluton of the Acatlán
metamorphic complex, which has a zircon ICP-MS date of
311 ± 2 Ma, eHf values between +3 and +9, and TDM2 model ages
between 795 and 948 Ma (Ortega-Obregón et al., 2014).

The interpretation that Wolfcamp B tuffs were ultimately
sourced from a northern Gondwana arc is also supported because
these tuffs contain 14% zircons between 500 and 850 Ma, which
were ultimately sourced from Pan-African/Brasiliano basement,
and 15% between 900 and 1300 Ma ultimately sourced from



H. Tian, M. Fan, V. Victor et al. Gondwana Research 111 (2022) 76–94
Grenville basement (Fig. 6). The 500–850 Ma group has eHf values
ranging between �2.7 and +12.7, consistent with the signature of
detrital Pan-African/Brasiliano zircons in Paleozoic sedimentary
rocks on the Laurentian margin (e.g., Thomas et al., 2017; Waite
et al., 2020). However, the two youngest zircons (525 ± 19 Ma
and 553 ± 6 Ma) of this group could also be recycled from the
Southern Oklahoma Aulacogen (SOA) related to the Iapetan rifting,
because the ages and eHf values are similar to those of SOA mag-
matic units (Thomas et al., 2016). Both the Oaxaquia and Coahuila
terranes have Pan-African/Brasiliano and Grenville basement
(Weber et al., 2010; Lopez et al., 2001). These peri-Gondwana ter-
ranes were close or attached to the southern Laurentia margin dur-
ing the late Paleozoic because of Gondwana-Laurentia collision.
Therefore, Wolfcamp B tuffs were most likely sourced from a con-
tinental arc on the Oaxaquia and Coahuila terranes.

The interpretation that Wolfcamp B tuffs were ultimately
sourced from a northern Gondwana arc is further supported
because the tuffs contain 50% zircons between 300 and 500 Ma
with a peak at �375 Ma (Fig. 10). The mode is not present in the
detrital record of Laurentia before deposition of the Wolfcamp B
unit (Fig. 11), and it is not reported in the Mississippian Stanley
Group in the Ouachita Mountains (McGuire, 2017), Pennsylvanian
sandstones in the Fort Worth Basin (Alsalem et al., 2018) and the
Wolfcamp C unit in the Midland Basin (Liu and Stockli, 2020), sug-
gesting that the zircon source of this age was not close to the Lau-
rentia margin before Wolfcamp B deposition. Despite the fact that
the Taconic, Acadian, and Alleghenian orogenesis in the Appalachi-
ans produced Paleozoic zircons, these only make a small portion in
the lower Permian sedimentary rocks in the Appalachian foreland
(e.g., Thomas et al., 2017), thus the Appalachians cannot be the
ultimate source of Wolcamp B tuffs. However, Paleozoic zircons
are common in the Mississippian Lower Santa Rosa Formation in
southeastern Mexico (Weber et al., 2009). In addition to the
Aserradero Rhyolite (348–340 Ma) near Ciudad Victoria, Mexico
(Ramírez-Fernández et al., 2021), granitoids of 380–410 Ma and
Fig. 11. LA-ICPMS U-Pb date distributions of detrital zircons near the study area. D
Mississippian Lower Santa Rosa Formation are from Weber et al. (2009), the Middle–La
Cisuralian Wolfcamp C unit are from Liu and Stockli (2020). The plot was shown as kern
Santa Rosa have 1r uncertainty and all other data have 2r uncertainty.
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371 ± 34 Ma were reported from the Acatlán Complex, southern
Mexico (Yañez et al., 1991). Zircons of this age were also found
in Pennsylvanian sedimentary rocks in the Arbuckle uplift in
southern Oklahoma (Thomas et al., 2016) and the Marathon fore-
land in western Texas (Thomas et al., 2019); both were suggested
to be derived from the Coahuila terrane (Fig. 1A). These �375 Ma
zircons have TDM2 model ages that mostly overlap with the Gren-
ville Orogeny (900–1300 Ma), suggesting that the source was
igneous material built on Grenville basement in the Peri-
Gondwana realm. These zircons have an average eHf value of
+2.8, similar to that of the Mississippian tuffs (Tian et al., 2022).
Therefore, magmatism of �375 Ma likely reflects early arc forma-
tion associated with subduction of the Rheic oceanic plate, and
the dominance of 300–500 Ma zircons in Wolfcamp B tuffs sug-
gests that these are most likely reworked tuffs and/or arc materi-
als. If this interpretation is correct, the arrival of arc material by
�288 Ma, likely in the form of reworked tuffs delivered by rivers
and deepwater gravity flows from northern Gondwana, may record
the final stage of Gondwana-Laurentia collision and headwater
erosion or catchment integration of northward-flowing rivers from
highlands in northern Gondwana.

