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Permian-Triassic boundary in South China
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SAMPLING

Shanmenhai section

The Shanmenbhai section is situated at 24°24'51.90"N and 107°2"27.50"E northwest of Bama
in the province Guangxi, South China. Sample SHA-I was taken in the Triassic Luolou Fm.
ca. 12 m above the Permian-Triassic boundary (PTB) and indicates the base of a 5 m thick
volcanogenic sandstone which is situated directly on top of the microbial limestone interval in

Shanmenhai.

Nanem section

The Nanem section is exposed at 24°24'3.70"N and 107°19'29.20"E at a roadcut north of
Bama in the province Guangxi, South China. The base of a ca. 40 cm thick volcanogenic
sandstone (NAN-3) situated 8.8 m above the PTB on top of the microbial limestone interval

in Nanem was sampled in the Triassic Luolou Fm.

Wuzhuan section

The Wuzhuan section outcrops at 24°21'44.6" N and 107°20'02.00" E at a roadcut north of
Bama in the province Guangxi, South China. Two volcanogenic samples were taken, one in
the Permian Heshan Fm. and one in the Triassic Luolou Fm. WUZ-4 is a 15 c¢m thick ash bed
directly underlying the PTB. WUZ-7 represents a 10 cm thick volcanogenic sandstone and is

situated 9.5 m above the PTB directly on top of the microbial limestone interval in Wuzhuan.

Tienbao section
The Tienbao section is located at 24°50'3.40"N and 106°2920.90"E northwest of Leye in the
province Guangxi, South China. The ash bed TIE-6 was sampled in the Permian Heshan Fm.

and represents a 10 cm thick fine-grained ash bed which is situated directly below the PTB.



Penglaitan section

The Penglaitan section is exposed at 23°41'48.40"N and 109°18'21.00"E at the riverbank of
the Hongshui River, east of Laibin in the province Guangxi, South China. Two volcanogenic
samples were taken, one in the Permian Dalong Fm. and one in the Triassic Luolou Fm. PEN-
28 represents the base of a 30 cm thick volcanogenic sandstone (PEN-28) directly underlying
the PTB. In order of bracketing the PTB at Penglaitan, one 2 mm thin argillaceous ash bed

(PEN-22) just 50 cm above the PTB was sampled, too.

Dongpan section

The Dongpan section is situated at 22°16'11.80"N and 107°41'31.30"E, north-east of Liugiao
in the province Guangxi, South China. Two volcanogenic samples were taken in the Triassic
Luolou Fm. DGP-21 was sampled just 10 cm above the PTB and represents a 1 cm thick
argillaceous ash bed just 10 cm above the PTB. DGP-18 is a thin-bedded volcanogenic

sandstone 40 cm further above.

ANALYTICAL METHODS

Electron microprobe analysis of apatite

Electron microprobe (EMP) analyses of apatite were performed on a JEOL® Superprobe JXA-
8200 at the Institute of Earth Sciences, University of Lausanne. Equipped with five
wavelength- and one energy-dispersive spectrometer, it provides the simultaneous analysis of
major (Ca, P, and F) and trace elements (Cl, S, Sr, Si, Mg, Fe, Y, La, Ce). For standardization
and calibration, miscellaneous native and synthetic phosphate, silicate, sulphate and oxide
phases were used (Tab. DR1). An acceleration voltage of 15 kV and a nominal probe current
of 100 nA were used for standardization and analysis of all apatite samples. The spatial
resolution of the electron microprobe was adjusted to 10 um to reduce beam-induced halogen

volatility. Raw data for apatite analyses were reduced with the ZAF matrix correction by



