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A B S T R A C T

The Guadalupian Epoch was characterized by major changes in paleogeography, paleoclimate, and biodiversity.
Yet, the paucity of precise and accurate radioisotopic dates from the Guadalupian stages in their type area,
Guadalupe Mountains National Park in West Texas has rendered their calibration inadequate. In this study, we
report high-precision U-Pb zircon geochronology by the CA-ID-TIMS method from three ash beds (2σ internal
errors only) in the Rader Member of the Bell Canyon Formation at the Back Ridge Section (262.127 ± 0.097 Ma,
MSWD = 0.89, n = 3), the lower Pinery Member of the Bell Canyon Formation at the Frijole Section
(264.23 ± 0.13 Ma, MSWD = 0.89, n = 8) and the basal South Wells Member of the Cherry Canyon Formation
at the Monolith Canyon Section (266.525 ± 0.078 Ma, MSWD = 0.62, n = 5). The Bayesian interpolation
statistics method is used to establish an age-stratigraphy model that estimates the base of the Capitanian to be
264.28 ± 0.16 Ma, serving as the best age estimate for the Capitanian Stage at present. In addition, we review
the existing geochronology from the Guadalupian Series in West Texas and seek to propose more precise tem-
poral estimates of Guadalupian geological and biological events. These data constrain the high-frequency se-
quences of the Cherry Canyon and Bell Canyon formations in the Guadalupe Mountains National Park area.
Accordingly, the base of the Wordian is estimated at 266.9 ± 0.4 Ma and the Illawarra geomagnetic polarity
reversal in West Texas at 267.4 ± 0.4 Ma to 266.5 ± 0.3 Ma. The global end-Guadalupian extinction began in
the conodont zone of Jinogondolella altudaensis above the base of the Reef Trail Member of the Bell Canyon
Formation and might continue to the Clarkina postbitteri postbitteri Zone in the earliest Wuchiapingian. The
conodonts display a rapid evolutionary rate during this interval. This constrains the biotic crisis from ca. 260 Ma
to 259 Ma based on our conodont age estimation. The emplacement of the Emeishan Large Igneous Province
(ELIP) in South China has been constrained to ca. 260 Ma to 257.4 Ma based on zircon U-Pb geochronology by
the CA-ID-TIMS method, overlapping with the end-Guadalupian extinction, which provides support for the
temporal relationship between them. Additionally, the ELIP persisted into the early Wuchiapingian and may
have hampered ecosystem restoration during the post-extinction interval.

1. Introduction

The Guadalupian (Middle Permian) interval is characterized by
major changes in paleogeography, paleoclimate, and biodiversity that
remain poorly calibrated in time. The major changes include the: initial
breakup of the supercontinent Pangea (Isozaki, 2009), largest global

regression during the Paleozoic (Haq and Schutter, 2008), termination
of the Late Paleozoic Ice Age (Fielding et al., 2008; Chen et al., 2013;
Montañez and Poulsen, 2013), seawater temperature fluctuations from
the late Guadalupian to the Wuchiapingian (Isozaki et al., 2007, 2011;
Chen et al., 2011, 2013), fluctuations in marine carbon cycle (Isozaki
et al., 2007; Wignall et al., 2009a; Bond et al., 2010b; Cao et al., 2018;
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Yang et al., 2018), decline in seawater strontium isotope composition to
their lowest point during the Permian (Korte et al., 2006; Kani et al.,
2013; Wang et al., 2018; Biakov et al., 2019), and the emplacement of
the Emeishan Large Igneous Province (ELIP) across the Guadalupian-
Lopingian boundary (GLB) in South China (Zhou et al., 2002; He et al.,
2007). The ELIP has long been considered as a potential cause of the
end-Guadalupian or pre-Lopingian biotic crisis (Jin et al., 1994; Stanley
and Yang, 1994; Zhou et al., 2002; Wignall et al., 2009a; Bond et al.,
2010a, 2010b). A high-resolution geochronologic framework is neces-
sary to assess timings and rates of changes in order to evaluate causal
relationships among these events. Existing high-precision radioisotopic
dates have been insufficient to establish a temporal framework at the
desired resolution for the Guadalupian.

Major advances in radioisotopic age analyses together with newly
discovered interbedded tuffs suitable to geochronology have greatly
improved the precision and accuracy of the Permian timescale over the
last two decades. However, these improvements have largely been
limited to the Cisuralian stages in the southern Urals (Ramezani et al.,
2007; Schmitz and Davydov, 2012) and the Lopingian stages in South
China, especially the interval from the end-Permian mass extinction to
the Early Triassic recovery (Shen et al., 2011, 2019a; Burgess et al.,
2014; Baresel et al., 2017). For a considerable time there has been only
one direct high-precision radioisotopic date from the ca. 30 myr in-
terval spanning the late Cisuralian to the end of the Guadalupian
(Ramezani and Bowring, 2018). Consequently, the late Cisuralian to
end-Guadalupian calibrations of the international geologic timescale
(e.g., Henderson et al., 2012; Ramezani and Bowring, 2018; Shen et al.,
2019b) had to be indirectly extrapolated.

Although several volcanic ash beds were identified from
Guadalupian successions in the type area in West Texas, USA, most
studies focused on their correlations based on geochemical character-
istics, with only few reported radioisotopic dates in support of these
correlations (King, 1948; Nicklen et al., 2015a, 2015b). Several Gua-
dalupian high-precision U-Pb dates by the chemical abrasion isotope
dilution thermal ionization mass spectrometry (CA-ID-TIMS) method
have been reported from regions far away from the West Texas type
area, including dates from South China and Japan in the Tethyan realm
(Wu et al., 2017; Davydov and Schmitz, 2019), Russia in the northern
high-latitudes (Davydov et al., 2016, 2018b) and Australia in the
southern (Gondwanan) high-latitudes (Metcalfe et al., 2015; Laurie
et al., 2016). However, because of strong faunal provincialism it is
difficult to apply these dates to the global Guadalupian time scale. This
continues to hamper biostratigraphic correlations between the Tethyan
realm and the type area. Additionally, most of the dates from Australia
and Russia are from terrestrial successions with endemic fossils and
ambiguous correlations to the marine-based geologic time scale.

To address the absence of a robust chronostratigraphy from the type
area, extensive fieldwork to identify additional ash beds with potential
for high-precision U-Pb zircon dating was conducted in Guadalupe
Mountains National Park (GMNP) in West Texas, USA, with dozens of
biostratigraphically constrained new samples added to the collection
(Fig. 1C; Table 1). This study reports three new high-precision U-Pb
zircon dates by the CA-ID-TIMS technique from GMNP that span the key
upper Wordian to lower Capitanian interval. In combination with a
review of the existing geochronology, we discuss implications for
Guadalupian geologic and biologic events.