5.3.3. Wolfcamp A and Spraberry tuffs
Abundant unrounded zircons in the Wolfcamp A and Spraberry

tuffs (Fig. 5) suggest that these tuffs have little detrital or inherited
component. They also have similar eHf signature (Fig. 10), suggest-
ing that they may come from the same arc system. Magmatic units
of similar age are also reported in the Oaxaquia terrane in southern
Mexico. The best match for the Wolfcamp A tuff is the 287 ± 2 Ma
Zanita Batholith, which has eHf values between �4 and �1, and
TDM2 ages between 1330 and 1550 Ma (Ortega-Obregón et al.,
2014). Zúñiga et al. (2020) reported two groups of volcanic clasts
in the Matzitzi Formation, southern Mexico. The intermediate
group has zircon LA-ICPMS dates between 282 and 271 Ma, eHf val-
ues between �8.1 and +0.2 and TDM2 ages between 1470 and
ata of the Late Mississippian Stanley Group are from McGuire (2017), the Late
te Pennsylvanian strata in the Fort Worth Basin are from Alsalem et al. (2018), the
el density estimation. The numbers on the plot are peak modes. Data of the Lower
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1520 Ma. This signature matches well with that of our Spraberry
tuffs. The second group is �281 Ma and has eHf values between
�3.6 and +8.4 (1 grain) and TDM2 ages between 1280 and
1320 Ma. The geochemical variability of these zircons suggests a
heterogeneous parent melt caused by different mixtures of
mantle-derived melts and Grenville basement. In southern Mexico,
the Oaxaquia peri-Gondwana basement is 1200–1400 Ma, with eHf

values between +5 and +7 (Weber et al., 2010) (Fig. 10). Melting
this basement decreases the eHf values of parent magma. There-
fore, Wolfcamp A and Spraberry tuffs were also most likely sourced
from a continental arc on the Oaxaquia terrane.

5.3.4. Guadalupe Mountains tuffs
Magmatic units between 275 and 260 Ma are documented in

southernMexico (e.g., Ortega-Obregón et al., 2014), eastern Mexico
(Coombs et al., 2020); northwestern Mexico (Riggs et al., 2016;
Dobbs et al., 2021), and the Mojave Desert of California, USA (Cecil
et al., 2019). These unitsmay represent an�N-S volcanic arc system
formed by the eastward subduction of the Paleo-Pacific oceanic
plate beneath the northwestern Gondwana (western Pangea arc)
and southwestern Laurentia (Cordillera arc) (Fig. 1C). The arc system
may have initiated at different times at different latitudes and the
zircon eHf signature of these arc magmas may have varied because
different segments were built on crust of different ages and compo-
sitions. Zircon grains of 270–260 Ma on the Oaxaquia terrane in
southern and eastern Mexico, including the Zaniza batholith and
subsurface granitoids along thewesternGulf ofMexico, have eHf val-
ues between �16 and +0.2 (Ortega-Obregón et al., 2014; Coombs
et al., 2020), more evolved than those from the Mojave Desert (eHf

values between �1.3 and +11.5) and our Guadalupian tuffs. Zircon
grains of�275Ma in the Los Tanques pluton in Sonora, Mexico, also
have more evolved eHf signatures (average is �7.5) (Riggs et al.,
2016) than our Guadalupian tuffs. Therefore, arc magmatism in
southern and northwestern Mexico was not likely to be the source
of the Guadalupian tuffs. Mojave Desert pluton zircons show a sig-
nificant increase of eHf values through time between 280 and
200 Ma, with the eHf values of 280–260 Ma zircons between �5
and +10 (Cecil et al., 2019). The trend was suggested to reflect
decreasing crustal contamination of mantle-derived melts through
time because of extension and crustal thinning (Cecil et al., 2019).
Therefore, it seems that the source of the Guadalupian tuffs is the
Cordillera arc, most likely related to Mojave Desert plutons. Ash
transport from volcano(es) about 1500 km to the west of the Texas
may be facilitated by westerly winds at the low latitude of western
equatorial Pangea (Tabor and Poulsen, 2008).