Armstrong (1984). Given that no substantial intra-grain variability was detected in the apatite
samples by backscattered electron imaging and repeated grain profile measurements, one spot
per apatite grain was routinely analyzed in the inner core domain. Detection limits for minor
and trace elements are typically in the range of 10-50 ppm except for Sr with ~100 ppm (Tab.
DR1). Limits of detection for major elements are ranging from ~60 ppm (Ca), over ~200 ppm
(P), to ~400 ppm (F) (Tab. DR1). Analytical precision was assessed by repeated analyses of
the natural Durango apatite (Cerro de Mercado, Durango, Mexico), typically in the range of
<1% for Ca and P, and of <3% for F (Fig. DR1). Relative analytical precision for minor and
trace elements was invariably below 10-15% except for Sr bearing evidence of chemical
zoning in the Durango apatite. The resulting structural formula for each sample was typically
within 1% of the expected stoichiometry for P and 1.5% for Ca (Durango apatite: 0.7% for P
and 1% for Ca), giving confidence that the resulting atomic ratios were reliable. As several
authors have documented strong dependency of fluorine X-ray count rates as a function of
crystallographic orientation during EMP analysis of apatite (e.g., Stormer et al., 1993;
Goldoff et al., 2012) special attention was drawn to the orientation of each individual apatite
grain. Slightly elevated F concentrations of 3.73 = 0.09 wt% of the Durango apatite (Tab.
DR2) compared to previous studies (Young et al., 1969; Roeder et al., 1987; Streck and
Dilles, 1998; Henderson, 2011) are related to the fact that the measurement protocol was
optimized for accurate trace element determination, especially Fe and Mg, involving high-
energy beam conditions. Additionally, the Durango apatite exhibits intracrystalline
inhomogeneity by showing various degrees of zoning in Cl, Si, S, Y, and Ce (Boyce and
Hodges, 2005; Henderson, 2011) plus compositional inhomogeneity between crystals (Streck
and Dilles, 1998). A summary of all EMP analyses is provided in Table DR3 and a graphical

description in terms of their F, Cl, FeO and MgO content in Figures DR2-DR4.
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Table DR1. Element selection and measurement conditions for EMP analyses of apatite.

Apatite 15kV, 100 nA, 10 um Measurement time [s]
Element Crystal Reference Material Peak Background Limit of Detection
Si TAP Olivine 20 10 ~50 ppm
Mg TAP Olivine 300 150 ~10 ppm
Ca PET)J Apatite Durango 20 10 ~60 ppm
P PET)J Apatite Durango 20 10 ~200 ppm
Sr PETJ SrSiOs (synth.) 300 150 ~100 ppm
F LDE1 Topaz 3 1 ~400 ppm
cl PETH Scapolite 30 15 ~20 ppm
S PETH Baryte 150 75 ~30 ppm
Y PETH YPO4 (synth.) 150 75 ~50 ppm
Fe LIFH Fayalite 60 30 ~40 ppm
La LIFH LaPOa (synth.) 150 75 ~50 ppm
Ce LIFH CePO, (synth.) 150 75 ~50 ppm
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Figure DR1. EMP analyses of F, Ce, Cl, Fe of the Durango reference apatite. Each vertical bar
represents a single EMP analysis including its 1o analytical (internal) uncertainty. The horizontal line

through the middle of each population represents the mean, which is surrounded by its 1c uncertainty

(in grey).



Table DR2. Comparison of Durango fluorapatite chemistry measured in this study and taken from the

literature.

This study Young et al. Roeder et al. Streck & Dilles Henderson
1969 1987 1998 2011
EMPA (10) XRF/AAS EMPA EMPA (10) EMPA (10) EMPA (30)
F 3.73 (0.09) 3.53 3.53 3.56 (0.23) 3.37(0.38) 3.40 (0.09)
@ 0.44 (0.01) 0.41 0.36 0.39 (0.04) 0.35(0.07) 0.46 (0.02)
SiO2 0.37 (0.01) 0.34 0.04 0.37 (0.02) 0.42(0.03) 0.32(0.02)
P20s 40.84 (0.36) 40.78 40.90 40.30 (0.69) 40.80 (0.45) 41.04 (0.68)
FeO 0.03 (0.004) 0.03 0.04 (0.016) 0.04 (0.034) 0.04 (0.01)

Fe.0s 0.060
SOs 0.30(0.02) 0.37 0.44 (0.08) 0.32 (0.05) 0.44 (0.04)
MgO n.d. 0.02 (0.01)
Ca0 54.35(0.38) 54.02 54.05 54.10 (0.70) 54.40 (0.27) 54.22 (0.53)
Ce,0s 0.57 (0.01) 0.42 0.51 0.61 (0.06) 0.72(0.08) 0.62 (0.02)
Y203 0.10(0.01) 0.10 0.07 0.09 (0.01)
SrO 0.03 (0.02) 0.07 0.06 0.09 (0.01)
La>0s 0.43 (0.04) 0.49 0.41 0.43(0.02)
Total [wt%] 101.18 101.56 100.55 99.81 100.42 101.82
-O(F,Cl) 1.67 1.58 1.57 1.59 1.50 1.54
Corr. Total [wt%] 99.51 99.98 98.98 98.22 98.92 100.35

Cathodoluminescence microscopy of apatite

Epoxy mounted apatite crystals were investigated by cathodoluminescence (CL) microscopy.
The CL examinations were performed on a cold cathode CITL 8200 Mk 5-1 mounted on a
Leitz Orthoplan petrological microscope at 15 kV and with a current density of ~10 pA/mm?®.
Luminescence images were captured ‘on-line’ during CL operations by means of an adapted
digital video-camera. A graphical summary of the most representative crystals of each sample
is given in Figs. DR2 to DR4.