2. Geologic setting and stratigraphy

The Guadalupian Series is composed of the Roadian, Wordian and
Capitanian stages in ascending order (Glenister et al., 1992, 1999; Jin
et al., 1997). The Global Stratotype Section and Points (GSSPs) of all
three stages, as defined by conodont biostratigraphy, were selected
from the basinal to lower slope carbonate successions along the
northwestern margin of the Permian Delaware Basin in GMNP, West
Texas, USA (Fig. 1; Glenister et al., 1999). The stratigraphy of the type

area consists of the Cutoff, Brushy Canyon, Cherry Canyon, and Bell
Canyon formations in ascending order. The Cutoff Formation is char-
acterized by predominately carbonate, and thickens towards the basin.
The overlying three formations are generally characterized in basinal
settings by siliciclastic deposits interbedded with limestone beds
(members), which tend to thin out from the toe-of-slope towards the
basin. The Bell Canyon Formation is overlain by the Castile Formation,
characterized by up to 600 m of evaporites and roughly dated to Late
Permian (Becker et al., 2002; Roberts et al., 2017). The base of the
Roadian Stage is defined by the first appearance datum (FAD) of the
conodont Jinogondolella nankingensis in the middle of the El Centro
Member of the Cutoff Formation at the Stratotype Canyon Section; the
base of the Wordian Stage by the FAD of J. aserrata in the upper Get-
away Limestone Member of the Cherry Canyon Formation at the
Gateway Ledge Section; and the base of the Capitanian Stage by the
FAD of J. postserrata in the lower Pinery Limestone Member of the Bell
Canyon Formation at the Nipple Hill Section (Fig. 3; Glenister et al.,
1999; Mei et al., 2002; Henderson et al., 2012). The global correlation
of the Guadalupian Series is mainly based on conodont, fusulinid and
ammonoid biostratigraphy.

Guadalupian rocks crop out along the Guadalupe, Delaware,
Apache, and Glass Mountains regions in the Delaware Basin in West
Texas, which were located in an equatorial area of the western margin
of Pangea during the Guadalupian (Fig. 1; Glenister et al., 1992). Our
study of the base Capitanian focused on the area around Nipple Hill
close to US Highway 62/180, which is the GSSP of the Capitanian Stage
with good Wordian to Capitanian outcrops (Fig. 2). As only a half meter
of strata is preserved above the Capitanian GSSP at the Nipple Hill
Section (Fig. 2C), the Frijole Section in effect provides an upward ex-
tension of the Capitanian succession above the GSSP.

The Monolith Canyon Section (31°54′44.37″N, 104°46′56.58″W) is
located in a drainage northeast of the Nipple Hill Section (Fig. 2), where
the South Wells Member of the Cherry Canyon Formation is well ex-
posed. The South Wells Member is characterized by a group of less
resistant and more discontinuous limestone beds. These limestone beds
pinch out and are replaced by thick sandstones near the area east of
Nipple Hill (King, 1948). The exposed strata at the Monolith Canyon
Section are mainly composed of sandstones and black shales inter-
bedded with three tuff/tuffaceous beds (Fig. 2D). The bentonite in the
basal part of the South Wells Member has yielded one of the high-
precision U-Pb zircon dates of this study.

The Frijole Section (31°54′15.09″N, 104°49′12.93″W) exposes the
uppermost Cherry Canyon Formation and the lower Bell Canyon
Formation in steep outcrops near the Capitan forereef (Fig. 2). The
succession is mainly composed of limestones, limestones with chert
nodules, sandstones, mudstones, and subordinate shales. The location
and lithostratigraphy of the newly measured Frijole Section are in good
agreement with the sections to the north and northwest of Nipple Hill
described by King (1948) (e.g., Sections 21, 23, 64, 65, 66 and 67).
Following King (1948), we identify the uppermost Manzanita Member
limestones of the Cherry Canyon Formation and the lowermost Hegler
Member limestones of the Bell Canyon Formation near the base of the
Frijole Section (Fig. 2A). These limestone beds are interbedded with
thin sandstone and siltstone beds and occur ca. 15 m below the base of
the Pinery Member at the Frijole Section. A thin bentonite bed 7.4 m
above the base of the Pinery Member (Bell Canyon Formation) at this
section has yielded a U-Pb zircon age that is used here to further con-
strain the Wordian-Capitanian boundary.

The correlation of the Frijole Section strata to the Nipple Hill GSSP
is complicated by generally poor exposure below the Pinery Member at
the two sections. Although the basal limestones at the Nipple Hill
Section can be reliably assigned to the Manzanita Member based on the
correlation of the ash beds, the correlation of a ca. 4 meters-thick silty
carbonate interval about 15 m higher at this section (Fig. 2) to the
Hegler Member has been controversial (Nicklen et al., 2015b). Whether
the mid-section carbonate layer of the Nipple Hill Section correlates
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with the Hegler Member or the topmost Manzanita Member will make
the lower part of the Frijole Section more expanded or condensed re-
lative to the Nipple Hill GSSP. However, this will have a minimal im-
pact on the stage boundary age interpolation as the base of the Pinery
Member cherty limestones is well correlated between the two sections.
In addition, the Hegler Member is relatively thin with a thickness of less
than 5 m around the Nipple Hill area (King, 1948). The Pinery Member
has a thickness of about 60 m to 80 m at the Frijole Section and it is
overlain by the Rader Member. The Rader Member is a thick-bedded
limestone, with some of beds containing angular limestone cobbles
(King, 1948).

The locality known as Back Ridge (31°49′28.11″N,
104°52′32.95″W) in the Paterson Hills area of GMNP to the south of
Guadalupe Peak (Figs. 1 and 2B) has exposed another tuff bed that has
successfully produced an additional U-Pb age constraint for the Capi-
tanian Stage. This tuff occurs near the top of the exposed section and in
the Rader Member of the Bell Canyon Formation that overlies the
Pinery Member at the Back Ridge Section.

3. U-Pb zircon geochronology

In excess of 20 samples identified as bentonite or tuffaceous sedi-
mentary rock were collected from the Wordian and Capitanian strata of
the Delaware Basin in GMNP, Texas as part of this study (Table 1). Only
a few yielded zircons of volcanic origin suitable for ash bed geochro-
nology.

3.1. Analytical methods

The three geochronology samples of this study were between 3.0 kg
and 9.15 kg in weight and were processed by soaking in water for 48 h,
followed by gradual disaggregation and removal of the clay-rich frac-
tion in a sonic dismembrator device (Hoke et al., 2014). Heavy-mineral

separation was achieved through step-wise magnetic as well as high-
density liquid separation techniques, with the final zircon selection
carried out under a binocular microscope. Preference was given to in-
tact, prismatic zircons with elongate glass (melt) inclusions parallel to
their ‘c’ axis. U-Pb isotopic analyses by the CA-ID-TIMS technique were
carried out following the general procedures described in Ramezani
et al. (2011). In order to mitigate the effects of radiation-induced Pb-
loss in zircons, the selected zircons were pre-treated by a chemical
abrasion method modified after Mattinson (2005) before dissolution.
This involved the annealing of zircons at 900 °C for 60 h, followed by
leaching in 29 M HF inside high-pressure vessels at 210 °C for 11.5 to
12 h. Thoroughly fluxed and rinsed zircons were spiked with the
EARTHTIME ET535 mixed 205Pb-233U-235U tracer (Condon et al., 2015;
McLean et al., 2015) and totally dissolved in 29 M HF at 210 °C for 48 h.
U and Pb were chemically purified by an HCl-based anion-exchange
column procedure and loaded together onto pre-outgassed, zone-re-
fined Re filaments with a silica gel emitter solution. Isotopic measure-
ments were conducted on an Isotopx X62 multi-collector mass spec-
trometer equipped with a Daly photomultiplier ion-counting system at
the Massachusetts Institute of Technology Isotope Laboratory.