5.4. Implications for the late Paleozoic tectonics of southern Laurentia

It is debated whether late Cisuralian magmatisms discussed
above reflect the final pulse of the northern Gondwana arc system
formed by subduction of the Rheic oceanic plate (e.g., Elías-Herrera
and Ortega-Gutiérrez, 2002; Vega-Granillo et al., 2007, 2009;
Ortega-Gutiérrez et al., 2018) or the initiation of eastward subduc-
tion of the Paleo-Pacific oceanic plate beneath southwestern Pan-
gea (e.g., Keppie et al., 2008; Nance et al., 2010). Our
geochemical records show an abrupt change of mean zircon eHf sig-
nature from +5.5 to �4.5 between Wolfcamp B and A tuffs that
occurred near or within 1 Myr (between 288.2 and 287.2 Ma). A
similar abrupt shift to evolved eHf signature has been documented
in Oaxaquia terrane magmatic rocks (Ortega-Obregón et al., 2014;
Coombs et al., 2020). While Ortega-Obregón et al. (2014) attributed
this to a change to more crustal contamination, Coombs et al.
(2020) suggested that the juvenile signature was related to Rheic
plate subduction that may have ended by �286 Ma and the
evolved signature (eHf between �16 and �4), initiated by
�274 Ma, reflects late- or post-collisional magmatism influenced
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by Paleo-Pacific plate subduction. Furthermore, Zhao et al. (2020)
suggested that magmatism in the Marathon segment ended by
270 Ma, as part of the late Paleozoic magmatism that ended dia-
chronously from west to east along the Appalachian-Ouachita-
Marathon belt, with the youngest magmatism was sourced from
juvenile lower crust during post-orogenic slab break-off.

The geochemical similarity between magmatic zircons in the
Wolfcamp B tuffs and the Mississippian Barnett tuff in the Midland
Basin suggests that arc volcanism related to the subduction of the
Rheic oceanic plate may have lasted until at least �288 Ma (CA-ID-
TIMS in this study) (Fig. 12). This is consistent with the inferred age
of �286 Ma (ICP-MS) from granitoid eHf signatures in eastern Mex-
ico (Coombs et al., 2020). This abrupt change of geochemical signa-
ture reflects a change of parent magma to a much more evolved
composition that could have been caused by increased contribu-
tion from old continental crust, which can be achieved in four
ways: 1) crustal thickening associated with subduction; 2) involve-
ment of crust of different age and composition; 3) changing depth
of magma evolution; and 4) formation of a new magmatic plumb-
ing system for a new arc. While crustal thickening and
underthrusting of lower crust into the melt source region are com-
mon in orogenic system, crustal assimilation is a gradual process
and it takes at least 5 Myr to cause a major decrease in arc eHf sig-
nature (e.g., DeCelles et al., 2009). Changing crustal composition of
the northern Gondwana arc magmas also seems unlikely to be a
cause of the abrupt isotope shift. Grains older than 500 Ma in the
Wolfcamp A and B tuffs are mostly between 500–850 Ma and
900–1300 Ma, suggesting the sources of both tuffs have Pan-
African/Brasiliano and Grenville basement. The sources should be
peri-Gondwana terranes (i.e., Oaxaquia terrane) that have both
Pan-African/Brasiliano and Grenville basement (Weber et al.,
2010; Lopez et al., 2001). Zhao et al. (2020) suggested that magma-
tism in northern Gondwana may have lasted until �270 Ma with
the youngest magma derived from lower crust (Pan-African Oro-
geny materials) because of Rheic oceanic slab break-off. Changing
from synorogenic to post-orogenic slab break-off magmatism can-
not explain the observed abrupt isotopic shift because the eHf sig-
natures of Wolfcamp A-Spraberry zircons are more evolved than
those of the �326 Ma granitoids (+3.8 to +6.0) on the Maya peri-
Gondwana terrane, which is suggested to reflect post-orogenic
magmatism in the Ouachita segment (Zhao et al., 2020).