Several studies demonstrate that internal structures of apatite revealed by CL can be related to
variations in the crystal chemistry (e.g., Bouzari et al., 2014; Kempe and Gotze, 2002). In a
study of porphyry copper deposits, Bouzari et al. (2014) show that apatite in fresh rocks
displays yellow, yellow-brown and brown luminescence, whereas in K-silicate altered rock
displays characteristic green luminescence and grey luminescence with muscovite alteration.
The green-luminescent apatite often replaces yellow- or brown-luminescent apatite and

locally overgrows it. Their study revealed high concentrations of Mn (0.3-0.5%) and high



Mn/Fe (>1) of the yellow-luminescent apatite, while the brown-luminescent apatite has low
Mn, but higher concentrations of Cl, S and REE. Green-luminescent apatite bears lower
Mn/Fe ratio (ca. 1) and a depletion of Cl, S and Na, whereas grey-luminescent apatite shows
Mn and trace element loss (Mn:Fe of <0.3).

In a study of different rare-metal deposits, Kempe and Go6tze (2002) demonstrate that apatite
from alkaline rocks and carbonatites typically exhibits relatively homogeneous blue to violet
luminescence probably due to activation by trace quantities of rare earth elements such as Ce,
Eu, Sm, Dy and Nd. In contrast, apatite from P-rich altered granites and pegmatites shows
yellow-greenish luminescence, partially with distinct oscillatory zoning, and higher Mn

concentrations.

Bouzari, F., Hart, C.J.R., Bissig, T., and Barker, S., 2014, Hydrothermal Alteration Revealed
by Apatite Luminescence and Chemistry: An Indicator for Covered Porphyry Copper
Deposits: Goldschmidt Conference, 24th, Sacramento, Abstracts, abstract 254.

Kempe, U., and Gotze, J., 2002, Cathodoluminescence (CL) behaviour and crystal chemistry
of apatite from rare-metal deposits: Mineralogical Magazine, v. 66, p. 151-172, doi:

10.1180/0026461026610019.



Figure DR2. Apatite chemistry ternary diagrams showing in A and B: Cl, F, FeO, MgO content of the
volcanogenic beds of Horizon 1 in Wuzhuan, Tienbao and Penglaitan. For better visibility F
concentration is divided by 10 and MgO concentration multiplied with 10 in B. C:
Cathodoluminescence microscopy of representative apatite crystals of Horizon 1. Black dots indicate

the position of the electron microprobe beam (10 um spot size).
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Figure DR3. Apatite chemistry ternary diagrams showing in A and B: Cl, F, FeO, MgO content of the
volcanogenic beds of Horizon 2 in Shanmenhai, Nanem and Wuzhuan, and of DGP-18 in Dongpan.
For better visibility F concentration is divided by 10 and MgO concentration multiplied with 10 in B.
C: Cathodoluminescence microscopy of representative apatite crystals of Horizon 2 and DGP-18.

Black dots indicate the position of the electron microprobe beam (10 um spot size).
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Figure DR4. Apatite chemistry ternary diagrams showing in A and B: Cl, F, FeO, MgO content of the
volcanogenic beds of PEN-22 in Penglaitan and DGP-21 in Dongpan. For better visibility F
concentration is divided by 10 and MgO concentration multiplied with 10 in B. C:
Cathodoluminescence microscopy of representative apatite crystals of PEN-22 and DGP-21. Black

dots indicate the position of the electron microprobe beam (10 pm spot size).
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Figure DRS. Apatite C1-MgO-FeO ternary diagram, zircon U-Pb dates, and zircon Th/U vs. eHf plot
are presented for Horizon 2 and DGP-18. Though zircon dates and chemistry might reveal cogeneity
of Horizon 2 and DGP-18, apatite chemistry refutes an identical origin. External reproducibility of the

Hf isotope analyses of 0.78 e¢Hf (20) corresponds to the reproducibility of the PleSovice reference

zircon measurements (Tab. DRS; Fig. DR6).
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U-Pb geochronology of zircon