Reduction of the mass spectrometric data, calculation of dates, and
propagation of uncertainties used the Tripoli and U-Pb_Redux software
(Bowring et al., 2011; McLean et al., 2011). Sample dates representing
the tuff eruption and deposition ages were calculated based on the
weighted mean 206Pb/238U dates derived from coherent clusters of the
youngest zircon analyses in each sample, with no younger outliers ex-
cluded from age calculation. All uncertainties are reported at the 95%
confidence level (2σ) and follow the notation in ± X/Y/Z Ma, where X
is the internal (analytical) uncertainty excluding of all external errors, Y
incorporates the U-Pb tracer calibration error, and Z includes the latter
as well as the decay constant errors of Jaffey et al. (1971). Complete U-
Pb data are given in Table 2. Calculated weighted mean dates and their
uncertainties are illustrated in the age distribution plots of Fig. 3.
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3.2. Results

3.2.1. MC053117-3
Sample MC053117-3 was collected from a 5 cm-thick greyish-green

bentonite near the base of the South Wells Member of the Cherry
Canyon Formation exposed at the Monolith Canyon Section (Fig. 2G).
All five analyses from this sample with no outliers yielded a weighted
mean 206Pb/238U date of 266.525 ± 0.078/0.10/0.30 Ma with a mean
square of weighted deviates (MSWD) of 0.62. This date is interpreted as
the depositional age of the basal South Wells Member.

3.2.2. FR060117-1
Sample FR060117-1 was collected from a 4 cm-thick, buff bentonite

in the lower Pinery Member of the Bell Canyon Formation at the Frijole
Section (Fig. 2F). Ten grains were analyzed from this sample with the
eight youngest forming a coherent cluster yielding a weighted mean
206Pb/238U date of 264.23 ± 0.13/0.17/0.33 Ma (MSWD = 0.89) in-
terpreted as the depositional age of the bed FR060117-1. Two slightly
older dates are attributed to detrital zircon and excluded from age
calculation. This date constrains the Pinery Member near its base.

3.2.3. BR040915-1B
Sample BR040915-1B was collected from a 20 cm-thick bentonite

interbedded with the Rader Member limestones at the Back Ridge
Section and is thought to be from the same bed as sample GM20 of
Nicklen et al. (2015a) collected from 16.5 m above the base of the
Rader Member. Three analyzed zircons from this sample, excluding one
older (detrital) outlier, form a tight cluster with a weighted mean
206Pb/238U date of 262.127 ± 0.097/0.15/0.32 Ma (MSWD = 0.89).

3.3. Bayesian age-stratigraphic model

In this study we use a Bayesian interpolation statistical algorithm to
construct an age-stratigraphy model for the Wordian-Capitanian strata
at GMNP in order to improve the temporal calibration of the global
Capitanian Stage. Our model uses the Bchron software package (Haslett
and Parnell, 2008; Parnell et al., 2008) and is essentially similar to that
in Shen et al. (2019a). Our new U-Pb date from the Frijole Section along
with a previously reported date of 265.46 ± 0.27 Ma from the Nipple
Hill Section (Ramezani and Bowring, 2018) and their stratigraphic
positions were included in the calculation. The stratigraphic projection
of the GSSP horizon onto the Frijole Section based on correlation of the
Pinery Member yields an interpolated age of 264.37 + 0.17/−0.18 Ma
for the Capitanian base (Fig. 4). Alternatively, the model constrains the
bottom and top of the FAD interval of conodont Jinogondolella post-
serrata at the Frijole Section to 263.71 + 0.51/−0.48 Ma and

Table 1
Tuff and tuffaceous samples collected for U-Pb geochronology in the Guadalupe Mountains National Park area.

Stratigraphic Position Sample ID Locality GPS Dates (Ma)

Rader Mbr. (16.5 m above base) (Nicklen et al., 2011) GM-20 Back Ridge 31°49'28.40"N
104°52'32.10"W

262.58 ± 0.45

Rader Mbr. (Same to GM20) BR040915-1B Back Ridge 31°49'28.11"N
104°52'32.95"W

262.127 ±
0.097

Pinery Mbr. (middle part) BCII053117-2 Bear Canyon II 31°54'37.10"N
104°48'46.30"W

–

Pinery Mbr. (stratigraphic position unknown) NC-17-D-01 Nickel Creek 31°51'41.70"N
104°44'11.40"W

–

Pinery Mbr. (71.1 m above base) FJ-17-D-93.0 m Frijole Trail – –
Pinery Mbr. (62.2 m above base) FJ-17-D-84.0 m Frijole Trail – –
Pinery Mbr. (10.1 m above base) FJ-17-D-31.9 m Frijole Trail – –
Pinery Mbr. (7.4 m above base) FR060117-1 Frijole Trail 31°54'15.09"N

104°49'12.93"W
264.23 ± 0.13

Hegler Mbr. (0.9 m above base) PHRC-13-D-4 Patterson Hills Roadcut 31°46'39.12"N
104°53'21.61"W

–

Manzanita Mbr. (stratigraphic position unknown) BCII053117-1 Bear Canyon II 31°54'35.80"N
104°48'45.10"W

–

Manzanita Mbr. (Ramezani and Bowring, 2018) NippleHill-2 Nipple Hill 31°54'31.91"N
104°47'20.08"W

265.46 ± 0.27

Manzanita Mbr. (1.1 m below top) PHRC-13-D-3 Patterson Hills Roadcut 31°46'39.12"N
104°53'21.61"W

–

Manzanita Mbr. (2.6 m below top) PHRC-13-D-2 Patterson Hills Roadcut 31°46'39.12"N
104°53'21.61"W

–

Manzanita Mbr. (5.5 m below top) PHRC-13-D-1 Patterson Hills Roadcut 31°46'39.12"N
104°53'21.61"W

–

Manzanita Mbr. (stratigraphic position unknown) GPF-17-D-01 Guadalupe Peak Trail 31°53'47.70"N
104°49'54.40"W

–

South Wells Mbr. (Nicklen et al., 2011) GM29 Monolith Canyon 31°54'43.99"N
104°46'56.58"W

266.50 ± 0.24

South Wells Mbr. (Basal part) MC053117-1 Monolith Canyon 31°54'43.50"N
104°46'57.40"W

–

South Wells Mbr. (Basal part) MC053117-2 Monolith Canyon 31°54'44.38"N
104°46'56.39"W

–

South Wells Mbr. (Basal part) MC053117-3 Monolith Canyon 31°54'44.37"N
104°46'56.58"W

266.525 ±
0.078

Cherry Canyon Formation (2.7 m above base) GW-13-D-2 Getaway Ledge 31°51'47.54"N
104°47'20.08"W

–

Cherry Canyon Formation (0.9 m above base) GW-13-D-1 Getaway Ledge ” –
Getaway Mbr. (stratigraphic position unknown) JO-17-D-01 Pine Springs 31°53'27.40"N

104°49'04.40"W
–

Pipeline Mbr. (stratigraphic position unknown) PL060217-1 Guadalupe Pass 31°50'0.04"N
104°50'09.18"W

–

Note: U-Pb dates of this study are shown on bold.
All dates are based on U-Pb CA-ID-TIMS zircon method and reported with analytical uncertainties only.
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262.6 + 1.6/−2.1 Ma, respectively. All three model ages overlap de-
spite highly variable uncertainties. The weighted average of all three
model ages is 264.28 ± 0.16 Ma, which we consider as the best present
estimate for the lower Capitanian Stage boundary.