The abrupt isotopic change can be best explained by the termi-
nation of the northern Gondwana arc system and initiation of a
new convergent margin along western Pangea associated with a
new Paleo-Pacific plate subduction system (Fig. 12). The gradual
increase of eHf values from Wolfcamp A to Spraberry and Guadalu-
pian tuffs (Fig. 10) is similar to the trend observed in the Mojave
Desert pluton that was interpreted to be caused by diminishing
sediment input as subduction of the Paleo-Pacific plate proceeded
(Cecil et al., 2019). This similarity in eHf trend, but difference in
time between the magmatism in Mexico (�287 Ma) and Mojave
Desert (�275 Ma) suggests that subduction of the Paleo-Pacific
plate initiated at different times along the Laurentian margin. This
age does not match well with the interpretation of Coombs et al.
(2020), who suggested that the western Pangea arc, with negative
eHf values similar to those of our Wolfcamp A and Spraberry tuffs,
initiated in Mexico by �274 Ma. That study has a sampling gap for
�286–274 Ma, thus it could have missed the early initiation of the
west Pangea arc.

Our results show that the late Cisuralian (�288Ma) plate reorga-
nization occurred very rapidly, near or less than 1 Myr. This reorga-
nization was marked by the cessation of Laurentia-Gondwana
collision that partly subducted the southern Laurentia margin
beneath Gondwana, and the initiation of a new subduction zone
along the southwestern Pangean margin. Our study thus confirms
the inference that major plate reorganizations taking as little time



Fig. 12. Paleogeography reconstructions for two time periods after Ortega-Obregón et al. (2014) and Lawton et al. (2021). Thick black dash lines represent the locations of
cross sections shown in the lower panel.
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as less than a fewmillion years aremore likely caused by changes in
plate motion due to plate margin creation or destruction (Richards
and Lithgow-Bertelloni, 1996). Subduction of the Paleo-Pacific
beneath western Gondwana may have caused the Permian-
Triassic continental arc in eastern Mexico (e.g., Torres et al., 1999;
Rosales-Lagarde et al., 2005; Coombs et al., 2020) and magmatic
rocks of the Oaxacan and Acatlánmetamorphic complexes in south-
westernMexico (Ortega-Obregón et al., 2014). The cessation of Pan-
gea assembly changed the plate motion and promoted the
northward propagation of the subduction system along western
Pangea.
6. Conclusions

This study reports the first group of isotopic ages for early Per-
mian tuffs in the Permian Basin and examines the geochemical
and isotopic signatures of these tuffs and the Mississippian and
Guadalupian tuffs in southern Laurentia to understand their mag-
matic affinities and tectonic significance. Our zircon CA-ID-TIMS
dates show that the boundary between the Wolfcamp B and Wolf-
camp A unit in the Midland Basin is �287 Ma, which comple-
ments recent biostratigraphy results that correlate the Wolfcamp
B unit to the late Sakmarian and early Artinskian stages, and the
Wolfcamp A to the late Artinskian stage. Geochemical data of all
these Mississippian-Permian tuffs and their zircons show conti-
nental arc signatures. Comparison of the geochemical data of
these tuffs and magmatic units in Mexico and California further
establishes the potential source of the tuffs on peri-Gondwana ter-
ranes in Mexico. The eHf values abruptly change at �287 Ma from
higher, more juvenile signatures in the Mississippian and early
Cisuralian Wolfcamp B tuffs to consistently negative eHf values
in the Cisuralian Wolfcamp A and Spraberry tuffs. At the same
time, a higher proportion of more angular zircons appear in the
tuffs and the proportion of detrital zircons decreases. The
�288 Ma zircon signature shift between 288.2 and 287.2 Ma is
best explained by the termination of the northern Gondwana arc
system related to subduction of the Rheic oceanic plate and initi-
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ation of a western Pangea arc system related to subduction of the
Paleo-Pacific oceanic plate.

In addition to the chronostratigraphy and tectonic significance,
the comparison of LA-ICPMS dates derived from different statistical
approaches and the true depositional ages of the tuffs determined
by CA-ID-TIMS zircon dating offers important new insights to bet-
ter understand the limitation of LA-ICPMS zircon ages. Several
commonly used statistical approachs, including the weighted
mean date of the youngest cluster of three or more grains overlap-
ping at 2r error (YSP), weighted mean date of the youngest mode
from KDE (WMKDE), and TuffZirc date all are too young, but within
96% of the true depositional ages, thus can be used to approximate
true depositional age if CA-ID-TIMS ages are not available. The
newly defined, weighted mean date of the youngest dominant
KDE mode (WMYDM) is closest to the true depositional age, and
the small difference between this date and true depositional age
may reflect the skewness of the LA-ICPMS zircon age distribution.
Chemical abrasion pre-treatment or simply annealing zircons prior
to LA-ICPMS analysis may greatly improve the accuracy of the LA-
ICPMS method in assessing true depositional ages from tuffs.
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