Sample preparation and U-Pb chemical abrasion isotope-dilution thermal ionization mass
spectrometry (CA-ID-TIMS) analysis of zircon were carried out at the University of Geneva.
The rock samples were crushed and milled, and the powders were wet-sieved to remove the
clay fraction. Heavy minerals were isolated using methylene iodide. Populations of euhedral
to subhedral zircon grains with maximum diameters < 250 pum were microscopically
inspected and euhedral crystals were picked for annealing at 900°C for ~48 h, followed by
chemical abrasion with 40% HF and trace HNOj in pressurized dissolution 200 pl Ludwig-
style capsules in a PARR vessel at 180°C for 18 h to minimize Pb loss effects (Mattinson,
2005). After several washing steps with water, 6 N HCI, and 3 N HNOj, single crystals were
loaded in the same 200 ul Ludwig-style capsules, spiked with ~4 mg of the EARTHTIME
202pp 205pp- 23UV tracer solution (hereafter referred to as ET2535; Condon et al., 2015)
and dissolved in ~70 pl 40% HF and trace HNO;3; at 210°C for 48 h. After dissolution,
samples were dried, dissolved again in 6 N HCI at 180°C for 12 h, dried down and dissolved
again in 3 N HCI. U and Pb were collected in 3 ml Savillex beakers after separation in a
modified single 50 pl column anion exchange chemistry (Krogh, 1973) and dried down with a
drop of 0.05 M H3PO4. They were loaded on a single outgassed Re filament with a Si-gel
emitter modified from Gerstenberger and Haase (1997). Measurements of U and Pb isotopes
were performed on a Thermo TRITON thermal ionization mass spectrometer utilizing the
ET2535 tracer calibration version 3.0 defined by Condon et al. (2015). Pb isotopes were
measured in dynamic mode on a MasCom secondary electron multiplier with a deadtime of
23 ns. Instrumental mass fractionation was corrected using the fractionation factor derived

202pp,295pY ratio relative to a true value of 0.99924. BaPO, interferences

from the measured
on mass 202 to 205 were corrected by determining **Ba*'P'°0'°0 concentration on mass 201

assuming natural abundance of **Ba of 71.7%. No correction was applied for isobaric

interference of Tl on mass 205 (natural abundance of **’Tl = 70.48% and *®TI = 29.52%)
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since routine check of Re filaments yielded negligible concentrations on mass 203. U isotopes
were measured in static mode on Faraday cups equipped with 10> Q resistors as UO," and
measured ratios were corrected for isobaric interferences of 2*U'™0'°O on ***U'*0'°0 using
B0/°0 of 0.0020, measured on large U500 loads, and for mass fractionation using the
measured *°U/*°U ratio relative to a value of 0.99506, assuming a sample ***U/**U ratio of
137.818 = 0.045 (20; Hiess et al., 2012). Raw data were statistical filtered by using the Tripoli
program, followed by data reduction including correct uncertainty propagation and online
data visualization using U-Pb_Redux software (Bowring et al., 2011; McLean et al., 2011).
U-Pb ratios and dates were calculated relative to a tracer >°U/*"’Pb ratio of 100.23 + 0.046%
(20; Condon et al., 2015). All common Pb in the analyses was assumed to be procedural blank
yielding a long-term average “*°Pb/***Pb of 18.469 + 0.458, *"’Pb/***Pb of 15.471 + 0.320,
298pp/ 2P of 38.011 + 0.484 (uncertainties are given as 26) and an average of 0.50 pg during
the course of this study. All uncertainties associated with weighted mean *°°Pb/***U ages are
at the 95% confidence level and reported as +x, with x as analytical uncertainty. The tracer
calibration uncertainty (y) of 0.03% has to be added if the calculated dates are to be compared
with other U-Pb laboratories not using the EARTHTIME tracer solution. The >**U decay
constant uncertainty of 0.05% should be used if compared with other chronometers such as
Ar-Ar. All *®Pb/*®U single grain ages have been corrected for initial *°Th-"*U
disequilibrium assuming Th/Umagma 0f 3.00 + 1.00 (20). Th-corrected 206pp,/238J dates are on
average 80 ka older than the equivalent uncorrected dates when applying this correction. The

U-Pb isotopic results are presented in Table DR4.
Bowring, J.F., McLean, N.M., and Bowring, S.A., 2011, Engineering cyber infrastructure for