4. Discussion

4.1. Temporal constraints and estimations for the Guadalupian stages

The temporal constraints for the Guadalupian stages have been
poor, with only one high-precision U-Pb zircon date available from the
type area. This date was first reported by Bowring et al. (1998) at
265.3 ± 0.2 Ma (U-Pb zircon ID-TIMS) from an ash bed about 20 m
below the Capitanian GSSP at Nipple Hill in GMNP. Recently, Ramezani

and Bowring (2018) applied the chemical abrasion (CA) pretreatment
technique and the EARTHTIME U-Pb tracer to zircon analyses from the
same ash bed (NippleHill-2), and revised the date to 265.46 ± 0.27 Ma
(Fig. 3). Although this date itself is precise, the stratigraphic position of
the bed has been the subject of debate. The bed was initially reported as
lying 20 m below the Capitanian GSSP between the Hegler Member and
the Pinery Member (Bowring et al., 1998), but was revised to 37.2 m
below the Capitanian boundary and 2 m above the Manzanita Member
of the Cherry Canyon Formation at the Nipple Hill Section (Glenister
et al., 1999). Nicklen et al. (2015b) reported two ash beds near 37.2 m
below the Capitanian GSSP at the Nipple Hill Section and correlated
this interval to the Manzanita Member based on the geochemical
characteristics of the phenocrysts in the bentonites. The date of
265.46 ± 0.27 Ma was thus from the Manzanita Member at the Nipple

Fig. 2. (A–D) Stratigraphic columns of the Frijole, Back Ridge, Nipple Hill and Monolith Canyon sections marked with the FAD of the conodont Jinogondolella
postserrata and the U-Pb zircon dates. The date at the Nipple Hill Section is from Ramezani and Bowring (2018). The Frijole Section is marked with the positions of the
conodont samples. The grey dashed and black solid lines show the limestone member correlations with and without the Hegler Member present at the Nipple Hill
Section, respectively. (E) Locations of the Capitanian GSSP and the geochronology samples around the Nipple Hill area. (F–G) Outcrop photos of the tuffs at the
Frijole and Monolith Canyon sections, respectively.
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Hill Section. Accordingly, the base of the Capitanian was inferred to be
younger than the age of 265.46 ± 0.27 Ma in Ramezani and Bowring
(2018), but without an upper stratigraphic age constraint to allow an
objective and quantitative age interpolation.

Forty-two conodont samples were collected for constraining the first
occurrence (FO) of Jinogondolella postserrata at the Frijole Section
(Fig. 2A). The new conodont biostratigraphic data at the Frijole Section
suggested that the FAD of the conodont J. postserrata occurs 12.4 m to
38.8 m above the ash bed FR060117-1 (Yuan et al., pers. comm.). The
uncertainty in the exact position of the FAD of J. postserrata at the
Frijole Section is due to the low conodont abundance in this interval. In
addition, the Capitanian conodont samples at the Nipple Hill Section
contain abundant Jinogondolella aserrata with few J. postserrata, which
raises another potential issue for recognizing the exact position of the
lower boundary of the Capitanian Stage in the conodont-rare interval at
the Frijole section. The FAD of J. postserrata at the Frijole Section is
stratigraphically higher than that at the Nipple Hill Section based on
lithostratigraphic correlation of the base of the Pinery Member. One
possible explanation is that the lower Bell Canyon Formation might be
more condensed at the Nipple Hill Section. The thickness of the Pinery
Member in the southeastern Guadalupe Mountains area varies from
about 80 m along the slope of the basin to less than 15 m towards the
basin center (King, 1948). Thus, the Pinery Member might be thinner at

the Nipple Hill Section than at the Frijole Section. Besides, the interval
between the top of the Manzanita Member and the base of the Pinery
Member at the Frijole Section is nearly 20 m, while that at the Nipple
Hill Section is merely 8 m, if the Hegler Member is considered absent
from the latter. Thus, the FAD of J. postserrata could conceivably shift
from below the ash bed FR060117-1 to above it. The Bchron age-depth
model yields an age of 263.71 + 0.51/−0.48 Ma for the base of the
FAD interval of the conodont J. postserrata, and 262.6 + 1.6/−2.1 Ma
for the top of the FAD interval of J. postserrata at the Frijole Section. The
two model ages constraining the FAD interval at the Frijole Section
overlap with the age of 264.37 + 0.17/−0.18 Ma based on the con-
odont data at the Nipple Hill Section (projected onto the Frijole Section)
considering their large uncertainties. Although further detailed work is
needed to establish a robust correlation of conodont biostratigraphy
between the two sections, the weighted average of the above three
model ages at 264.28 ± 0.16 Ma is considered as the best current es-
timate for the lower Capitanian Stage boundary.

A new U-Pb zircon date of 266.525 ± 0.078 Ma was obtained from
the basal part of the South Wells Member in the Monolith Canyon
Section. Nicklen (2011) also reported a bentonite from the base of the
South Wells Member which was dated at 266.50 ± 0.24 Ma (n = 8,
MSWD = 1.5) by the CA-ID-TIMS method following the same U-Pb
analytical procedures and protocols as those of this study. This sample
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Fig. 3. Summary of the conodont biostratigraphy, lithostratigraphy, and chronostratigraphy of the Guadalupian in West Texas. The lithostratigraphy and conodont
zones are modified after Wardlaw and Nestell (2010) and Shen et al. (2019b). Diagrams on the right show the dates constraining the limestone members in GMNP.
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was collected close to sample MC053117-3 in the Monolith Canyon
drainage based on the GPS coordinates of the two samples, and its date
is indistinguishable with that of MC053117-3 within uncertainty. Our
new date from the South Wells Member provides a minimum age
constraint for the Wordian-base boundary.

Nicklen (2011) reported another ash bed from the Rader Member of
the Bell Canyon Formation at the Back Ridge Section, which was dated
at 262.58 ± 0.45 Ma (n = 4, MSWD = 2.0) by the CA-ID-TIMS
method. Our BR040915-1B sample is from the same outcrop with a
weighted mean 206Pb/238U date of 262.127 ± 0.097 Ma. This date is
more precise and overlaps with that of Nicklen (2011) within un-
certainty, placing a minimum age bracket on the base Capitanian
boundary. However, the stratigraphic projection of the ash bed
BR040915-1B onto the Frijole Section is difficult due to poor exposure
in the upper part of the section (Fig. 2A), making it impractical to
utilize this date in our Wordian-Capitanian chronostratigraphic model.
A U-Pb zircon date of 260.57 ± 0.065/0.14/0.31 Ma (MSWD = 1.8,
n = 5) by the CA-ID-TIMS method was reported from the top of the
Meade Peak Member of the upper Phosphoria Formation in Idaho
(Davydov et al., 2018a). However, the conodont fossils recovered from
this interval are insufficient to allow a reliable correlation to the

