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1.1 Sample description
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Table S1 Sample description of scapolite from the Tietangdong breccia pipe

No. Elevation (m) Comment Sample no. Mineral associations Analytical methods

1 1300 Scp 1 TTDI18 Scp + Grt + Di + (Mag) SEM-EDS/CL/EPMA

2 1300 Scp 1 18Scp-3 Scp + Grt + Di + (Mag) SEM-EDS/CL/EPMA/LA-ICP MS

3 1300 Scp 1 18Scp-1 Scp + Grt + Di + (Mag) SEM-EDS/CL/EPMA/LA-ICP MS/LA-MC-ICP MS
4 830 Scp I 830Scp-5 Scp + Act + Ep + Cal + (Py + Ccp) SEM-EDS/EPMA/LA-ICP MS

5 830 Scp 1 830Scp-13 Scp + Grt + (Mag) SEM-EDS/EPMA/LA-ICP MS/LA-MC-ICP MS

6 830 Scp I 830Scp-15 Scp + Act + Ep + Cal + (Py + Ccp) SEM-EDS/EPMA/LA-ICP MS/LA-MC-ICP MS

7 830 Scp I 830Scp-18 Scp + Act + Ep + Cal + (Py + Ccp) SEM-EDS/EPMA/LA-ICP MS

8 510 s ISep 1510.6 Scp + Act + Ep + Cal + (Py + Ccp)  SEM-EDS/CL/EPMA/LA-ICP MS/LA-MC-ICP MS
9 358 Scp I T601-152 Scp + Act + Ep + (Py + Ccp) SEM-EDS/EPMA/LA-ICP MS

10 328.7 Scp 1 T601-181.3 Scp (plagioclase replaced) + (Mag) SEM-EDS/EPMA/LA-ICP MS/LA-MC-ICP MS

Abbreviation: Scp-scapolite, Grt-garnet, Di-diopside, Act-actinolite, Ep-epidote, Cal-calcite, Mag-magnetite, Py-pyrite, Ccp-chalcopyrite.
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1.2 EPMA analyses of actinolite in the Tietangdong breccia pipe

Electron probe microanalysis of actinolite was conducted using a JEOL JXA-8230
Superprobe at the GPMR. The analysis was performed using a 15 kV accelerating
voltage and 20 nA beam current with 3—5 um diameter. Counting times on the peak
positions were 10 seconds for all elements, except for F and Cl, which used 30 seconds.
The background was measured on both sides of the peak for half of the peak time. The
Ka line was chosen for Na, Al, Si, Mg, Fe, Mn, K, Ca, Ti, Cl, and F. Detection limits
of all the elements were approximately 50-200 ppm, except for CI (3040 ppm) and Al
(1100 ppm). Natural mineral standards include albite (Na, Si, and Al), K-feldspar (K),
plagioclase (Ca), tugtupite (Cl), pyrope (Mg), rutile (Ti), hematite (Fe), rhodonite (Mn),
and fluorite (F). The USNM R6600-1 scapolite (Cl: 1.43 wt%; Jarosewich et al. 1980)
was used as a secondary standard. The raw data were corrected using the internal ZAF
routine. Measured values of USNM R6600-1 are 1.43 £+ 0.03 wt% for CI (n=5, 20).

The results are listed in Table S3. The analyzed amphiboles are classified into
actinolite (n=17/19; Fig. Sla and Table S3) and have Cl contents of 0.008-0.122 wt%.

Furthermore, the Cl contents of all actinolite increase with increasing FeO (Fig. S1b).



American Mineralogist: March 2024 Online Materials AM-24-38826
Gao et al.: Halogen fractionation during vapor-brine phase separation

@ 10, Bl 0.14
Tremolite
0.9 012 | "
Actinolite] Magnesiohornblende Tschermakite
" L 0.10 | *
N | w
"? el Lo0.08}
o 0.5+ Lo =
3 © 0.06
)]
= Zsl:l;lot;lite Ferrohornblende Terrotschermakite 0.04 | y = 0.0125x - 0.1687
R? = 0.6058
0.02
L Se * sl
0.0 L 1 1 1 1 | opoo L ———~ - o
8.0 7:5 70 6.5 6.0 5:5 12.0 14.0 16.0 18.0 20.0 22.0
Siin formula (apfu) FeO wt%

Fig. S1 (a) Classification of amphiboles from the Tietangdong breccia pipe (after Leake
et al. 1997). (b) FeO vs. Cl contents of amphiboles. Note that the detection limit of CI
is ca. 40 ppm. Apfu- atom per formula unit. D. L.- detection limit.