U-Pb geochronology: tripoli and U-Pb_Redux: Geochem. Geophy. Geosy., v. 12,

QO0AA19, doi:10.1029/2010GC003479.
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Hafnium isotope analysis in zircon

Hafnium isotope analyses were conducted on a Thermo «Neptune Plus» multicollector-
inductively coupled plasma mass spectrometer (MC-ICP-MS) equipped with nickel cones
(Thermo “X series”) at the University of Geneva, under dry plasma conditions using a Cetac
“Aridus 2” desolvation unit and a Teflon nebulizer (~70 pl*min" uptake rate). The nine
Faraday cups were configured to measure the following masses at low mass resolution
(m/Am~450): 172 (L4), 173 (L3), 175 (L2), 176 (L1), 177 (C), 178 (H1), 179 (H2), 180 (H3),
181 (H4). All analytes were diluted in 2% HNO; with traces of HF in order to minimize
memory effects during analyses and stabilize Hf ions in solution. The certified JMC475
standard used as a reference was run at a concentration of ~10 ppb at the beginning of each
measurement campaign. They were doped with variable amounts of Yb (ICP-MS standard
solution, Merck KGaA, Germany) with concentrations ranging from 0.5 to 5 ppb (i.e.
0.001<'Yb/"""Hf<0.5) in order to control the accuracy of the main '"°Yb interference
correction and monitor the instrument drift. During sample measurement runs, PleSovice
zircon (Slama et al., 2008), dissolved to a 10 ppb Hf concentration and doped with Yb to ca.
Yo/ ""Hf<0.5, was used as a reference material in order to account for existing matrix
effects (D’Abzac et al., 2016). Samples were prepared from the washes of U-Pb column
chemistry after zircons digestion that were dried out and brought into solution using the same
batch of 2% HNOj; than that used for analytes dilution and wash cycles (~400 s between
analytes). Measurements included a 60-80 s uptake, baseline control over ~30 s and 330 s (80
cycles of 4.2 s) of analysis, for a total consumption of ~450 pl. The By, and Byr mass bias
coefficients were calculated using an exponential law (Albarede et al., 2004) respectively
from the measured 'Yb/'*Yb and 'Hf/'"’Hf and using natural abundances reference
values: '"*Yb/'?Yb=1.3534 and '"’Hf/'""Hf=0.7325 (Blichert-Toft and Albaréde, 1997). Mass
bias correction on Lu was calculated using PByy, (Yuan et al., 2008) and the isobaric

interference of '"°Lu was removed using the natural abundances of '""Lu (0.97416) and '"°Lu
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(0.02584). The isobaric interference of '"°Yb is the most significative and was evaluated from
Yb doped Plesovice solutions by calculating '"°Yb/'?Yb using Bys, and using a reference
value that is chosen for each run by minimizing the drift in corrected '"°Hf/'""Hf ratios for
increasing '*Yb/'”7Yb, as shown by Fisher et al. (2014). The optimized value for '"°Yb/'*Yb
always stays within 0.02% of the Yb isotopic composition measured by Thirwall and
Anczkiewicz (2004) (i.e. "°Yb/'*Yb=0.786956). Correction for '"°Hf in-growth due to '"°Lu
B-decay has been calculated using A'"°Lu=1.87x10"" year” (Séderlund et al., 2004; Tizuka
and Hirata, 2005) and the age determined in this study by U-Pb dating on the analyzed
zircons. The '"°Hf/'""Hf ratio for all PleSovice zircon measurements over the whole campaign
is 0.282477 + 0.000043 (2SD, n=83) which is -0.20 eHf off from the recommended value of
0.282482 (Fig. DR6). The residual offset of the PleSovice zircon was calculated after each
measurement session to normalize the eHf values obtained with unknown samples (shown as
eHf offset corrected values in Tab. DRS). The external reproducibility (2SD) on PleSovice
corresponds to 0.78 eHf and is considered as the most representative uncertainty over the

whole dataset (see Tab. DRS).
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Plesovice zircon

Mean =-3.42 + 0.78 [95% conf.]
-1 b 3of86rejected

MSWD=3.3

Epsilon Hf

5k ‘ | “ “
s April - May 2015

November 2015
-7

Epsilon Hf Plesovice zircon, Slama et al.,, 2008 (-3.22 + 0.46)

Figure DR6. Hf isotopes analyses of PleSovice reference zircon. Each vertical red bar represents a

single analysis including its 2c analytical uncertainty. The horizontal line through the middle of the

population represents the mean, which is surrounded by its 2 uncertainty (in grey).
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