Capitanian type area.
Few radioisotopic ages are available from the Roadian. No ash beds

have been discovered from the basal Roadian in the type area in GMNP,
West Texas, while a few zircon U-Pb dates by the CA-ID-TIMS method
have been reported from the Boreal and Tethyan regions. Davydov et al.
(2018b) reported a high-precision U-Pb zircon date of 274.0 ± 0.12 Ma
from an ash bed immediately above sediments yielding the ammonoid
Sverdrupites harkeri in the Russian Far East (Kutygin and Biakov, 2015).
Since both the conodont J. nankingensis and the ammonoid S. harkeri
were found in the Assistance Formation in Arctic Canada (Leven and
Bogoslovskaya, 2006), Davydov et al. (2018b) proposed that the base of
the Roadian was older than 274.0 ± 0.12 Ma and might be as old as ca.
277 Ma. However, no conodonts have been found associated with the S.
harkeri ammonoid horizon in Russian Far East, and the ammonoid
Sverdrupites has not been reported in the type Roadian (or Guadalupian)
area in West Texas. Additionally, further work is needed to establish
whether the FAD of J. nankingensis in the Boreal provinces is synchro-
nous with that in West Texas (Shen et al., 2019b). A CA-ID-TIMS zircon
U-Pb date of 272.95 ± 0.11 Ma has been reported from the base of the
Kuhfeng Formation in Chaohu of southeastern China, constraining the
FAD of the conodont J. nankingensis and thus the Cisuralian-Guadalu-
pian boundary age in South China (Wu et al., 2017). The Guadalupian
conodont zones in South China show strong correlation with those in
West Texas, but the synchronicity of the FAD of J. nankingensis in the
two regions separated by the Panthalassic ocean remains to be con-
firmed (Henderson and Mei, 2003; Leven and Bogoslovskaya, 2006;
Henderson, 2018; Shen et al., 2019b). Until further geochronology from
North America tests the transcontinental correlation of the Guadalu-
pian, the date of 272.95 ± 0.11 Ma serves as the best age constraint for
the base of the Guadalupian.

Our new geochronology also provides a temporal framework for the
high-frequency sequences of the Cherry Canyon and Bell Canyon for-
mations in the southern Guadalupe Mountains area. A total of 17 high-
frequency sequences (HFSs) grouped into four composite sequences
(CS) were recognized from the Getaway Member to the Reef Trail
Member in GMNP (Frost et al., 2012; Kerans et al., 2014; Fig. 3). Our
Rader ash age of 262.127 ± 0.097 Ma has been correlated to the top of
HFS G23 (Nicklen et al., 2015a), whereas our Monolith Canyon ash age
of 266.525 ± 0.078 Ma correlates with the base of the HFS G14 (Kerans
et al., 2014). Thus, the interval from the basal South Wells Member to
the middle Rader Member encompassing ten HFSs was deposited over a
ca. 4.4 myr time span, giving each HFS an average duration of ca.
0.44 myr. Accordingly, the onset of the South Wells Member can be
estimated at 266.5 ± 0.3 Ma, the Manzanita Member at
266.1 ± 0.3 Ma, the Hegler Member at 264.8 ± 0.3 Ma, the Pinery
Member at 263.9 ± 0.3 Ma and the Rader Member at 262.6 ± 0.3 Ma
(Fig. 3). These estimates for the bases of the limestone members are
consistent with direct U-Pb dates from each unit within uncertainty
(Fig. 3). Assuming that the HFSs continued above the Rader Member in
the same manner, the base of the Reef Trail Member would be esti-
mated at 259.9 ± 0.6 Ma (Fig. 3). The topmost part of the Reef Trail
Member is estimated to 259.5 ± 0.7 Ma. This would place the GLB in
the overlying evaporitic Castile Formation where no conodonts are
found (Zhong et al., 2014; Ramezani and Bowring, 2018; Shen et al.,
2019b). This is consistent with the new conodont biostratigraphy from
the area, which documents the topmost conodont zone as J. pre-
xuanhanensis instead of Clarkina postbitteri hongshuiensis (Lambert et al.,
2010; Wardlaw and Nestell, 2010; Shen et al., 2019b). A severe re-
gression starting from the J. prexuanhanensis Zone could be reflected by
the evaporitic Castile Formation of GMNP, because a regression has also
been recorded in the same conodont zone in sections in South China
(Mei et al., 1999a, 1999b; Wignall et al., 2009b). If the cyclic pattern of
the HFSs is also projected downward to the Getaway Member, we infer
that the base of the Getaway Member would be 267.4 ± 0.4 Ma. The
base of the Wordian Stage is in the top of the Getaway Member, and
thus could be estimated at 266.9 ± 0.4 Ma (Fig. 3; Glenister et al.,
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1999).
Five high-precision U-Pb CA-ID-TIMS zircon dates upward from the

early Midian stage were recently reported from southwestern Japan
(265.76 ± 0.03 Ma to 267.46 ± 0.04 Ma; Davydov and Schmitz, 2019).
As the base of the Midian stage in the Tethyan region is assigned to the
middle Wordian (Lucas and Shen, 2018; Zhang and Wang, 2018), the
oldest Midian date suggests that the base of the Wordian is older than
267.46 ± 0.04 Ma, which is inconsistent with our estimates. However,
the lower boundary of the Midian stage in Japan is ambiguous
(Davydov and Schmitz, 2019), and correlations from the sections in
Japan to West Texas are uncertain because of strong faunal provinci-
alism and a lack of additional correlation criteria (e.g., geochemistry or
paleomagnetism). The two younger dates from the Midian of Japan are
biostratigraphically constrained by fusulinids, whereas the older three
are interbedded with siliciclastic rocks lacking marine fossils, and are
thus of uncertain stratigraphic position (Davydov and Schmitz, 2019).
Further direct high-precision geochronology for the Wordian in West
Texas could improve correlations to the Tethyan regions.

4.2. Implications for the end-Guadalupian extinction

The geochronology presented here provides the best temporal
constraints on the Capitanian and Wordian stages in West Texas. The
lower Capitanian boundary age is estimated at 264.28 ± 0.16 Ma by
the Bayesian age-stratigraphic modeling, or 0.94 ± 0.38 myr younger
than the estimate from Ramezani and Bowring (2018). The new esti-
mated lower Wordian boundary age is 266.9 ± 0.4 Ma, or
1.9 ± 0.6 myr younger than the age in the International Chronos-
tratigraphic Chart (ICC) (Henderson et al., 2012; Cohen et al., 2013).
These new estimates also change our estimates for the duration of the
three stages. To be specific, our data shorten the estimated duration of
the Capitanian from 6.12 ± 0.60 myr in the ICC to 5.18 ± 0.52 myr
(Henderson et al., 2012). The new duration of the Wordian is
2.6 ± 0.4 myr, which is 1.0 ± 0.7 myr shorter than previously esti-
mated (Henderson et al., 2012). As the lower boundary of the Wordian
is younger, the duration of the Roadian increases from 4.15 ± 0.51 myr
to 6.0 ± 0.4 myr. These changes in the estimated stage durations have
significant effects on assessing the rates of the geological and biological
events, such as the end-Guadalupian mass extinction. Since it was first
recognized by Jin et al. (1994) and Stanley and Yang (1994), the ex-
istence, timing and possible mechanisms of the end-Guadalupian biotic
crisis have been debated. The extinction and origination rates during
the Guadalupian have been reported by several studies, especially
during the Capitanian which is the key period of this extinction event
(Shen and Shi, 2002, 2009; Clapham et al., 2009; Groves and Wang,
2013; Day et al., 2018). The Capitanian duration in this study is up to
ca. 1.6 myr shorter than those applied in the above studies, which
consequently increases extinction/origination rates by up to 23%, and
thus changes assessments of the extinction event.