Table S2 in separate Excel file.
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Sample 15B- I15B- 15B- 15B- 441B- 441B- 441B- 441B- 441B-
o 15B-1 15B-2 15B-3 15B-4 15B-5 15B-6 15B-7 15B-8 15B-9 10 15B-11 13 14 15 16 17 18 19 20
SiO» 52.13 50.20 51.81 52.10 52.09 52.25 51.20 52.95 51.21 50.86 49.45 52.95 52.02 52.28 52.93 51.44 51.47 51.40 50.98
ALO; .70 355 249 192 1.72 191 252 142 189 222 435 186 287 284 141 182 224 3.03 2.77
TiO> 0.08 005 0.12 0.11 0.11 0.08 0.07 0.09 003 006 0.07 0.07 0.13 0.14 0.02 *.dl 0.02 0.06 0.01
FeO 16.82 17.58 17.14 16.88 16.88 14.78 15.47 15.35 21.20 20.53 15.97 13.18 13.53 13.86 15.44 17.91 16.82 15.47 18.00
MgO 12.87 12.72 13.04 12.82 13.13 14.75 14.28 14.64 10.85 11.09 13.54 15.47 15.44 15.12 13.55 12.03 13.00 13.83 11.96
MnO 0.82 083 054 09 054 0.63 047 041 076 0.61 047 049 0.65 066 1.57 195 1.51 1.22 1.70
CaO 11.87 12.05 12.06 11.96 12.16 12.28 12.34 12.26 12.02 12.00 12.25 12.34 12.37 12.15 12.29 12.20 12.25 12.31 12.15
NaxO 0.32 028 028 030 028 0.22 028 023 0.18 030 048 0.25 029 033 0.13 0.16 0.20 0.27 0.21
K20 0.06 0.06 0.08 0.06 007 0.10 0.10 0.12 0.17 0.21 0.20 0.11 0.10 0.15 0.08 0.15 0.13 0.13 0.20
Cl 0.01 0.01 0.03 0.01 002 0.02 003 0.02 0.10 0.12 0.04 0.0 0.01 0.02 0.03 0.06 0.04 0.05 0.09
F b.dl. b.dl bdl 017 020 0.11 0.01 0.16 b.dl b.dl 0.04 0.07 bdl 0.10 b.dl 0.05 b.dl b.dl 0.02
Total 96.68 97.33 97.58 97.20 97.09 97.08 96.75 97.58 98.40 97.96 96.83 96.77 97.38 97.60 97.42 97.72 97.66 97.76 98.05

apfu®

Si 773 739 76 7.69 7.68 7.62 751 7771 760 7.56 728 7.70 7.51 7.56 7.76 7.61 7.56 7.48 7.51
Al 030 062 043 033 030 033 044 024 033 039 075 032 049 049 024 032 039 052 048
Ti 0.01 0.01 0.01 0.01 0.01 0.01 001 0.01 000 0.01 0.01 0.0 0.01 0.02 0.00 000 0.00 0.01 0.00
Fe 209 216 210 208 208 180 190 186 263 255 197 1.60 1.63 1.68 189 222 2.07 188 222
Mg 284 279 285 282 289 321 312 3.18 24 246 297 335 332 326 296 265 285 3.00 2.63
Mn 0.10 0.10 0.07 0.12 0.07 0.08 0.06 0.05 0.10 0.08 0.06 0.06 0.08 0.08 0.19 024 0.19 0.15 0.21
Ca 1.89 190 190 1.89 192 192 194 191 191 191 193 192 191 188 193 193 193 192 1.92
Na 0.09 0.08 0.08 0.09 008 0.06 008 0.06 005 0.09 0.14 0.07 0.08 0.09 0.04 0.05 0.06 0.07 0.06
K 0.01 0.01 0.02 0.01 001 0.02 002 0.02 003 0.04 0.04 0.02 0.02 003 0.01 003 0.03 0.03 0.04
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Cl 0.00 0.00 0.01 0.00 0.00 0.00 0.01 001 0.03 0.03 0.01 000 000 0.00 0.01 002 001 0.01 0.02

F 0.00 0.00 0.00 0.08 0.09 0.05 0.00 007 0.00 0.00 0.02 003 000 0.05 0.00 002 0.00 0.00 0.01

OH 200 2.00 199 192 190 194 199 192 197 197 197 197 200 195 199 196 199 199 197

Fe?t 1.87 1.57 178 184 1.75 141 140 1.56 220 212 139 136 1.19 134 167 179 1.60 140 1.76

g/le%J{gMng 0.60 0.64 0.62 0.61 062 0.69 0.69 067 052 054 068 071 074 0.71 0.64 0.60 0.64 0.68 0.60
Magne magnes

Mineral 3107 107

actino hornble actino actino actino actino actino actino actino actino hornble actino actino actino actino actino actino actino actino
lite nde lite lite lite lite lite lite lite  lite nde lite lite lite lite lite lite  lite  lite
a.d.1. = below the detection limit.

bapfu = atom per formula unit.
The software package developed by Locock (2014) is used to calculate the formula of amphiboles. It follows the set of recommendations

approved by the Commission on New Minerals Nomenclature and Classification (CNMNC) of the International Mineralogical Association
(IMA), which was published by Hawthorne et al. (2012).
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1.3 The reference materials and reliability of halogen LA-ICP MS analysis

1.3.1 Reference materials and analytical method in this study

In this study, scapolite ON70 from Mpwapwa, Tanzania, was selected as a primary
standard. Recommended reference values for CI (1.94 wt% Cl) and Br (1877 ppm) for
the ON70 scapolite standard have been established using u-SXRF and EPMA method
(Evans et al. 1969; Teertstra and Sherriff 1997; Zhang et al. 2017).

Scapolites AF5 and AF8 from Afghanistan were analyzed by NHsHF> digestion
and ICPMS analysis for Cl, Br, and I at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences, Wuhan. For the
ICPMS analyses, 100 mg of scapolite powder was mixed with 400 mg of NH4HF; in a
15 ml screw-top Teflon vessel and then placed in an oven at 220°C for 2 h. Upon cooling,
the digested cake was transferred to a polyethylene bottle and then diluted to 25 g via
5% v/v NH4OH solution. 10 pl of an internal standard solution of Te (10 pg/ml) was
added to 1 ml of the supernatant solution of the digested sample in a new polyethylene
tube. The supernatant was then analyzed using an Element XR inductively coupled
plasma sector field mass spectrometer. More details of the method can be found in He
et al. (2019). Detection limits for this method are 5 ppm for Cl, 15 ppb for Br, and 5
ppb for I (He et al. 2019). The analytical results of AF5 and AFS8 are 7.12 wt% Cl, 661

ppm Br, 106 ppm I, and 7.16 wt% CI, 148 ppm Br, 28.4 ppm I, respectively.
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1.3.2 The reliability of Cl, Br, and I analysis by LA-ICP MS

The analytical parameters of the LA-ICP MS are listed in Table S5. The results
of Cl, Br, and I analysis by LA-ICP MS are reliable based on the following:

(1) LA-ICPMS single-spot analysis of scapolite grains yielded flat and smooth
spectra, indicating the homogeneous distribution of halogens in scapolite and
the absence of halogen-bearing micro-inclusions (Fig. S2a).

(2) Hammerli et al. (2013) reported an observation of significant spurious
interference ’Br isotope as compared to 3!Br. Nevertheless, the Br contents
corrected by the intensity of Br and 8!Br are approximately identical within
their 26 uncertainty (Fig. S2b), demonstrating that negligible polyatomic
species interfere with the ”Br and ®'Br signals by our analytical method.

(3) The chlorine contents on the same spot of scapolite detected by EPMA and LA-
ICP MS overlap within their 2c uncertainty (Fig. S2c¢).

(4) The halogen concentrations of the secondary standard (AF5) detected by the
LA-ICP MS overlap with the results measured by the bulk analysis within their

26 uncertainty (Fig. S2e-f).