Whether a Guadalupian mass extinction occurred during the middle
Capitanian (Bond et al., 2010a, 2010b) or the late Capitanian (Shen and
Shi, 2009; Groves and Wang, 2013; Day et al., 2015) remains con-
tentious. Our new temporal estimations for the limestone members in
West Texas provide some temporal constraints for the end-Guadalupian
extinction event. The Capitanian conodont zones in South China show
strong correlation with those in West Texas, and the complete Capita-
nian conodont lineage can be recognized in South China (Jin et al.,
2006). The Jinogondolella postserrata, J. shannoni, J. altudaensis and
Clarkina postbitteri hongshuiensis conodont zones, in ascending order,
were reported from the Capitanian in West Texas (Lambert et al., 2002,
2010; Wardlaw and Nestell, 2010). However, new conodont biostrati-
graphic interpretations suggest that the Capitanian in West Texas is
instead composed of the zones of J. postserrata, J. shannoni, J. altu-
daensis and J. prexuanhanensis in ascending order, with the younger
conodont zones, including J. xuanhanensis, J. granti and C. postbitteri
hongshuiensis, missing, probably represented by the time of deposition

of the Castile Formation in the Delaware Basin (Shen et al., 2019b).
The turnover or extinction of different fossil groups occurred at

different stratigraphic levels, as summarized by Shen and Shi (2009)
and Chen and Shen (2019). The rugose corals disappeared below the J.
altudaensis Zone (Wang and Sugiyama, 2000, 2001), followed by a
decrease of the brachiopods in the J. xuanhanensis Zone (Shen and Shi,
2009; Shen et al., 2009), and the fusulines together with the collapse of
reefs in the J. granti Zone (Jin et al., 2006; Wignall et al., 2009b; Groves
and Wang, 2013; Zhang and Wang, 2018; Huang et al., 2019a). Con-
odonts experienced rapid turnover immediately below the GLB from the
typical Guadalupian Jinogondolella assemblage to the Lopingian Clar-
kina assemblage (Mei et al., 1998; Jin et al., 2006; Shen and Shi, 2009).
Some evidence suggests the biotic crisis may have persisted to the
earliest Wuchiapingian: Kufengoceras, a typical Guadalupian ammonoid
in the Paleo-Tethys region, persisted into the earliest Wuchiapingian
conodont zone of C. postbitteri postbitteri, and subsequent Lopingian
ammonoids likely became abundant and highly diverse from the C.
liangshanensis-C. orientalis zones at the Penglaitan Section in South
China (Ehiro and Shen, 2008; Chen and Shen, 2019). Although the data
discussed were from a straight reading of the fossil record without
confidence interval analysis, they can still provide information for the
general extinction interval. In summary, this biotic crisis began in the J.
altudaensis Zone and continued to the end of the Capitanian or possibly
into the earliest Wuchiapingian.

Bond et al. (2010a) suggested that the onset of the end-Guadalupian
mass extinction was from the J. altudaensis to J. prexuanhanensis zones
(up to five conodont zones below the top of the Capitanian) in South
China, and hence they considered the extinction to have occurred in the
middle Capitanian. However, based on our temporal estimation for the
limestone members in the Delaware Basin, conodonts experienced a
rapid rate of evolution during the extinction interval. The J. postserrata
and J. shannoni conodont zones extend from the lower part of the Pinery
Member to the base of the Reef Trail Member – ca. 4.4 myr based on our
estimates, while the remaining five Capitanian conodont zones span
approximately the last 0.8 myr of the Capitanian. The estimated total
duration of those conodont zones from J. altudaensis to C. postbitteri
hongshuiensis is much shorter than previously recognized (e.g. Sun et al.,
2010). The increased rate of evolution for conodonts is coincident with
the overall extinction interval summarized above. One possible ex-
planation for the more rapid evolution is that the Guadalupian genus
Jinogondolella may have suffered stressful conditions before being re-
placed by the Lopingian genus Clarkina.

The conodont zone of J. altudaensis starts from the base of the Reef
Trail Member in West Texas (Lambert et al., 2010; Wardlaw and
Nestell, 2010), constraining the onset of the extinction to
259.9 ± 0.6 Ma based on our estimates (Figs. 3 and 5). Day et al.
(2015) reported a zircon date of 260.259 ± 0.081 Ma (CA-ID-TIMS) in
the terrestrial tetrapod extinction interval in South Africa, which is
roughly consistent with our temporal estimates for the marine extinc-
tion interval. The terrestrial plant extinction was recognized in the
same horizon in the end of the Guadalupian in South Africa (Retallack
et al., 2006). Thus, the marine and nonmarine extinctions might be
synchronous near the end of the Guadalupian (Lucas, 2017). Previous
disagreements over the timing of the extinction may have been largely
caused by failure to realize the varying duration of Capitanian conodont
zones. Despite the apparent variation in the onset of extinction in dif-
ferent fossil groups based on the high-resolution conodont biostrati-
graphy, the entire biotic crisis may have been quite brief.

A causal relationship between the ELIP and the end-Guadalupian
extinction has long been proposed (Zhou et al., 2002; He et al., 2007;
Wignall et al., 2009a; Sun et al., 2010; Chen and Shen, 2019; Chen and
Xu, 2019; Huang et al., 2019a), but the precise and accurate empla-
cement history of the ELIP has not been resolved, which makes evalu-
ating the hypothesis difficult. Several radioisotopic dates associated
with the ELIP have been reported (Shellnutt et al., 2012 and references
therein; Xu et al., 2013; Zhong et al., 2013, 2014; Huang et al., 2016; Li
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et al., 2018; Yang et al., 2018). Most of the ages were zircon U-Pb dates
by the microbeam analyses with errors of up to 4% (Klötzli et al., 2009;
Schmitz and Kuiper, 2013), or 40Ar-39Ar dates with the danger of partial
resetting (e.g. Boven et al., 2002; Lo et al., 2002). Although those dates
cluster around 260 Ma, individual samples have errors greater than
2 myr, which might be longer than the total duration of the ELIP. Hence
these dates are too imprecise to evaluate the temporal relationship
between the ELIP and the end-Guadalupian extinction. Recently, U-Pb
zircon dates by the CA-ID-TIMS method from samples associated with
the ELIP were reported (Fig. 5; Shen et al., 2011; Shellnutt et al., 2012;
Zhong et al., 2014, 2020; Yang et al., 2018). Dates for intrusive rocks of
the ELIP ranging from 259.69 ± 0.72 Ma to 257.6 ± 0.5 Ma con-
strained the emplacement of the ELIP between ca. 260 Ma to 257 Ma
(Shellnutt et al., 2012). The date of the felsic ignimbrite in the topmost
of the ELIP basalt at the Binchuan Section constrained the termination
of the ELIP basalt to 259.1 ± 0.5 Ma (Zhong et al., 2014). Yang et al.
(2018) reported a consistent date (259.51 ± 0.21 Ma) from the top of
the ELIP basalt at the Pu'an Section. The date of 257.79 ± 0.14 Ma of
the tuff associated with the ELIP at the Shangsi Section indicated that
the ELIP may have continued to ca. 257.8 Ma (Shen et al., 2011; Huang
et al., 2018). The new dates ranging from 258.82 ± 0.61 Ma to
257.39 ± 0.68 Ma of the ash beds from the extrusive alkaline felsic
magmatism of the ELIP constrained its waning stage to ca. 257.4 Ma

(Zhong et al., 2020). In addition, there are three unpublished CA-ID-
TIMS zircon dates from the acidic rocks in the top of the Emeishan
basalt (258.9 ± 0.5 Ma) and the ash beds close to the GLB in Guizhou
and Sichuan area (258.1 ± 0.6 Ma and 258.6 ± 1.4 Ma) (Xu et al.,
2013). Accordingly, the peak eruptive pulse of the ELIP may have been
from ca. 260 Ma to 259 Ma, followed by the waning stage continuing to
ca. 257.4 Ma (Fig. 5).