Table S4 in separate Excel file.
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Fig. S2 (a) Representative single spot LA-ICP MS spectra of signals of #Si, 3°Cl, "Br,
81Br, and '?’I. (b) Comparison between Br contents corrected by the intensity of 7Br
and 3'Br. (¢) Chlorine concentrations of scapolite detected by EPMA vs. LA-ICP MS.
(e-f) Comparison between halogen concentrations of secondary standard AF5 measured
by bulk analysis vs. LA-ICP MS. Note that the error bars indicate 2¢ uncertainties. The
10% (dark gray lines) and 20% (gray lines) uncertainty envelopes are also shown.
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Table S5 The analytical parameters of LA-ICP MS

Laboratory & sample preparation

Laboratory name

Sample
type/mineral
Sample
preparation

Institute of Mineral Resource, Chinese Academy of Geological
Sciences, Beijing
Scapolite

Conventional mineral separation, 25 mm-diameter epoxy
mounts

Femtosecond laser ablation system

Make, model &
type

Laser wavelength
Laser energy set
point

Repetition rate
Crater size
Carrier gas flow
(He)
Background
Ablation
Washout

J200, Applied Spectra.
213 nm
Sm]

8 Hz

50 um
0.70 I/min
30s

20s
70-100 s

ICP-MS Instrument

Make, model &

Thermo Element XR Sector-field ICP-MS

type
Make-up gas flow 1.20 L/min
RF Power 1500 W
ThO*/Th* <03 %
Resolution medium resolution (m/Am = 4000)
Isotopes measured 2°Si, ¥Cl, "Br, 8'Br, and '*'I.
Integration type Average
a ThO/Th and U/Th measured during tuning on a NIST610
Data processing

Silicon concentrations quantified by EPMA were used as the
Calibration internal standard for data reduction. The scapolite ON70 and
strategy AF8 were used as the external standard for Cl, Br, and I data

reduction. Scapolite AF5 used as a secondary standard for

quality control.
Reference ON70 (1.94 wt% Cl, 1877 ppm Br; Evans et al. 1969; Teertstra
material and Sherriff 1997; Zhang et al. 2017); AF8 (with 7.16 wt% ClI,
information 148 ppm Br, and 28.4 ppm I, determined by bulk analysis,

Data processing
package used
Quality
control/validation

method reported by He et al. 2019); AF5 (7.12 wt% CI, 661
ppm Br, and 106 ppm I, determined by bulk analysis, method
reported by He et al. 2019).

ICPMSDataCal (Liu et al. 2010).

AFS5: 7.11 £ 0.59 wt% for CI, 658 £+ 56 ppm for Br, and 102 +
10 ppm for I (n = 12, 20).

10
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1.4 Numerical simulation

1.4.1 Rayleigh fractionation

The Br/Cl and I/Cl values of boiling magmatic-hydrothermal fluid can be
quantitatively described as a simple Rayleigh fractionation model (Drummond and

Ohmoto 1985):

Crinen = CEEEL % (1 Fyapor /K grsen T = 1) (S1)
. g iy
Cars = CYEs" < (1 - Frapor) (1/Kphey 7 - 1) (S2)

The initial Br/Cl and I/Cl values of hydrothermal fluid are set at Br/Cl=1.5/1.8/2.0
x 107 and I/Cl = 16/30/55 x 1076, These Br/Cl and I/Cl values are typical halogen ratios
of magmatic-hydrothermal fluid (Bohlke and Irwin 1992; Irwin and Roedder 1995;

Kendrick et al. 2001ab). The Br/Cl and I/Cl exchange coefficients (K g (réffgl‘gapor and

KBrine—Vapor
D(I/CD

) between brine and vapor are similar because of the similar behavior
between Br and I during phase separation of hydrothermal fluid. They are calculated
based on the equations from Liebscher et al. (2006) (equations S3 and S4).

Dglrme_vapor in equation S3 is the Cl partition coefficients between brine and vapor

(equation S5). DZ™7V4P" is related to temperature and pressure and can be
calculated based on the vapor-liquid coexistence curve of the H>O-NaCl system
(Driesner and Heinrich 2007). In our simulation, Kggfi&‘;amr d Kﬁg%l_)vapor are
near 2.3 (Fig. S3a), which are calculated at ~580°C/45MPa (K = 2.26) and
~450°C/30MPa (K = 2.27). These pressure and temperature parameters in our

simulation are equal to the conditions of the scapolite formation in the Tietangdong

breccia pipe.

11
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Kpioroon P°"=0.349 x In[1.697 x DZ[ eV 1) 4 ¢ (10399 (S3)
Kot yen ' “P°T=0.349 x In[1.697 x Doy me™VPOT 1) 4 ¢ (10.399)] (S4)
Dglrine—Vapor _ Dgl”"e / Dé/lapor (SS)

Finally, based on equations S1 and S2, the calculated Br/Cl and I/Cl values of brine
gradually increase with the increase of the vapor separation. Those values can be up to
18 x 103 of Br/Cl and 500.0 x 10-® of I/Cl at 98% vapor loss (Fig. S3b). The simulation

results are listed in Table S6.
1.4.2 Vapor loss estimation during fluids phase separation

The “vapor loss” is calculated based on mass balance (equation 3) and the X-P-V-
T (salinity, pressure, volume, and temperature) diagram of the NaCl-H,O system
(Driesner and Heinrich 2007).
Massinitiat) X salinityinitial) = Mass(liquid) X salinityiquid) + Mass(apor) X salinity(vapor) 3)

We assumed that the initial hydrothermal fluids in the Tietangdong breccia pipe
were derived from associated porphyry granite, which had a salinity (salinity(initial)) of
5 wt% NaCl eq. If the initial hydrothermal fluid phase separated at 540-590°C and 40—
60 MPa (the P-T conditions of Scp I formation), it will evolve to ~ 7-10 wt.%
(Massqiquid)) brine with a salinity (salinityiquid)) of 40-60 wt% NaCl eq. and ~ 90-93
wt.% (Mass(vapor)) Vapor with a salinity (salinity(apor) of 0.1-1.5 wt% NaCl eq. based
on the X-P-V-T (salinity, pressure, volume, and temperature) diagram of the NaCl-H>O

system. The simulation results are listed in Table S7.

12
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Fig. S3 Rayleigh fractionation model of Br/Cl and I/Cl during hydrothermal fluids
phase separation. (a) The exchange coefficients of Br/Cl and I/CI between brine and
vapor depend on the temperature and pressure of hydrothermal fluids (Liebscher et al.
2006). For T = 580°C/P = 45MPa and T = 450°C/P = 30MPa, the corresponding

Kg(rgrlfc_l‘;apor (= Kg(rli/ncel)_vapor) are 2.26 and 2.27, respectively. (b) Br/Cl and I/Cl

values of the brine and vapor phases are associated with the degree of vapor loss during
hydrothermal fluids phase separation.

13
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Table S6 Rayleigh fractionation model of molar Br/Cl and I/CI values in the brine phase during the hydrothermal fluid phase separation

Cerjal' (<107%)

Cljei™ (<10°)

Crjal (<107)

Cljei™ (<10°)

Cer/d (<107)

Cljei™ (<10°)