The limestone and the overlying Emeishan Basalt contacts were
dated by high-resolution conodont biostratigraphy in South China,
suggesting that the ELIP started to erupt during the J. altudaensis Zone
and greatly increased in extent and volume in the J. xuanhanensis Zone
(Sun et al., 2010). The mercury concentration/total organic carbon
(Hg/TOC) ratios suggested that the ELIP may have continued to the C.
dukouensis Zone in the early Wuchiapingian (Huang et al., 2019a).
Drowning events around the GLB have been interpreted as reflecting
the eruptive phases of ELIP continuing to the C. transcaucasica Zone
(Bagherpour et al., 2018a, 2018b). Therefore, the emplacement of ELIP
may have extended from ca. 260 Ma (J. altudaensis Zone) to ca.
257.8 Ma (C. transcaucasica Zone) based on the conodont age estima-
tion and calculation (Yuan et al., 2019), which is coincident with the
ELIP age based on the CA-ID-TIMS zircon U-Pb dates.

Thus, the end-Guadalupian extinction is coincident with the peak
eruptive pulse of ELIP but may have ended before the cessation of the

Fig. 5. Summary of the end-Guadalupian extinction and the accompanying major geological events. The ages for the bases of the Wuchiapingian and Rodian are from
Zhong et al. (2014) and Wu et al. (2017), respectively. The ages of the basal Capitanian and Wordian are based on the calculation in this study. The Guadalupian and
early Wuchiapingian conodont zones are from Jin et al. (2006). The temporal distribution of the conodont zones in the early Wuchiapingian is extracted from Yuan
et al. (2019), while that in the Guadalupian is based on the estimation in this study. The restoration of the reef ecosystem is modified from Huang et al. (2019b). The
CA-ID-TIMS zircon U-Pb dates associated with the ELIP are from Shen et al. (2011), Shellnutt et al. (2012), Xu et al. (2013), Zhong et al. (2014, 2020) and Yang et al.
(2018). The δ13Ccarb trends are modified after Bond et al. (2010b) and Shen et al. (2013). The relative seawater temperature fluctuations are from Chen et al. (2011).
The marine strontium isotope curve is from Wang et al. (2018). The global and regional sea-level changes are modified after Haq and Schutter (2008) and Mei et al.
(1999a, 1999b), respectively.
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ELIP, supporting suggestions that the onset of ELIP may have con-
tributed to the end-Guadalupian extinction. The last phases of the ELIP
in the early Wuchiapingian may have caused further ecosystem stress.
Reef ecosystems did not recover in South China until the middle-late
Wuchiapingian conodont zone of Clarkina orientalis (Huang et al.,
2019b). The base of the conodont C. orientalis Zone was calculated as
257.81 ± 0.14 Ma based on the Shangsi Section (Shen et al., 2011;
Yuan et al., 2019). If the return of reef ecosystems is a reliable marker of
general recovery, this age is coincident with the end of the ELIP based
on the radioisotopic dates by Zhong et al. (2020), indicating that the
ELIP may have hampered ecosystem restoration after the end-Guada-
lupian extinction (Huang et al., 2019b).

It is important to notice that the interval of the end-Guadalupian
extinction is shorter than that of the ELIP. Although the longer duration
of the ELIP might be partly due to the lack of high-precision temporal
constraints, several lines of evidence, e.g., the drowning events reported
by Bagherpour et al. (2018a, 2018b) and the Hg peaks by Huang et al.
(2019a), still indicate the ELIP eruptive activities after the extinction in
the early Wuchiapingian. Besides, the CA-ID-TIMS zircon U-Pb dates on
the waning stage of the ELIP in Zhong et al. (2020) also indicate that
the duration of the ELIP is longer than that of the end-Guadalupian
extinction. Therefore, the peak phase of the ELIP might play a more
critical role than its total emplacement in the biotic crisis and en-
vironmental changes. Otherwise, the ELIP is not the only contributor to
the extinction. The largest global and regional regression during the
Paleozoic (Mei et al., 1999a, 1999b; Haq and Schutter, 2008) may have
contributed to the biotic crisis by reducing shallow-water marine ha-
bitats and leading to no deposition or evaporation in the terrestrial
system (Jablonski, 1985; Shen and Shi, 2002). Other significant global
geological events have been documented during this key period (Fig. 5).
A major negative, global carbon isotope excursion in the J. pre-
xuanhanensis to J. xuanhanensis zones of the late Capitanian has been
attributed to a large carbon cycle disturbance during the end-Guada-
lupian extinction event (Bond et al., 2010b; Shen et al., 2013; Jost et al.,
2014; Cao et al., 2018). However, the negative excursion has not been
observed from all sections across the GLB (e.g. Chen et al., 2011; Liu
et al., 2013; Jost et al., 2014), because carbon isotopic compositions
may have been disturbed by local burial conditions or diagenetic ef-
fects. Fluctuations in the carbon cycle at this time do not appear to have
been as severe as those associated with the end-Permian extinction
(Shen et al., 2011). Seawater temperature reconstructed from δ18O of
the gondollelid conodont in South China experienced about 4 °C
warming during the latest Guadalupian, followed by a 6–8 °C cooling
across the GLB and into the earliest Wuchiapingian, and again sig-
nificant warming around the C. asymmetrica Zone and cooling from the
C. leveni Zone (Chen et al., 2011, 2013; Yang et al., 2018). It is inter-
esting that the sea-level eustasy was coincident with the seawater
temperature fluctuations reconstructed from the gondollelids. Chen
et al. (2011) suggested that variations of the oxygen isotopes in the
gondollelid conodonts might be controlled by both the seawater depths
they lived in and the paleoclimatic changes. Specifically, the gondol-
lelids probably lived in the relatively deep waters during the trans-
gression and thus recorded lower temperatures, while they had to
survive in the shallower waters during the regression and thus recorded
higher temperatures. The warming interval during the latest Capitanian
may have been attributed to the emplacement of the ELIP and the se-
vere regression. The cooling events during the Wuchiapingian may have
been associated with ELIP basaltic weathering, which may have con-
sumed atmospheric pCO2 (Yang et al., 2018). The therapsid tooth
apatite oxygen isotope in South Africa also indicated a cooling interval
during the early Wuchiapingian, but no warming interval in the earliest
Wuchiapingian was recorded (Rey et al., 2016). It might be attributed
to the sparse data that missed the warming interval. Otherwise, the
warming interval recorded by the gondollelid conodonts in South China
could actually indicate a rapid regressive event. Seawater strontium
isotopes dropped to a minimum during the middle-late Capitanian

(Wang et al., 2018). The long-term oxygen-depletion conditions (Saitoh
et al., 2013; Wei et al., 2016; Smith et al., 2020) and the widespread
shoaling of sulfidic waters (Zhang et al., 2015) in the late Capitanian
may have contributed to the end-Guadalupian extinction as well. These
complex geological events induced dramatic environmental changes
during the extinction interval.