1.5 16 1.8 30 2.0 55
CEs (<10 Chare (<10 CBis che CErfEg (<10 Chare (<10
) %) (<107 (<10 ) %)
Brine/Vapor Frapor Brine/Vapor Frapor m Frapor W Frapor Brine/Vapor Frapor Brine/Vapor Frapor
r r
20.3/8.9 0.99 216/94 0.99 24.3/10.6 0.99 405/177 0.99 27/11.8 0.99 743/324 0.99
13.7/6.0 0.98 146/64 0.98 16.4/7.2 0.98 274/120 0.98 18.3/8.0 0.98 502/219 0.98
10.9/4.8 0.97 116/51 0.97 13.1/5.7 0.97 218/95 0.97 14.5/6.4 0.97 399/174 0.97
9.3/4.1 0.96 99/44 0.96 11.1/4.9 0.96 185/81 0.96 12.3/5.4 0.96 339/148 0.96
8.2/3.6 0.95 87/38 0.95 9.8/4.3 0.95 163/71 0.95 10.9/4.8 0.95 299/130 0.95
5.52.4 0.9 59/26 0.9 6.6/2.9 0.9 110/48 0.9 7.4/3.3 0.9 202/88 0.9
4.4/2.0 0.85 47/21 0.85 5.3/24 0.85 88/39 0.85 5.8/2.6 0.85 161/70 0.85
3.7/1.7 0.8 40/18 0.8 4.5/2.0 0.8 75/33 0.8 5/2.2 0.8 137/60 0.8
3.3/1.5 0.75 35/16 0.75 3.9/1.7 0.75 66/29 0.75 4.4/2.0 0.75 120/53 0.75
3/1.4 0.7 32/14 0.7 3.6/1.6 0.7 59/26 0.7 4/1.8 0.7 109/48 0.7
2.7/1.2 0.65 29/13 0.65 3.3/1.5 0.65 54/24 0.65 3.6/1.6 0.65 100/44 0.65
2.5/1.1 0.6 27/12 0.6 3/1.4 0.6 50/22 0.6 3.4/1.5 0.6 92/40 0.6
2.4/1.1 0.55 25/11 0.55 2.8/1.3 0.55 47/21 0.55 3.1/14 0.55 86/38 0.55
2.2/1.0 0.5 24/11 0.5 2.7/1.2 0.5 44/20 0.5 3/1.4 0.5 81/36 0.5
2.1/1.0 0.45 22/10 0.45 2.5/1.1 0.45 42/19 0.45 2.8/1.3 0.45 77/34 0.45
2/0.9 0.4 21/10 0.4 2.4/1.1 0.4 40/18 0.4 2.7/1.2 0.4 73/32 0.4
1.9/0.9 0.35 20/9 0.35 2.3/1.0 0.35 38/17 0.35 2.6/1.2 0.35 70/31 0.35
1.8/0.8 0.3 20/9 0.3 2.2/1.0 0.3 37/17 0.3 2.5/1.1 0.3 67/30 0.3
1.8/0.8 0.25 19/9 0.25 2.1/1.0 0.25 35/16 0.25 2.4/1.1 0.25 65/29 0.25
1.7/0.8 0.2 18/8 0.2 2/0.9 0.2 34/15 0.2 2.3/1.0 0.2 62/27 0.2
1.6/0.7 0.15 18/8 0.15 2/0.9 0.15 33/15 0.15 2.2/1.0 0.15 60/27 0.15

14
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0.1 1.9/0.9 0.1 32/14 0.1 2.1/1.0 0.1
0.05 1.9/0.9 0.05 31/14 0.05 2.1/1.0 0.05
0 1.8/0.8 0 30/14 0 2/0.9 0

58/26
57/25
55/24

0.1
0.05
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Table S7 The estimation of vapor loss degree during hydrothermal fluid phase separation

Conditions salinity (wt% NaCl eq.) Mass ratios Conditions salinity (wt% NaCl eq.) Mass ratios
T (°C) P (MPa) Vapor Liquid Vapor Liquid T (°C) P (MPa) Vapor Liquid Vapor Liquid

540 40 0.1 61.9 92.1 7.9 440 30 0.1 35.8 86.4 13.6
540 50 0.4 50.4 90.9 9.1 440 31 0.2 334 85.5 14.5
540 60 1.5 39.1 90.6 9.4 440 32 0.2 31.0 84.5 15.5
550 40 0.1 64.0 92.4 7.6 440 33 0.3 27.6 82.9 17.1
550 50 0.4 53.9 91.3 8.7 450 30 0.1 42.8 88.5 11.5
550 60 1.1 42.6 90.7 93 450 31 0.1 40.6 88.0 12.0
560 40 0.1 66.2 92.6 7.4 450 32 0.2 383 87.3 12.7
560 50 0.3 56.7 91.7 8.3 450 33 0.2 36.0 86.6 13.4
560 60 0.9 46.0 90.9 9.1 460 30 0.1 47.8 89.7 10.3
570 40 0.1 68.4 92.8 7.2 460 31 0.1 45.7 89.3 10.7
570 50 0.3 58.8 92.0 8.0 460 32 0.1 443 89.0 11.0
570 60 0.7 49.6 91.3 8.7 460 33 0.2 42.1 88.5 11.5
580 40 0.1 69.8 93.0 7.0 470 30 0.1 52.5 90.6 9.4
580 50 0.3 60.8 92.2 7.8 470 31 0.1 50.5 90.3 9.7
580 60 0.6 52.4 91.6 8.4 470 32 0.1 49.2 90.0 10.0
590 40 0.1 71.2 93.1 6.9 470 33 0.1 47.1 89.6 10.4
590 50 0.3 63.0 92.5 7.5

590 60 0.6 543 91.8 8.2

Initial salinity=5.0 wt% NaCl eq.
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