4.3. Correlation of the Illawarra Reversal

The Illawarra Reversal (IR) marks the first normal magnetozone
after the long-term dominance of reverse polarity from the Late
Carboniferous to the middle Guadalupian (Kiaman Superchron). The
magnetostratigraphy above the IR from the middle Permian to the
Triassic is dominated by frequent alternations of normal and reverse
polarity intervals (Illawarra Superchron) (Isozaki, 2009; Hounslow and
Balabanov, 2018). The IR can serve as a global correlation maker for
Guadalupian successions that lack appropriate index fossils or direct
radioisotopic dates, but its age has not been resolved yet (Hounslow
and Balabanov, 2018; Lucas and Shen, 2018). The IR was first proposed
in the Sydney Basin, southeastern Australia (Irving and Parry, 1963).
This geomagnetic polarity reversal event has been recognized else-
where (e.g., Russia, America, North China, Japan, Germany, South
Africa) (Hounslow and Balabanov, 2018 and references therein). In
West Texas, the magnetic carriers in the stratotype successions have
been oil-saturated, which made them unlikely to yield good paleo-
magnetic data. Much of the backreef strata have yielded paleomagnetic
polarities, despite that no detailed data have been published and thus
the reliability of those data are unknown (Steiner, 2006). Steiner (2006)
positioned the IR in the backreef middle Grayburg Formation or the
lowermost part of the overlying Queen Formation. Kerans et al. (2014)
correlated this interval to the HFSs of G12-G13 in the latest Roadian to
earliest Wordian, and thus constrained the IR to 267.4 ± 0.4 Ma to
266.5 ± 0.3 Ma based on our estimates. Similarly, Olszewski and Erwin
(2009) correlated this interval to the basal Getaway Member, which is
the basal HFS G12 in Kerans et al. (2014), and thus estimated to
267.4 ± 0.4 Ma. In general, the IR in West Texas likely took place
between the Getaway to basal South Wells members close to the
Roadian-Wordian boundary, or between 267.4 ± 0.4 Ma to
266.5 ± 0.3 Ma.

The IR was recognized in the Kyushu Section in Japan, which was
correlated to the top fusulinid Assemblage Zone (AZ) of Neoschwagerina
craticulifera (Kirschvink et al., 2015). This fusulinid AZ was correlated
to the late Roadian or the early Wordian (Henderson et al., 2012;
Kasuya et al., 2012), and was speculated to occur below the CA-ID-
TIMS U-Pb zircon date of 267.46 ± 0.04 Ma at the Shigeyasu Quarry
Section in Akiyoshi, Japan (Davydov and Schmitz, 2019), which sug-
gests that the IR might be older than 267.46 ± 0.04 Ma in Japan. The
IR was reported in the upper Ecca Group or the lower Beaufort Group in
South Africa, and three normal polarity magnetozones N3, N2 and N1
in ascending order was recognized in this interval (Lanci et al., 2013).
The magnetozone of N3 was suggested as the IR and estimated around
269 Ma (Roadian) according to the SHRIMP zircon U-Pb dates
(268.5 ± 3.5 Ma and 267.1 ± 1.7 Ma) above the magnetozone of N3
(Lanci et al., 2013). Alternatively, Hounslow and Balabanov (2018)
suggested that the magnetozones of N1 to N2 might be correlated as the
IR, because the SHRIMP zircon U-Pb date of 266.4 ± 1.8 Ma from just
below the magnetozone of N2 (Lanci et al., 2013) is close to the esti-
mated age of the IR in West Texas (e.g. Henderson et al., 2012).
Nevertheless, the SHRIMP zircon U-Pb dates in Lanci et al. (2013) are
not accurate or precise enough to figure out whether the onset of the
Illawarra Superchron in South Africa is in Roadian or Wordian. Besides,
those normal polarity magnetozones might be as old as Kungurian due
to the severe Pb-loss in zircons and thus be correlated to the normal
polarity wiggles during the Kiaman Superchron (Hounslow and
Balabanov, 2018). The IR in its type region of Australia was estimated
to be in the Mulbring Siltstone in the Hunter Coal Field of the Sydney
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Basin (Menning and Jin, 1998), which has a CA-ID-TIMS U-Pb zircon
date of 264.12 ± 0.17 Ma (Laurie et al., 2016). The Mulbring Siltstone
correlates to the Broughton Formation of the southern Sydney Basin
based on palynological and brachiopod zones (Campbell et al., 2001;
Cottrell et al., 2008). The uppermost part of the Broughton Formation
has a CA-ID-TIMS U-Pb zircon date of 263.51 ± 0.05 Ma (Metcalfe
et al., 2015). A normal polarity magnetozone was reported in the upper
Broughton Formation above the Ar-Ar date of 265.05 ± 0.46 Ma and
was suggested as the IR (Belica et al., 2017). These dates in Australia
are younger than the IR in West Texas, which suggests that the reverse
polarity in Australia might be within the Illawarra Superchron instead
of the IR.

The IR is well constrained in the upper Urzhumian Stage in Russia,
which is widely accepted to be roughly correlated to Wordian
(Henderson et al., 2012; Hounslow and Balabanov, 2018; Lucas and
Shen, 2018). However, precise correlation remains problematic be-
tween the Russian regional stages and the international marine sections
with conodont and fusulinid zones. The IR was also reported in the
lower part of the Upper Shihhotse Formation in North China, but as the
non-marine deposits in North China are poorly dated, the validity of the
so-called IR in North China remains controversial (Embleton et al.,
1996; Menning and Jin, 1998). Finally, the IR was detected in red-bed
successions in Europe with low-resolution biostratigraphy (Hounslow
and Balabanov, 2018).

5. Conclusions

Three precise U-Pb CA-ID-TIMS zircon dates of 262.127 ± 0.097 Ma
from the Rader Member in the middle Bell Canyon Formation,
264.23 ± 0.13 Ma from the Pinery Member in the lower Bell Canyon
Formation, and 266.525 ± 0.078 Ma from the South Wells Member of
the upper Cherry Canyon Formation are reported from sections in
Guadalupe Mountains National Park. The new geochronology provides
high-precision temporal constraints on Guadalupian stage boundaries at
their type area. The base Capitanian is interpolated at
264.28 ± 0.16 Ma by the Bayesian age-stratigraphic modeling based on
conodont biostratigraphy at the Nipple Hill and the nearby Frijole sec-
tions. The Wordian boundary is estimated at 266.9 ± 0.4 Ma based on
temporal estimates on the middle Permian HFSs in the Delaware Basin.
The end-Guadalupian extinction may have happened within the last
1 myr of the Capitanian and probably continued into the earliest
Wuchiapingian. The extinction appears to have been coincident with the
peak phase of the ELIP. The conodonts had a distinctly faster evolu-
tionary rate during the extinction interval. Reef ecosystems did not re-
cover until the Clarkina orientalis zone (ca. 257.8 Ma) in the early
Wuchiapingian. The emplacement of ELIP has been constrained to be-
tween ca. 260 Ma to 257.4 Ma by the associated U-Pb CA-ID-TIMS
geochronology, which is consistent with the estimated duration of the
conodont ages. From this we conclude that the ELIP may have con-
tributed to the biotic crisis at the end Guadalupian, and could have also
hampered the ecosystem restoration in the early Wuchiapingian. The
Illawarra Reversal is estimated to between 267.4 ± 0.4 Ma to
266.5 ± 0.3 Ma in West Texas.
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